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Background: Ulcerative colitis (UC), a typical inflammatory bowel disease (IBD), is pathologically defined by mucosal inflammation 
confined to the colonic mucosa. Saccharomyces boulardii (Sb), a commonly utilized probiotic yeast for managing digestive disorders 
like UC, has not been thoroughly investigated regarding its precise mechanisms for alleviating colitis. Increasing evidence indicates 
the involvement of FXR in UC. Meanwhile, the regulatory role of FXR on NLRP3 has garnered increasing attention. This study 
investigated the therapeutic effects of Sb supernatant (SbS) on colitis and elucidated the role of the FXR-NLRP3 signaling pathway in 
this process.
Methods: A murine model of colitis was established through administration of dextran sulfate sodium (DSS), followed by oral gavage 
with either SbS or the control Sabouraud dextrose broth (SDB) culture medium. The FXR activation, NLRP3 inflammasome 
inhibition, and macrophage pyroptosis were evaluated both in vivo and in vitro. The effects of SbS in activating FXR, suppressing 
NLRP3 inflammasome and alleviating the colitis were assessed.
Results: SbS ameliorated symptoms of DSS-induced colitis. Our data demonstrated that SbS elicited activation of FXR and 
concomitantly suppressed NLRP3 expression within the colonic tissue samples. Additionally, SbS was further observed to suppress 
the expression of cleaved caspase-1, a key effector protein in pyroptosis process, within the F4/80+ macrophage population. Moreover, 
SbS modulated the expression of genes and proteins associated with pyroptosis, collectively suggesting its potential to ameliorate 
intestinal pyroptosis, potentially via its direct impact on macrophage. Consistently, SbS ameliorated pyroptosis of macrophages in vitro 
through activating FXR and inhibiting NLRP3 inflammasome. However, the therapeutic effect of SbS was reversed by the FXR 
inhibitor, guggulsterone, resulting in increased levels of pyroptosis-related proteins.
Conclusion: SbS demonstrated a beneficial effect in alleviating UC by modulating the FXR-NLRP3 signaling pathway, thereby 
mitigating macrophage pyroptosis. This discovery presents new insights into effects of Sb on alleviating UC.
Keywords: Saccharomyces boulardii, Farnesoid X receptor, NLRP3 inflammasome, macrophages, pyroptosis, colitis

Introduction
Ulcerative colitis (UC), a quintessential inflammatory bowel disease (IBD), is characterized by mucosal inflammation 
localized to the mucosal layer, giving rise to a spectrum of clinical manifestations including abdominal pain, diarrhea, 
and/or tenesmus.1 In recent years, there has been a surge in the global prevalence and incidence of UC. Nevertheless, the 
pathogenesis of UC remains poorly understood.2 Several studies have suggested that immune system abnormalities, 
environmental implications, dysbiosis, genetic predisposition, and mucosal barrier dysfunction all contribute to UC 
development.3,4 Despite the myriad pathogenic features associated with UC, managing UC poses considerable thera-
peutic challenges, particularly due to the limitations of conventional therapies, including high costs, tolerability issues, 
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toxicity, susceptibility to serious infections, and malignancy.5,6 Therefore, innovative therapeutic strategies against UC 
are urgently needed.

Farnesoid X receptor (FXR) plays a crucial role in controlling immunological modulation, barrier function, and 
inflammatory responses.7,8 Increasing evidence indicates the involvement of FXR in IBD. FXR activation could decrease 
intestinal permeability, intestinal inflammation, and cell permeability while preventing the loss of goblet cells.8 

Furthermore, the stimulation of FXR by its agonist exhibited protective effects in mice against deoxycholic acid- 
induced intestinal damage through inhibiting epithelial destruction and mucosal inflammatory cell infiltration.9 

Persuasive research indicated that FXR negatively influenced the activation of NOD-, LRR- and pyrin domain- 
containing 3 (NLRP3),10,11 a key player in the pathogenesis of IBD and an important driver of intestinal 
homeostasis.12 It has been reported that FXR plays a crucial role in sepsis by regulating the NLRP3 inflammasome.10 

