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Antibiotic cocktails (ABX) serve as potent therapeutic interventions for refractory ulcerative colitis (UC),
yet invariably induce gut dysbiosis. This study demonstrates that pectin oligosaccharides synergistically
enhance ABX efficacy by restoring gut microbiota balance and selectively enriched antibiotic-resistant
Parabacteroides goldsteinii in a colitis mouse model. Our results further indicate that the gavage
administration of P. goldsteinii AM58-2XD markedly alleviated colitis via enhancing the branched-chain
amino acid metabolic pathway, particularly by facilitating valine metabolism. Notably, these anticolitis
effects were partially attenuated in P goldsteinii*™t mutants, which are defective in valine-derived
isobutyrate (IBN) biosynthesis. We further demonstrated that exogenous IBN supplementation effectively
alleviated colitis symptoms in mice and enhanced gut barrier function via activation of the peroxisome
proliferator-activated receptor y (PPARY) pathway. Conditional knockout of PPARy in Caco-2 intestinal
epithelial cells markedly abrogated the IBN-induced enhancement of tight junctions, thereby substantiating
the critical role of the IBN-PPARy pathway in metabolite-mediated mucosal repair. Collectively, we delineate
a prebiotic/probiotic-metabolite axis wherein P. goldsteinii facilitates mucosal repair via IBN/PPARy-
dependent epithelial metabolic reprogramming. This insight redefines antibiotic-resistant commensals
as precise biotherapeutics for microbiota restoration in refractory UC management.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease
of the colon’s mucosa, characterized by clinical manifestations
including bloody and mucoid diarrhea, abdominal pain, and
rectal bleeding [1,2]. The etiology of UC is intricate, including
genetics, environmental factors, and immune system disorders
[3-5].While broad-spectrum oral antibiotics (ABX) show prom-
ise in treating acute severe and chronic refractory UC, their
clinical application remains limited primarily due to their inevi-
table induction of gut microbiota dysbiosis, unknown long-term
sequela, and compromise of intestinal barrier integrity [6,7].
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The reconstitution process of post-antibiotic microbiome is fre-
quently slow and variable [8]. Moreover, the emergence of
antibiotic-resistant bacterial strains, both commensal and
pathogenic, poses a significant clinical threat, especially in
patients with recurrent UC flares requiring repeated antibiotic
exposure [9]. A recent study has highlighted that the gut micro-
biome of UC patients tends to harbor increased antibiotic resis-
tance gene signatures compared to healthy individuals [10],
suggesting that indiscriminate ABX use may further exacerbate
microbial dysbiosis and therapeutic inefficacy.

Accumulating evidences have demonstrated that various
prebiotics and probiotics exhibit preventive and ameliorative
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effects on UC via modulating gut microbiota dysbiosis and
protecting intestinal barrier integrity [11-14]. Meanwhile,
another important usage of prebiotics and probiotics is the
occurrence of diarrhea associated with UC or antibiotic admin-
istration [15]. They serve as viable preventive measures against
gut dysbiosis and associated complications induced by antibi-
otic therapy in murine models and human studies [16-18].
However, there is limited research on the relationship between
prebiotic intake and antibiotics, as well as how probiotics affect
the intestinal mucosal barrier through metabolic pathways.

Parabacteroides goldsteinii, a gut commensal bacterium, has
been identified as a promising probiotic candidate owing to its
multifaceted role in ameliorating metabolic disorders and
inflammatory conditions [19,20]. Recent research have indi-
cated that Parabacteroides spp., including P. goldsteinii, are
increasingly exhibiting resistance to certain antibiotics, likely
due to the enrichment of virulence-associated genes linked to
antimicrobial resistance within this genus [21]. Mice were
treated with multiple antibiotics, and the relative abundance of
P, goldsteinii varied among different antibiotic-treated groups
[22]. This may imply that P. goldsteinii has a certain degree of
tolerance to these antibiotics, or its ecological adaptability
under the action of antibiotics leads to changes in its abundance.
However, the direct causal relationship between P. goldsteinii
and UC pathogenesis, as well as its mechanistic interplay with
antibiotics and dietary factors, remains unresolved. Our previ-
ous study in mice with dextran sulfate sodium (DSS)-induced
colitis revealed the preventive and prebiotic effects of pectin
oligosaccharides (POS) [23]. However, it remains unclear
whether POS exhibits a synergistic therapeutic effect when
combined with antibiotics, and which specific species are
enriched and play key contributors, as well as the underlying
mechanism between host and gut microbiota.

In this study, we investigated the synergistic therapeutic
efficacy of POS in combination with ABX (POS+ABX) therapy
in mice with DSS-induced colitis. Meanwhile, we found that
P goldsteinii is the key contributor of POS+ABX therapy in
colitis mice partially through valine-isobutyrate (IBN) metabo-
lism. Our findings further highlight the therapeutic potential
of P. goldsteinii-derived IBN in ameliorating colitis and preserv-
ing intestinal epithelial barrier function. The effect is mediated
through the activation of the peroxisome proliferator-activated
receptor y (PPARYy) signaling pathway, which enhances the
expression of tight junction proteins (TJs) in intestinal epithe-
lial cells (IECs).

Results

Synergistic effects of ABX and POS on colitis
amelioration and gut microbiota restoration

The effectiveness of ABX in alleviating symptoms associated
with acute severe colitis and chronic persistent UC has been
extensively demonstrated [24]. However, its clinical application
is restricted primarily owing to the unavoidable disruption of
gut microbial homeostasis. To validate the effectiveness of pre-
biotic POS supplementation in ABX therapy, we implemented
a combined treatment strategy involving both POS and ABX
in a mouse colitis model induced by DSS (Fig. 1A). As expected,
the general indicators including body weight change, disease
activity index (DAI), and colon length exhibited substantial
improvement in the damage caused by DSS following treat-
ment with ABX alone or in combination with ABX and POS
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(ABX+POS) (Fig. 1B to D and Fig. S1A and B). The results of
hematoxylin and eosin (H&E) staining as well as Alcian blue
staining also demonstrated that DSS-induced colitis led to sig-
nificant damage to the colon tissue and disruption of the
mucous membrane secreted by goblet cells, while ABX alone
or ABX+POS treatment could markedly improve these destruc-
tions of colon tissue (Fig. 1E to G). Compared to the DSS group,
the thymus index of the ABX+POS group showed a significant
increase, while the spleen index showed a significant decrease
(P <0.05, Fig. 1H and Fig. S1C).