It was observed that FXR negatively regulated the NLRP3 inflammasome, while FXR ligands like chenodeoxycholic 
acid and deoxycholic acid promoted NLRP3 activation. To determine whether FXR directly interacts with the NLRP3 
inflammasome to inhibit its activation, experiments were conducted using FXR transfection and FXR knockdown 
models. The results indicated that FXR might physically interact with either NLRP3 or caspase-1, preventing the 
assembly of NLRP3 inflammasome components and consequently inhibiting its activation. Another study found that 
FXR inhibited NLRP3 activation through the PERK-CHOP pathway, which improved liver injury.11 Activation of 
NLRP3 inflammasome promotes the maturation and secretion of IL-1β and IL-18, as well as the cleavage of gasdermin 
D (GSDMD), leading to pyroptosis, a type of programmed cell death.13 Therefore, it is hypothesized that FXR-NLRP3 
pathway might be involved in the development of UC.

Researchers have established the significance of gut microbiota in maintaining host health and influencing IBD 
development.14 The fungus community, an essential component of the mammalian microbiota, plays a vital role in 
IBD.15 Saccharomyces boulardii (Sb), a probiotic yeast extracted from litchi and mangostema, can be extremely tolerant 
of bile acids and resistant to low pH.16 It is a unique species within the Saccharomyces genus, with a karyotype similar to 
that of the model yeast Saccharomyces cerevisiae (S. cerevisiae).17 However, Sb differs from S. cerevisiae both 
physiologically and metabolically, notably by its inability to utilize galactose as a carbon source.18 Unlike 
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S. cerevisiae, Sb has an optimal growth temperature of 37°C. In addition, it can withstand degradation by hydrolases and 
bile salts.19 These characteristics enhance its survival in the gastrointestinal tract. To date, Sb is the only fungal probiotic 
and is widely applied in the treatment of gastrointestinal diseases,20 serving as an adjuvant therapy for IBD. It exerts its 
effects through various mechanisms, including restoring normal microbiota,21 producing antimicrobial substances,22,23 

interacting with pathogens,24–26 and modulating immune responses.27,28 Previous studies have shown that Sb could 
enhance gut barrier integrity and reduce levels of pro-inflammatory factors.29,30 Additionally, Sb can sequester T helper 
cells in mesenteric lymph nodes, thereby mitigating inflammation.28 Research by Bei Li et al demonstrated that Sb 
altered gut microbiota composition and promoted the synthesis of microbial metabolites.31 Sb increased short-chain fatty 
acid (SCFA) levels, particularly butyrate, which lowered the incidence of diarrhea in patients receiving enteral 
nutrition.32 Furthermore, studies have demonstrated that Sb treatment can reduce the incidence of relapses and improve 
symptoms in IBD patients who achieved more significant remissions during maintenance.33,34 These findings highlight 
the potential of Sb as a promising treatment for UC.

Despite the promising pharmacological effects of Sb, the mechanism by which Sb alleviates UC remains poorly under-
stood. Hence, the current study aimed at assessing the therapeutic properties of Sb and uncovering its precise mechanism.

Methods and Materials
Sb Cultivation and Supernatant Preparation
Lyophilized Sb CNCM-745 (Biocodex, France) was cultured in sterile Sabouraud dextrose broth (SDB) (0.1 g/10 mL) 
(Solarbio, China) for 24h at 33°C, 180 r/min, subculturing about 3 times. Then, it was centrifuged at 9000g at 4°C for 
15 min for supernatant preparation (SbS). Supernatant was extracted and filtrated with 0.22-μm filters.

Cell Culture and Treatment
The human monocyte line THP-1 and the rat macrophage-like cell line RAW 264.7 were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). THP-1 cells were cultured in RPMI 1640 medium including 10% 
fetal bovine serum (FBS), 100 U/mL penicillin and streptomycin and should be administrated with 100nM phorbol 12- 
myristate 13-acetate (PMA) for 24~48 h to develop into macrophage-like cells at 37 °C under 5% CO2. RAW 264.7 cells 
were cultivated in Dulbecco Minimum Essential Medium (DMEM) complemented with 10% FBS with 5% CO2 at 37 °C. 
The cells were starved for 12~16 hours after reaching 60–70% confluency on each well of the plates. The starved cells 
were administered with a twofold dilution of SbS and SDB for 24h to test the effect of SbS on activating FXR, according 
to the previous study.35 Additionally, to test the mechanism of SbS improving colitis, THP-1 cells were treated with FXR 
inhibitor guggulsterone (GS) (20 μM) (MCE, USA) for 18 h before being treated with SbS, SDB, LPS and nigericin. The 
levels of mRNA and protein expression were evaluated after all interventions were finished.

Animals Study
Seven-week-old female C57BL/6J mice, purchased from the Beijing Animal Research Center, China, were maintained in 
a specific pathogen-free (SPF) environment with a natural 12–12-h light/dark cycle with one week of adaptive feeding. 
All the mice were randomly assigned to one of the four groups: control, DSS, DSS + SDB, and DSS + SbS (n = 5~7 per 
group). The sample sizes for each group were determined based on prior studies.36 Mice of control group were simply 
given sterile water. Mice of DSS group were continuously treated with 2.5% (w/v) DSS in sterile water for 7 days to 
trigger colitis. Mice in the DSS + SDB and DSS + SbS groups were given 400 μL SDB or SbS once daily for 14 days 
before and during DSS treatment, according to the previous study.37 The experimental process was shown in Figure 1A. 
Disease activity index (DAI) was blindly observed during DSS treatment according to previous research.38 The observers 
assessing the DAI were blinded to the treatment groups of the mice. Mice were labeled with codes, and the code was not 
revealed until after all DAI scores were recorded. After that, mice were sacrificed through cervical dislocation. The 
colonic tissue and feces were collected and frozen at −80°C for further assessment. This study and included experimental 
procedures were evaluated and approved by the Animal Ethical and Welfare Committee of Tianjin Medical University, 
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Tianjin, China. Additionally, all procedures adhered to the National Institutes of Health guidelines for the care and use of 
laboratory animals.

Histological Assessment and Immunohistochemistry
Mice distal colon specimens were paraffin-embedded before being cut into 4 μm slices. H&E staining was utilized to 
assess the histology of intestine following deparaffinization and hydration. Then, the slices were observed under an 
optical microscope.

After deparaffinization and dehydration, the tissue sections were incubated for an overnight period at 4 °C with 
primary antibodies to MUC2 (Santa Cruz Biotechnology, Inc. Santa Cruz, USA). After 30 minutes of room temperature 
incubation with the secondary antibody, slices were counterstained with hematoxylin.

Immunofluorescence Staining
Fibroblast Growth Factor 15 (FGF 15) (ab229630, Abcam) in colon tissue was determined by immunofluorescent 
staining. Briefly, primary antibodies were attached to the sections and incubated at 4 ° C overnight after the fixation 
and embedding steps. After three PBS washes, slices were incubated with fluorochrome-conjugated secondary 

Figure 1 Effect of SbS on pathological symptoms of DSS-induced colitis. (A) Experimental process. (B) Percentage changes of body weight. (C) DAI score. (D and E) Colon 
photograph (D), Colon length (E) was measured. (F) The weights of spleen in different groups were recorded. (G) H&E staining of the colon (scale bar: 100 µm). All data 
were presented as mean±SEM. *P < 0.05, **P < 0.01, ****P<0.0001. ns, not significant.
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antibodies. Eventually, 40.6-diamidino-2-phenylindole (DAPI) was added to slices for counterstaining the nuclear. 
A fluorescent microscope was used to view and photograph FGF15 fluorescence pictures (Lycra, USA).

Cleaved caspase-1 (c-caspase-1) in colon tissue was determined by double immunofluorescent staining. Briefly, 
primary antibodies: rabbit anti-cleaved-caspase1 antibody (1:100, #89332, Cell Signaling Technology) was applied to the 
sections and incubated overnight at 4 ° C after the fixation and embedding steps, while the macrophages received labeling 
with F4/80 in mice. Following PBST cleaning, DAPI was used to mount the slides, and a fluorescent microscope was 
utilized to view and capture the images.