Subsequent analysis revealed that ABX alone and ABX+POS
treatment substantially reduce pro-inflammatory factor expres-
sion and increase inhibitory inflammatory factor expression in
serum and colonic tissues, respectively. However, ABX+POS
treatment significantly suppresses the level of interleukin-1p
(IL-1pB) in serum (P < 0.05, Fig. 1I) and tumor necrosis factor-o
(TNF-a) in colon tissue (P < 0.05, Fig. S1D to G) compared to
the ABX group. Treatment with ABX alone and ABX+POS
effectively restores the levels of tight junction proteins (ZO-1,
Occludin, and Claudin-1) and MUC2 in colon tissues (Fig. S2A
and B). Moreover, the ABX+POS group shows more efficacy
in enhancing their expression compared to ABX alone. Those
results demonstrate that combining ABX and POS provides a
synergistic resistance to colitis, ameliorating colonic injury,
inflammation, systemic inflammation, and intestinal barrier
dysfunction.

To verify the effect of POS on ABX-induced gut microbiota
dysbiosis, fecal samples were collected and further subjected
to metagenomic sequencing. POS treatment partially restored
gut microbiota disrupted by ABX and DSS (Fig. 1] and K and
Fig. S3A). ABX+POS treatment markedly reduced Proteobacteria
and increased Verrucomicrobia at the phylum level (Fig. 1L
and Fig. S3B to E). These findings suggest that the ABX+POS
treatment regimen effectively targets both inflammation and
microbiota imbalance, offering a potential synergistic approach
for managing colitis.

P. goldsteinii as a key bacteria in the colitis

pathology and antibiotic resistance
In order to elucidate the underlying mechanisms of post-
antibiotic microbiome reconstitution facilitated by POS, we
conducted a comparative analysis of significant species-level
changes in gut microbiota composition (Fig. 2A and Fig.
S4A). After ABX+POS treatment, 27 different bacteria were
identified (19 increased and 8 decreased) (log, | FC >1 and
P.adjust < 0.05). The antibiotic-induced gut dysbiosis is typically
characterized by increases in the abundance of Enterobacteriaceae
[25,26]. A marked decrease in Enterobacter chuandaensis abun-
dance was observed following POS supplementation (P < 0.01).
Effect size analysis (effect size > 0.2, P < 0.05) identified 6 bac-
teria exhibiting differential abundance between the ABX and
ABX+POS groups, including 2 up-regulated strains (Fig. 2B and
Fig. S4B to E). Further correlation analysis of 4 selected bacteria
and general indexes showed that P. goldsteinii was positively cor-
related with body weight change (P < 0.05), thymus index (P <
0.05), and TNF-« (P < 0.05) (Fig. 2C and D). P, goldsteinii may
be crucial in modulating the therapeutic effects of synergistic
ABX and POS in treating gut microbiota in colitis and alleviat-
ing inflammation.

Genomic analysis of P. goldsteinii AM58-2XD identified
20 predicted multidrug resistance proteins and 9 multidrug
efflux proteins (Fig. 2E). In vitro growth experiments showed
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Fig. 1. POS and ABX exhibits a synergistic effect in alleviating colitis symptoms. (A) Schematic diagram of experiment design. Body weight change (B), DAl change (C), and
colon length (D) for 4 groups (n = 8). (E) Histological images (H&E, Alcian blue). Histological score (F) and quantification of Alcian blue staining (G, n = 3). (H) Thymus index
(n=28).(l) Serum TNF-a, IL-1B, IL-6, and IL-10 in serum (n = 8). (J) Total fecal DNA (n = 8). (K) PCoA of Bray—Curtis distance. (L) Relative abundance in phylum level. Data are
presented as mean + SD. Compare with the indicated group, *P < 0.05, **P < 0.01, **#P < 0.001, and **#*P < 0.0001.
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Fig. 2. Metagenomic analysis of colitis mice treated with ABX combined with POS. (A) Bubble plot of differential bacteria. (B) Effect size analysis for gut microbiota in ABX
and ABX+POS groups. (C) Venn diagram. (D) Spearman correlation heatmap of differentially abundant bacterial taxa with general indicators. (E) Genome of P. goldsteinii
AM58-2XD and resistance analysis. (F) Growth curves of P. goldsteinii AM58-2XD under different antibiotic treatments (n = 3). (G) The abundance of P. goldsteinii AM58-2XD
in CD and UC patients using the human population cohort. Compare with the indicated group, *P < 0.05, ***P < 0.001, and ****P < 0,0001.

that P. goldsteinii AM58-2XD exhibited a certain degree of
tolerance to vancomycin and ampicillin (Fig. 2F). In the
population cohort analysis, we observed a significant reduc-
tion in the abundance of P. goldsteinii AM58-2XD in the

He et al. 2025 | https://doi.org/10.34133/research.0867

intestinal tract of patients with Crohn’s disease (CD, P <
0.0001) and UC (P < 0.001) (Fig. 2G). The observed enrich-
ment of P. goldsteinii under antibiotic exposure may reflect
its intrinsic antimicrobial tolerance, potentially linked to
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resistance-associated genes. Combined with its correlation
with beneficial host outcomes, P. goldsteinii may play a key
role in colitis-related pathology, and therefore, this species
was prioritized for functional validation.

P. goldsteinii confers a protective role against colitis

related to valine metabolism

To investigate the effect of P. goldsteinii on colitis, we also
employed a DSS-induced mouse model and orally administered
P. goldsteinii AM58-2XD at a dose of 1x10° cfu/100 pl (Fig.
3A). Quantitative real-time polymerase chain reaction (qRT-
PCR) was used to analyze the colonization of P. goldsteinii. The
result showed that the relative abundance of P goldsteinii
decreased by 46.5% in colitis mice but increased 3.9-fold after
gavage with P, goldsteinii AM58-2XD (Fig. 3B), indicating its
efficient colonization in the intestinal environment. Meanwhile,
P, goldsteinii AM58-2XD substantially reduced DSS-induced
weight loss (P < 0.0001, Fig. S5A and B), DAI elevation (P <
0.05, Fig. 3C and Fig. S5C), and colon shortening (P < 0.0001,
Fig. 3D) in mice. Intestinal morphology analysis demonstrated
that P. goldsteinii AM58-2XD intervention markedly amelio-
rated DSS-induced colonic structural damage, with partially
restored crypt density (P < 0.0001, Fig. 3E and F). Alcian
blue staining further revealed that P. goldsteinii AM58-2XD
enhanced mucin exocytosis and secretion in colonic goblet cells
and specifically enhanced the release of mucin granules at the
mucosal surface (Fig. 3E and G). In terms of inflammatory
regulation, P. goldsteinii AM58-2XD markedly reduced levels
of pro-inflammatory cytokines TNF-a, IL-1f, and IL-6 while
elevating the anti-inflammatory cytokine IL-10 (P < 0.001) in
both serum and colon tissues of DSS-treated mice. Correspon-
dingly, inflammatory factor gene expression was down-regu-
lated in colonic tissues (Fig. 3H and Fig. S5D to F). Meanwhile,
the results of P. goldsteinii treatment on mice with noncolitis
showed that it had no effect on the body weight and colon
length of the mice (Fig. S6A to E), but could enhance the func-
tion of the intestinal barrier (Fig. S6F to H). These findings
suggest that P. goldsteinii AM58-2XD alleviates colitis by rein-
forcing the mucosal barrier and suppressing inflammatory
responses.

To further investigate the role of P. goldsteinii in their anti-
colitis effects in relation to the microbiota, the sterile mouse
model, which involves administering ABX to eliminate the
intestinal microbiota, was constructed (Fig. S7A). Following
ABX treatment, it was observed that P. goldsteinii notably allevi-
ated colitis symptoms. Specifically, the body weight of mice
treated with P. goldsteinii exhibited a notable increase (Fig.
S7B), and there was a significant decrease in the DAI (Fig. S7C)
and an increase in colon length (Fig. S7D). Histological analy-
ses corroborated these findings, as evidenced by H&E staining
and Alcian blue staining, which demonstrated significant
improvements following P. goldsteinii intervention (Fig. S7E to
G). Collectively, these results suggest that P goldsteinii may
promote intestinal health and functional recovery through the
modulation of the intestinal microbiota.

To identify microbiota-derived metabolites mediating the
interaction between P, goldsteinii and the host, we conducted
untargeted metabolomic profiling of fecal samples. A total of
660 metabolites were detected. Principal coordinates analysis
(PCoA) and partial least squares-discriminant analysis revealed
distinct clustering of metabolic profiles among the control,
DSS-induced colitis, and P. goldsteinii-treated groups in both
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positive and negative ion modes (Fig. S8A to D). Compared to
the DSS group, P. goldsteinii-treated mice exhibited 524 up-
regulated and 100 down-regulated metabolites in the positive
ion mode, and 127 up-regulated and 65 down-regulated metab-
olites in the negative ion mode (Fig. S8E and F). These differ-
entially expressed metabolites were screened based on the
criteria of |log,FC|>1 and P < 0.05. Supplementation with
P. goldsteinii notably reshaped this metabolic landscape, as evi-
denced by pathway enrichment analysis, which highlighted
valine, leucine, and isoleucine biosynthesis and degradation as
the most affected pathways (Fig. 31).

To validate these findings, we performed targeted metabo-
lomics analysis focusing on 22 amino acids (Fig. S9). The
concentrations of valine (P < 0.05), leucine (P < 0.05), and
isoleucine (P < 0.01) were markedly decreased in P. goldsteinii-
treated mice compared to DSS-treated controls (Fig. 3] to L).
Furthermore, correlation analysis demonstrated that fecal
valine levels were positively associated with inflammatory
markers and negatively correlated with body weight and
colon length (Fig. 3M).

The levels of branched-chain amino acids (BCAAs) in
blood samples revealed that in the DSS-induced colitis model,
BCAA levels were substantially elevated, while treatment with
P, goldsteiniiled to a marked reduction in these levels (Fig. S10).
Taken together, these results indicate that P. goldsteinii treatment
notably altered BCAA metabolism, with valine, leucine, and iso-
leucine identified as the key metabolites. Targeted analysis con-
firmed their reduction (P < 0.05), and valine levels were strongly
correlated with colitis severity (Fig. 3M), suggesting its central
role in P, goldsteinii’s protective mechanism.