Real-Time PCR Analysis
The total RNA of colon tissues and cell samples was extracted by using the RNeasy mini kit (Qiagen, USA). Then, 
cDNA was synthesized from collected RNA using the TIANScript RT Kit (TIANGEN, China) based on the manufac-
turer’s guidelines. RT-PCR analysis was performed through primers (GENEWIZ, China) and TaqMan Gene Expression 
Master Mix. Relative mRNA expression of the gene was determined through 2–ΔΔCT method and adjusted to GAPDH 
levels. The primer sequences are listed in Table 1.

Table 1 Sequences of Primers Used for RT-qPCR

Gene Gene Sequence

m-GAPDH Forward primer 

Reverse primer

GGAGAAACCTGCCAAGTATG 

TGGGAGTTGCTGTTGAAGTC

m-IL-1β Forward primer 

Reverse primer

ACGGACCCCAAAAGATGAAG 

TTCTCCACAGCCACAATGAG

m-IL-18 Forward primer 

Reverse primer

GCCTCAAACCTTCCAAATCAC 

GTTGTCTGATTCCAGGTCTCC

m-IL-6 Forward primer 

Reverse primer

CCAGTTGCCTTCTTGGGACT 

GGTCTGTTGGGAGTGGTATCC

m-TNF-α Forward primer 

Reverse primer

CTTCTGTCTACTGAACTTCGGG 

CAGGCTTGTCACTCGAATTTTG

m-FXR Forward primer 

Reverse primer

GGACGGGATGAGTGTGAAG 

TGAACTTGAGGAAACGGGAC

m-ZO-1 Forward primer 
Reverse primer

GGGCCATCTCAACTCCTGTA 
AGAAGGGCTGACGGGTAAAT

m-NLRP-3 Forward primer 
Reverse primer

ATTACCCGCCCGAGAAAGG 
TCGCAGCAAAGATCCACACAG

m-ASC Forward primer 
Reverse primer

GGAGGGGTATGGCTTGGAG 
TGAGTGCTTGCCTGTGTTGGT

m-IFN-γ Forward primer 
Reverse primer

GGAGGAACTGGCAAAAGGATGG 
CAGGTGTGATTCAATGACGCTTATG

m-Claudin-3 Forward primer 
Reverse primer

CCTGTGGATGAACTGCGTG 
GTAGTCCTTGCGGTCGTAG

h-GAPDH Forward primer 

Reverse primer

CCCTTCATTGACCTCAACTACATGG 

CATGGTGGTGAAGACGCCAG

h-IL-1β Forward primer 

Reverse primer

GCGGCCAGGATATAACTGACTTC 

TCCACATTCAGCACAGGACTCTC

h-IL-18 Forward primer 

Reverse primer

GATATGACTGATTCTGACTGTAG 

TACCTCTAGGCTGGCTAT
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Western Blot Analysis
Proteins from intestinal tissues and cells were isolated through using RIPA lysis buffer (containing PMSF). Proteins were 
added to the SDS gel electrophoresis system for electrophoresing to get separated proteins. Then, they were transferred to 
PVDF membrane (Invitrogen, USA). After being blocked with 10% skim milk or bovine serum albumin, membranes 
comprising proteins were incubated with primary anti-β-actin antibody (Cat#mAb3700, CST, 1:1000), anti-ZO-1 
(Cat#A0659, ABclonal, 1:1000), anti-Claudin3 (Cat#83609, CST, 1:1000) antibodies, primary anti-FXR antibody 
(abs122163, Absin, 1:1200), anti-FGF15 (sc514647, Santa Cruze Biotechnology, 1:1000), anti-caspase-1 antibody 
(ab179515, Abcam, 1:1000), anti-GSDMD antibody (1:1000, ab209845, Abcam), anti-IL-1β antibody (#12242, Cell 
Signaling Technology,1:1000), and anti-IL-18 antibody (ab71495, Abcam, 1:1000) overnight at 4 °C. Subsequently, 
horseradish peroxidase-conjugated secondary antibodies were used to incubate. A chemiluminescence kit was used to 
detect protein band intensities and images were processed using Image J software.