Enhanced alleviating effects of valine-IBN

metabolism on colitis
The above results suggest a bioactive role for P. goldsteinii in
modulating valine patterns. Valine participates in various bio-
synthetic processes within the host, and through the catalysis
of specific enzymes, it can be converted into IBN (Fig. 4A).
Using the metagenomic analysis of the population cohort, in
the samples of inflammatory bowel disease (IBD) patients, it
could be observed that the abundance of enzyme genes in the
valine-IBN degradation pathway decreased (EC 2.6.1.42: BCAA
aminotransferase, EC 1.2.4.4: 2-oxoisovalerate dehydrogenase
subunit beta, Fig. 4B and C), while the abundance of enzymes
in the synthetic pathway increased (EC 1.8.1.4: dihydrolipoyl
dehydrogenase, Fig. 4D). We observed consistent changes in the
expression levels of the above enzyme genes in colitis mice
treated with P. goldsteinii (Fig. 4E to G). Among the various
measured SCFAs, interestingly, treatment with P goldsteinii
AM58-2XD markedly enhanced the abundance of IBN (P <
0.001), which are degradation products of valine (Fig. S11).
Previous studies have indicated that the modulation of gut
microbiota-mediated valine degradation can effectively allevi-
ate inflammation [27,28]. However, the precise role of the valine
degradation product IBN, particularly in relation to colitis,
remains unclear. To further verify the colitis remission effect
of the valine-IBN metabolic pathway on P. goldsteinii, we con-
structed the ilvE gene knockout P. goldsteinii (P. g*™*). After
using ABX to clear the intestinal flora, the P. g*"* lost the alle-
viating effect on colitis (Fig. 4H). Specifically, it lost its improve-
ment effect on the reduction of body weight (P < 0.01, Fig. 41
and J), the increase of DAI (P < 0.05, Fig. 4K), the reduction
of colon length (P < 0.05, Fig. 4L), and the reduction of thymus
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Fig. 3. The effect of P. goldsteinii AM58-2XD on DSS-induced colitis. (A) Schematic diagram of DSS-induced C57BL/6 mice orally gavaged with P. goldsteinii. (B) The relative
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colon sections. (F) Histological analysis. (G) The quantitative analysis of Alcian blue staining (n = 3). (H) Serum TNF-o, IL-18, IL-6, and IL-10 in serum (n = 8). (1) Differential
metabolite enrichment analysis. (J to L) Concentrations of valine, leucine, and isoleucine in fecal samples (n = 8). (M) Heatmap of correlation analysis. Compare with the
indicated group, *P < 0.05, **P < 0.01, and **#*#P < 0.0001.
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Fig. 4. P goldsteinii alleviates colitis related to the valine-IBN metabolic pathway. (A) KEGG maps for valine degradation and IBN synthesis. The relative abundance of EC
2.6.142 (B),EC1.2.4.4 (C), and EC 1.8.1.4 (D) in metagenomic data of the population cohort (healthy: n = 429, IBD: n = 1,209). The mRNA level of EC 2.6.1.42 (E), EC 1.2.4.4
(F),and EC 1.8.1.4 (G) in fecal samples using qRT-PCR (n = 8). (H) Animal experiment design. () Body weight change during the experimental period (n = 8). (J) The final body
weight change. (K) The final DAI. (L) Colon length. (M) Thymus index (n = 8). (N) The H&E and Alcian blue staining for colon tissues. (O) The histological score for H&E staining
(n = 3). (P) Quantitative analysis of Alcian blue staining (n = 3). The concentration of valine (Q) and IBN (R) in fecal samples (n = 8). (S) The mRNA level of ilvE, bdkA2, and
pdhD in fecal samples using qRT-PCR (n = 8). Compare with the indicated group, *P < 0.05, **P < 0.01, ***P < 0.001, and ***#P < 0.0001. Pg, P. goldsteinii AM58-2XD; EC
2.6.1.42, branched-chain amino acid aminotransferase (ilvE); EC 1.2.4.4, 2-oxoisovalerate dehydrogenase subunit beta (bkdA2); EC 1.8.1.4, dihydrolipoyl dehydrogenase (pdhD).

index (P < 0.05, Fig. 4M) in mice with colitis. The improvement
effect on the integrity of colonic tissue and the protection of
the intestinal barrier has also been lost (Fig. 4N to P). Targeted
metabolism was used to detect the contents of valine and IBN
in fecal samples. P ¢*"* could neither reduce the content of
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valine (Fig. 4Q) nor increase the content of IBN (Fig. 4R).
Consistent with the phenotype results, the ilvE and bkdA2 gene
in the fecal samples decreased notably and the pdhD increased
(Fig. 4S), indicating that the pathway of valine degradation into
IBN was inhibited. These results indicated that P. goldsteinii
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alleviates colitis progression by relying on the valine-IBN meta-
bolic pathway.

IBN has a beneficial effect on ameliorating colitis

in mice

Previous studies investigated the effects of butyrate on colitis
in mice [29,30], but the anticolitis effects of IBN and related
mechanisms require further clarification. Herein, the role of
IBN in ameliorating colitis progression was further investigated
by synthesizing glyceryl triisobutyrate in colitis mice (Fig. 5A).
We observed that after IBN treatment, the weight loss (Fig. 5B),
DAI elevation (Fig. 5C), and colon shortening (Fig. 5D)
induced by DSS in mice were substantially reversed, indicating
its protective effects at the phenotypic level. To understand the
histological basis of these improvements, we examined the
structural integrity and mucus layer of the colon. As expected,
DSS-induced mice showed disrupted colon structural integrity
and loss of crypts (Fig. 5E to G). However, treatment with IBN
partially restored the structural integrity of the colon (P <
0.0001, Fig. 5E). Furthermore, Alcian blue staining revealed
that DSS caused a significant decrease in mucus-producing
goblet cells compared to control mice, whereas IBN treatment
increased the number of goblet cells and improved the integrity
of the colonic mucus layer (Fig. 5E and G). Given that IBN
restored the colonic structure, we next investigated its effects
on inflammation, a key driver of colitis progression. The results
showed that at the molecular level, IBN could down-regulate
pro-inflammatory cytokines (TNF-a, IL-1p, and IL-6) while
up-regulating the anti-inflammatory cytokine IL-10 (Fig. 5H
to K) [31]. An intact intestinal barrier is critical for inflamma-
tion. Therefore, to assess the impact of IBN administration
on intestinal barrier function, fluorescence spectroscopy of
ingested fluorescein isothiocyanate (FITC)-dextran was mea-
sured. The results showed that mice IBN treatment revealed an
improvement in intestinal permeability compared to DSS-
induced colitis mice (P < 0.01) (Fig. 5L). To explore the under-
lying mechanism, we evaluated the expression of tight junction
proteins. Both mRNA and protein levels of ZO-1, Occludin,
and Claudin-1 were markedly up-regulated in the IBN-treated
group compared to the DSS group (Fig. 5M to O). Meanwhile,
the results of IBN treatment on mice with noncolitis showed
that it had no effect on the body weight and colon length of the
mice (Fig. S12A to D), but could enhance the function of the
intestinal barrier (Fig. S12E to G). Supplementation of IBN for
P, goldsteinii*"* can still play a role in resisting colitis without
affecting colonization (Fig. S13). These results suggest that IBN
may combat intestinal inflammation by enhancing the expres-
sion of TJs and improving intestinal barrier function, thereby
alleviating colitis in mice.

IBN improves intestinal tight junction through
activation of the PPARYy signaling pathway

In order to explore the protective mechanism of IBN on the intes-
tinal tract, transcriptomic analysis was conducted on the colon
tissue. Through differential analysis, 685 differentially expressed
genes (DEGs, including 199 up-regulated and 486 down-
regulated genes) were identified (Fig. 6A). Enrichment analysis
of DEGs may function through the mitogen-activated protein
kinase (MAPK), IL-17, and PPAR pathways (Fig. 6B). PPARy is
a regulatory factor of nuclear transcription that can be activated
by ligands [32]. PPARy influences host-microbiome interactions
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by regulating the energy metabolism of colon cells and oxygen
supply of the gut microbiome [33]. Transcriptome data from
colitis patients (GSE59071) were used to observe PPARy gene
expression (Fig. 6C). Compared with normal colon tissue, PPARy
gene is markedly down-regulated in the colon tissue of patients
with active colitis and nonactive colitis (Fig. 6C). In particular,
single-cell RNA sequencing analysis (GSE162335) revealed nota-
bly reduced PPARy expression in the colonic epithelium of
patients with UC versus normal controls, suggesting impaired
PPARy-mediated transcriptional activity in UC pathogenesis
(Fig. 6D). The results indicate that PPARy plays an important role
in the occurrence and development of UC. The elevated mRNA
and protein level of PPARy was further confirmed by qRT-PCR
(Fig. 6E) and Western blot (Fig. 6F). It was observed that treat-
ment with IBN in DSS-induced colitis mice increased PPARy
expression at gene and protein levels.

Using the Autodock vina software, the binding site of IBN
was located in the LBD domain of PPARy. Where butyrate
binds to tyrosine 327 (TYR-1327), histidine 323 (HIS-323),
serine 289 (SER-289), and tyrosine 473 (TYR-473) of PPARY,
IBN binds to tyrosine 327 (TYR-1327), histidine 323 (HIS-323),
and tyrosine 473 (TYR-473) of PPARy (Fig. 6G). Molecular
simulations based on energy minimization found that butyrate
and IBN have similar binding abilities. Given the close contact
of microbial metabolites with the intestinal epithelium, we
examined whether gut-derived IBN exerts an anti-inflamma-
tory effect by directly affecting the intestinal epithelium. We
evaluated the functional activity of IBN in vitro. As shown in
Fig. S14A and B, IBN had no obvious toxicity to human colonic
epithelial Caco-2 and HT-29 cells. At the gene level, we also
observed that IBN markedly increased the expression of PPARY
and other key genes of the PPARy signaling pathway (plinl,
CD36, Scdl, Slc27al, Fabp4, and CPT1A) in Caco-2 and HT-29
cells (Fig. S14C to R). Further, IBN can notably enhance the
expression of PPARYy at the protein level in Caco-2 and HT-29
cells (Fig. 6H to J). To further explore how IBN alleviates colitis
via the PPARY signaling pathway, an IEC line with stable PPAR
knockout (Caco-2"PAR~/~) was constructed. In the case of
PPAR knockout, IBN loses the ability to activate T] expressions
(Fig. 6K and L). This indicates that IBN, as a novel endogenous
PPARYy agonist, can promote the tight junctions of intestinal
epithelium. Furthermore, in vivo experiments have demon-
strated that the use of PPARy inhibitor GW9662 can inhibit
the anticolitis effect of IBN (Fig. S15A to D) and substantially
reduce the gene expression of the TJs (Fig. SI5E to G).
Therefore, we hypothesize that IBN produced by the metabo-
lism of valine by P. goldsteinii plays a role in resisting colitis by
activating the PPARY signaling pathway, reducing the expres-
sion of TJs in IECs, and affecting the integrity of the intestinal
epithelial barrier (Fig. 7).

Discussion

Oral administration of ABX has shown efficacy in inducing
remission among patients with acute severe colitis and chronic
persistent UC, particularly in cases associated with bacterial
infections [34,35]. However, ABX therapy inevitably disrupts
intestinal homeostasis, necessitating strategies to regulate gut
microbiota dysbiosis [36]. While prebiotic supplementation
shows promise in restoring microbiota diversity after ABX, stud-
ies on the mechanism of prebiotics in antibiotic therapy are lim-
ited. Previous studies indicate that prebiotic pectin demonstrates
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Fig. 5. IBN alleviates colitis in DSS-induced mice. (A) Schematic diagram of DSS-induced C57BL/6 mice orally gavaged with IBN. (B) Percentage of body weight change during
the experiment period (n = 8). (C) The final DAl and (D) colon lengths (n = 8). (E) H&E staining and Alcian blue staining images. (F) Histological analysis (n = 3). (G) The
quantitative analysis of Alcian blue staining (n = 3). The TNF-o (H), IL-16 (1), IL-6 (J), and IL-10 (K) in colonic tissues were measured using qRT-PCR (n = 8). (L) Quantification of
serum FITC-dextran (n = 6). (M) The mRNA expression of TJs (Z0-1, Occludin, and Claudin-1) (n = 6). (N) The protein level of TJs in colon tissues. (O) The quantitative analysis
of protein expression (n = 3). IBN, isobutyrate. Compare with the indicated group, *P < 0.05, **P < 0.01, *##P < 0.001, and **#*P < 0.0001.

regulatory effects on gut microbiota and serves as a preventive  to effectively modulate the composition and diversity of gut
treatment for antibiotics-induced gut dysbiosis [37]. Our previ- microbiota [23]. This study further elucidates that POS not only
ous study has suggested that enzymatic POS possess the potential ~ synergize with ABX to enhance anti-inflammatory efficacy but
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Fig. 6. IBN improves intestinal function through activation of the PPARYy signaling pathway. (A) Volcano analysis of gene expression (n = 4). (B) KEGG analysis for DEGs. (C) Clinical
patient transcriptome analysis of PPARy gene expression in normal and different periods of UC patients. (D) The expression of PPARy gene in intestinal epithelial cells was analyzed
by single-cell sequencing. (E) The gene expression of PPARy for colonic samples was examined by gRT-PCR (n = 6). (F) The protein level of PPARy was examined by Western blot
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also effectively relieve ABX-induced gut microbiota dysbiosis Our results indicated that the ABX+POS treatment specially
(Figs. 1 and 2). Our findings propose a potentially effective strat-  increased the abundance of P. goldsteinii and Ligilactobacillus
egy for ABX-induced gut dysbiosis and adverse effects through ~ murinus (Fig. 2A to D). Therefore, it is quite possible that P, goldsteinii
the supplementation of prebiotics. and L. murinus could be key species mediating the synergistic
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the PPARY signal, inhibits the expression TJs in IECs, maintains the function of the intestinal epithelial barrier, and alleviates colitis.

antagonistic effects of POS and ABX on colitis. Previous studies
have indicated that the P goldsteinii strain exhibits resistance or
resilience to antibiotics treatment [22]. Genomic analysis of P, gold-
steinii AM58-2XD revealed 20 predicted multidrug resistance pro-
teins and 9 multidrug export systems (Fig. 2E), aligning with its
documented vancomycin resistance and survival capacity under
antibiotic pressure [38]. Specifically, P. goldsteinii AM58-2XD not
only colonized the intestine in DSS-induced colitis models but also
achieved persistent colonization post-ABX-induced microbiota
eradication (Fig. S7), a trait likely attributable to its intrinsic
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antibiotic tolerance. The performance of P, goldsteinii AM58-2XD
in animal experiments and the results of the population cohort
study have provided significant evidence for the role of this strain
in the adjuvant treatment of UC. Although multidrug resistance
has traditionally been regarded as a pathogenic threat, P. goldsteinii
AMS58-2XD demonstrates the capacity to alleviate colitis and estab-
lish colonization under antibiotic treatment conditions, offering
new insights into the comprehensive and dialectical understanding
of ABX-resistant strains. Moreover, while this study has validated
its potential therapeutic effects through animal experiments,

1
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vigilance remains necessary regarding the yet undefined risks asso-
ciated with drug-resistant strains in future clinical applications.

Our multi-omics analyses reveal a critical mechanistic
involvement of BCA A metabolism, particularly the valine-IBN
pathway. As essential nutrients requiring exogenous intake in
mammals due to their inability for endogenous synthesis [39],
BCAAs serve as crucial metabolic regulators in immune modu-
lation and intestinal homeostasis maintenance [40]. While prior
studies have predominantly focused on the BCAA-mediated
activation of the mammalian target of rapamycin (mTOR) path-
way [41], the biological significance of their downstream catabo-
lites has yet to be fully elucidated. Herein, we generated a
P. goldsteinii*™* isogenic mutant through targeted gene knock-
out and demonstrated a marked attenuation of its anticolitis effi-
cacy compared to the wild-type strain (Fig. 4). This functional
impairment provides compelling evidence for the fundamental
importance of valine-derived IBN biosynthesis in mediating
P, goldsteinii’s therapeutic activity. This functional dissection of
the valine-IBN axis in P, goldsteinii highlights a critical dependency
of intestinal homeostasis on microbial IBN biosynthesis.

Thus far, the anticolitis properties of SCFAs, particularly
butyrate, have been well-characterized in UC pathogenesis
[29,42], and emerging evidence suggests that branched-chain
fatty acids (BCFAs) constitute a functionally distinct class of
microbial metabolites with underexplored therapeutic potential.
Unlike SCFAs primarily derived from dietary fiber fermenta-
tion, BCFAs such as IBN originate predominantly from bacterial
catabolism associated with valine degradation pathways medi-
ated by microbial enzymes [43]. Strikingly, IBN supplementa-
tion elicited a pronounced anticolitis effect, thereby establishing
a direct link between this metabolite and intestinal homeostasis.
These mechanistic insights could potentially accelerate the
development of precision interventions, including engineered
probiotics, dietary modulation of valine metabolism, or small-
molecule analogs, to effectively harness BCFA-mediated muco-
sal protection for the management of UC.

Our findings identify IBN as a previously unrecognized
microbial-derived activator of the PPARy signaling pathway,
offering mechanistic insight into how P. goldsteinii promotes
intestinal barrier integrity. Distinct from SCFAs like butyrate,
IBN—produced via valine metabolism—engages PPARy to
modulate epithelial transcriptional responses. Its effects on
tight junction integrity were abolished in the PPARy-deficient
IEC model, underscoring the pathway’s necessity. These results
expand the known immunometabolic roles of BCFAs, position-
ing IBN as a functionally relevant metabolite that reinforces
epithelial defenses through PPARy-dependent regulation. If we
can further verify it using the PPARY*"* mouse model, it will
further enhance the universality of our discovery and the ability
to clarify the biological mechanisms involved. While butyrate
is well-known for its PPARy-dependent immunomodulatory
and energy-regulatory roles in IECs, our findings demonstrate
that IBN also engages this pathway. This highlights an evolu-
tionary convergence in microbial signaling, where structurally
distinct molecules target the same nuclear receptor to maintain
intestinal homeostasis. Supplementing the data with surface
plasmon resonance (SPR)/isothermal titration calorimetry
(ITC) binding affinity analyses will offer a more comprehensive
understanding of the direct interactions between IBN and
PPAR. Notably, characterizing IBN as a PPARy agonist expands
the functional scope of BCFAs beyond amino acid metabolism,
showing how microbial ecosystems use diverse strategies to
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modulate host transcriptional programs. This dual activation
of PPARY by both SCFAs and BCFAs underscores the centrality
of this pathway in microbiota-driven epithelial protection. This
redundancy may serve as a fail-safe mechanism to preserve IEC
barrier integrity during dysbiosis or metabolic stress.

Conclusion

This study validates the synergistic effect of prebiotics in anti-
biotic therapy for mouse colitis and highlights the probiotic
potential of enriched antibiotic-resistant P. goldsteinii through
modulation of the valine-IBN axis. Furthermore, our study
confirms the therapeutic effect of IBN on mouse colitis and
further demonstrates its ability to activate the PPARy signaling
pathway and inhibit pyroptosis in IECs. Those findings have
positive implications for advancing the comprehension of anti-
biotics, probiotics, and prebiotics in their interactions with the
host-gut microbiota.

Materials and Methods

Materials

DSS was purchased from MP Biomedicals (#160110, Santa Ana,
CA, USA). POS was prepared from pectin under the enzymatic
hydrolysis of pectinase according to our previous study [44].
P. goldsteinii AM58-2XD was isolated and cultured by BGI-
Shenzhen (Shenzhen, China). IBN (§976242) was obtained
from Macklin Inc. (Shanghai, China). GW 9662 (G125880) was
purchased from Aladdin Inc. (Shanghai, China). Glyceryl tri-
isobutyrate (purity 99%) was synthesized by Shanghai Shan
Tsuen Biological Co., Ltd. (Shanghai, China). Ampicillin
(A910962), metronidazole (M813526), vancomycin (V871983),
and neomycin (N799581) were purchased from Macklin Inc.
(Shanghai, China). The enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). PPARy (A11183). The total fecal DNA
extraction kit (DP328) was obtained from Tiangen Biochemical
Technology Co., Ltd. (Beijing, China). The anti-GAPDH
(A19056) was purchased from Abclonal (Wuhan, China).
Anti-ZO1 (GB111981), anti-Occludin (GB111401), anti-Claudin-1
(GB112543), and MUC2 (GB120002) were purchased from
Servicebio Technology Co., Ltd (Wuhan, China). Cell Counting
Kit-8 (CCK-8 kit, #C0038) was purchased from Beyotime
(Shanghai, China). FITC-dextran (#FD4, 3-5 kDa) was pur-
chased from Sigma-Aldrich (St. Louis, USA). Twenty kinds of
amino acid standards (purity >99%) and their internal stan-
dards mixture-">C,"”’N (767964-1EA) were purchased from
Dr. Ehrenstorfer (Augsburg, Germany) and Sigma-Aldrich
(Darmstadt, Germany), respectively.

Animal study

Animal studies were approved by the Ethics Committee of
Medical College of Qingdao University (QDU-AEC-2022363,
QDU-AEC-2024462, and QDU-AEC -2024460) following the
guidelines of the National Institutes of Health (NIH). Six-week-
old mice (18-20 g) were kept in a climate-controlled room with
a 12-h dark/light cycle and provided unrestricted food. After
1 week of acclimatization, mice were randomly allocated to
experimental groups (for experimental groupings, refer to the
Supplementary Materials). Throughout the treatment period,
daily monitoring included body weight measurements and DAI
scoring, which evaluated weight loss, stool characteristics, and
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hematochezia. Following treatment completion, animals under-
went final weight measurement before sample collection under
isoflurane anesthesia. Blood and fecal specimens were obtained
prior to euthanasia, with spleens excised for index calculation
(spleen-to-body weight ratio). Colon tissues were harvested and
cryopreserved at —80 °C for subsequent analysis.

Histological assessment

Tissue specimens were fixed in 10% formalin, paraffin-embedded,
and processed for histological evaluation. Sequential staining was
performed with H&E followed by Alcian blue after dewaxing.
Microscopic examination was conducted using an OLYMPUS
microscope (Tokyo, Japan). For objective assessment, H&E-
stained sections were scored blindly, whereas Alcian blue-
positive areas were quantified through Image]-based morphometric
analysis.

Immunohistochemistry and

immunofluorescence analysis

Immunohistochemistry and immunofluorescence analyses were
conducted following standard procedures. Following antigen
retrieval in heated sodium citrate buffer, tissue sections were
sequentially treated with 3% hydrogen peroxide and 3% bovine
serum albumin at room temperature. Immunostaining was then
performed by overnight incubation with primary antibodies
(1:500 dilution) at 4 °C, subsequently followed by secondary
antibody application. Immunohistochemical sections were then
stained with 3,3’-diaminobenzidine (DAB) and hematoxylin.
The images of immunohistochemical and immunofluorescence
sections were captured using a microscope (OLYMPUS, Tokyo,
Japan).

qRT-PCR and Western blot analysis

The total RNA extraction and reverse transcription procedures
were carried out in accordance with the guidelines provided
by the RNA extraction kit (#AC0202, Sparkjade, Jinan,
Shandong, China). Primers were custom-designed and synthe-
sized by Sangong Biotech (Shanghai, China) as detailed in Table
S1. Gene expression levels were determined via the comparative
threshold cycle method (2724¢T method). Tissue samples
(100 mg) were processed for protein extraction with radioim-
munoprecipitation assay (RIPA) lysis buffer, including protease
and phosphatase inhibitors (Beyotime Biotechnology, Shanghai,
China). Protein quantification was carried out using the bicin-
choninic acid assay. Western blot analysis was performed as
previously described [45].

Enzyme-linked immunosorbent assay

Serum was obtained by centrifuging collected blood samples
at 3,000 rpm for 10 min. Following homogenization of colon
specimens in normal saline, the supernatant was collected after
centrifugation (10,000 rpm, 15 min) for ELISA quantification.
Serum and colon tissue proinflammatory cytokines were mea-
sured via ELISA per the manufacturer’s protocol.

Metagenomic sequencing

The methodology for DNA extraction and detection was conducted
in accordance with our previous protocol [44]. Metagenomic analy-
sis was carried out using the DNBSEQ T7 sequencing system (BGI,
Shenzhen, China), which produced 100-base pair paired-end
sequences for all samples. Stringent quality control measures were
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implemented using fastp (v0.19.4), including criteria such as an
average phred score of 20 and a minimum sequence length of 51
base pairs. Reads corresponding to contaminants or non-mouse
sequences were first removed from the dataset based on the mouse
genome GRCm39. Subsequently, high-quality reads were retained
using seqtk (v1.3) for downstream analysis. Taxonomic profiling
and species annotation were performed using Kraken2 and Bracken,
while functional analysis was conducted by constructing a genome
catalog and utilizing MetaWIBELE. Database mapping was carried
out using eggnog-mapper in the subsequent analysis. The
Huttenhower Lab Galaxy Server was utilized to perform linear dis-
criminant analysis effect size (LEfSe) in order to identify significant
features that had significant differences between the 2 groups.

Transcriptome analysis

After grinding 150 mg of colon tissue, the total RNA was
extracted using the RNA extraction kit (#AC0202, Sparkjade)
and evaluated for quality using an Agilent 2100 bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Subsequently,
the Agilent 2100 DNA bioanalyzer and Quant-iT PicoGreen
dsDNA detection kit were utilized for RNA library construction
and assessment of its purity and quality. The quantitative library
was sequenced using single-end reads on an Illumina Genome
Analyzer (BerryGenomics Co., Ltd., Beijing). Subsequent bio-
informatic analysis involved generating volcano plots and iden-
tifying DEGs through R software implementation. The criteria
for selecting DEGs included an absolute fold change (|FC|)
greater than 2 and a P value of less than 0.05. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotation of
DEGs was analyzed using the KEGG database available at
https://www.genome.jp/kegg/.

Untargeted metabolomics analysis

The fecal sample (100 mg) underwent homogenization and soni-
cation upon addition to a cold mixture of 1 ml of methanol-
acetonitrile-water (2:2:1, v/v), followed by centrifugation for protein
removal. Subsequent analysis was conducted using a T3 column
(ACQUITY UPLC HSS T3 1.8 pum, 2.1X100 mm, Waters) coupled
to a hybrid quadrupole-orbitrap mass spectrometer (QExactive,
Thermo Fisher Scientific) via a ultra-high-performance liquid chro-
matography (UHPLC) system (Ultimate 3000, Thermo Fisher
Scientific). For detailed methods, refer to the Supplementary
Materials. Each sample was subjected to FullMS and ddMS in
positive ion mode, with the mobile phase comprising acetonitrile
(A) and 0.1% formic acid (B).

Human cohort analysis of normal controls

and UC patients

The metagenomic sequencing data for the HMP2 [46] and
Yunnan (CNP0004022) cohorts were downloaded from https://
ibdmdb.org/ and https://db.cngb.org/. In our previous study,
Kraken2-build was performed to build a library of human
gut bacteria [47]. Kraken2 (Version 2.1.2) and Bracken
(Version 1.0.0) were used for annotation at different taxo-
nomic levels.

The genome analysis of P. goldsteinii AM58-2XD and

growth assay

We obtained the genome of P. goldsteinii AM58-2XD [FASTA
(6,397,923 bp; DNA; 264 sequences)] after whole-genome
sequencing and assembly [48]. The Prokka was used for genome
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annotation, and 5,632 CDS, 8 rRNA, 1 tmRNA, and 59 rRNA
showed different colors. GC content and GC Skew were used
to show sequence composition [49]. P. goldsteinii AM58-2XD
was routinely cultured in MPYG medium at 37 °C under strict
anaerobic conditions. The chamber atmosphere was main-
tained with a gas mixture of 5% hydrogen, 10% carbon dioxide,
and 85% nitrogen, and hydrogen concentration was stabilized
at 3.3% using an anaerobic gas infuser. All media and plastic-
ware were pre-reduced in the anaerobic chamber for at least
24 h prior to use. To evaluate bacterial responses to various anti-
biotics, OD,, measurements were conducted as needed using
a GENESYS 30 spectrophotometer (Thermo Fisher Scientific)
in Balch-type anaerobic tubes (Hungate tubes) under oxygen-
free conditions.

Cell viability and constructing stable

knockout cell line

For cell viability test, HT-29 and Caco-2 cells (5 x 10* cells/
well) were seeded in a 96-well plate. After 48 h, IBN was added
to the 96-well plate at concentrations of 0, 1, 2, and 4 mM. After
24 h of cultivation, cell proliferation was detected using the
CCK-8 kit. For cell-related QRT-PCR or Western blot, HT-29
and Caco-2 cells (5 x 10° cells/well) were seeded in a 6-well
plate. After 48 h, IBN was added to the 6-well plate at concen-
trations of 0, 1, 2, and 4 mM. After 24 h of cultivation, the cells
were collected, RNA extraction was performed for qRT-PCR,
while protein extraction was conducted for Western blotting.
To construct stable knockout cell lines, lentiviral vectors con-
taining specific short hairpin RNAs targeting PPARy were
designed and synthesized. HEK293T cells were cotransfected
with the lentiviral plasmid, packaging plasmids (pMD2.G and
psPAX2), and a calcium phosphate transfection reagent. After
48 h, recombinant lentivirus-containing supernatant was col-
lected, membrane-filtered (0.45 pm), and utilized for cellular
infection. Target cells were cultured in complete medium sup-
plemented with lentivirus and polybrene (8 pg/ml) to enhance
infection efficiency. Following a 48-h incubation, the medium
was replaced, and stable cell lines were selected by continuously
culturing in the presence of puromycin, for at least 1-2 weeks.
Knockout efliciency was confirmed by Western blotting and
qRT-PCR analysis to ensure the successful disruption of the
target gene.

Public database transcriptome and single-cell
sequencing analysis

Transcriptome data from colitis patients (GSE59071) including
74 active UC patients, 23 inactive patients, and 11 normal con-
trols were downloaded from the Gene Expression Omnibus
(GEO) repository. Single-cell sequencing data (GSE162335)
including 5 normal controls and 11 UC patients were also down-
loaded from the GEO database. Data were analyzed and collated
with reference to previous studies [50]. Data were analyzed using
the Seurat R package. Low-quality cells and genes were filtered
by excluding cells with >5% mitochondrial gene content and
retaining only those with >500 and <6,000 detected features.
The remaining cells were normalized using the LogNormalize
method, and highly variable genes were identified via the “vst”
method. The top 25 principal components were used for
t-distributed stochastic neighbor embedding (t-SNE) clustering
with a resolution of 2. Cell type annotation was performed using
the SingleR package and scHCL package.
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Chemical-protein dock

The Autodock vina software was used to simulate the analysis
of the interaction between compounds and proteins. The chem-
ical structures of butyrate and IBN were downloaded from
PubChem, and the structural coordinate information file of
PPARy Protein was obtained using AlphaFold2 with UniProt
ID: P37231. The molecular docking software Autodock Vina
was used to perform virtual docking of butyrate and IBN with
PPARY, and then screened according to binding energy. The
results were visualized by PyMOL software.

Measurement of intestinal permeability

Intestinal barrier function was evaluated by measuring plasma
levels of FITC-dextran. Four hours before sacrifice on the
experimental endpoint, FITC-dextran was administered orally
to mice. Following blood collection in heparinized tubes,
plasma was separated by centrifugation (12,000xg, 10 min,
4 °C). Aliquots (200 pl) of plasma were dispensed into black
96-well plates for fluorescence quantification (excitation/emis-
sion: 485/528 nm).

Statistical analysis

Data analysis was conducted using GraphPad Prism (Version
8.0). For studies involving 2 groups, statistical comparisons
between 2 measurements were assessed using unpaired 2-tailed
Student’s ¢ test. For studies with 3 or 4 groups, one-way analysis
of variance was conducted, followed by Tukey’s post-hoc test
for group comparisons. The sample size was calculated and
analyzed using G*Power software. Spearman’s correlation
analysis was also performed. Statistical significance was deter-
mined at P < 0.05 and denoted by asterisks (*P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001). Results are presented
as mean + SD.
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