Statistical Analysis
Data were expressed as mean ± SEM. Data normality was assessed using the Shapiro–Wilk test. T-test was conducted to 
compare differences between the two groups for normally distributed data. For multiple comparisons, a one-way analysis 
of variance (ANOVA) was performed. P value < 0.05 was considered to be statistically significant. All tests were 
analyzed using GraphPad Prism 8.0 software (San Diego, CA, USA).

Results
SbS Treatment Ameliorated Symptoms of DSS-Induced Colitis
Mice treated with DSS or SDB were observed to exhibit weight loss over the last four days (Figure 1B), in contrast to 
those in the SbS group. Compared with the DSS group, considerably reduced DAI scores were observed in mice 
receiving SbS (Figure 1C), along with longer colon lengths (Figure 1D and E) and a decrease in spleen index (Figure 1F), 
as opposed to the DSS+SDB group. Moreover, histopathological analysis was conducted to assess the degree of intestinal 
injury and inflammation. Substantial damage was identified in the colitis mice compared to the control group, but 
inflammation was effectively ameliorated by SbS rather than SDB (Figure 1G). Collectively, these findings validated the 
therapeutic effects of SbS on DSS-induced colitis.

SbS Treatment Alleviated Inflammatory Responses and Preserved the Gut Barrier in 
DSS-Induced Mice
To assess the intensity of inflammatory response in DSS-induced mice, the levels of IL-6, TNF-α, and IFN-γ in colon 
tissue were quantified by RT-PCR analysis. Compared with the control group, the expressions of IL-6, TNF-α, and IFN-γ 
in mice exposed to DSS were strikingly increased, as well as in the DSS+SDB group (Figure 2A-C). However, the 
mRNA level of these pro-inflammatory cytokines significantly decreased following treatment with SbS. Tight junction 
proteins, such as ZO-1 and Claudin-3 are critical for preserving the gut barrier. Following SbS administration, the 
expression of ZO-1 (Figure 2D) and Claudin-3 (Figure 2E) at the gene level was markedly upregulated. Similar results 
were obtained via Western blot analysis, where increased protein levels of ZO-1 and Claudin-3 were observed after SbS 
treatment compared to the DSS group, while no significant changes were detected with SDB treatment (Figure 2F and 
G). MUC-2 protein, a mucin-associated protein essential for maintaining intestinal barrier function, was significantly 
increased in the number of MUC2-positive cells within each colonic crypt in the DSS+SbS group compared to both the 
DSS and DSS+SDB groups, as revealed by immunohistochemistry staining (Figure 2H). Overall, SbS exhibited effects 
on suppressing inflammatory responses and upholding the integrity of gut barrier in colitis.

SbS Treatment Activated FXR and Inhibited NLRP3 Expression in Colon Tissue
Growing evidence suggested a potential association between FXR and IBD.39,40 Therefore, FXR expression in colon tissue 
was tested. A significant reduction in the mRNA levels of FXR following DSS or SDB administration was observed using 
RT-PCR, whereas an upregulation in FXR mRNA expression was detected after SbS treatment (Figure 3A). Consistently, 
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the protein level of FXR was found to exhibit similar results (Figure 3D and E). Western blot results suggested that FGF 15, 
the target gene of FXR, increased after SbS administration, compared with the DSS and DSS+SDB group, indicating the 
activation of FXR by SbS (Figure 3D and E). Furthermore, immunofluorescence staining for FGF15 further confirmed these 
findings (Figure 3C). Hao et al found that the FXR agonist could exert anti-inflammatory effects by inhibiting the NLRP3 
inflammasome signaling pathway.10 Therefore, the expression of NLRP3 in colon tissue was tested. In mice exposed to 
DSS, a considerable rise in NLRP3 mRNA and protein levels was observed, which was subsequently downregulated 
following SbS administration but not after SDB treatment (Figure 3B, D, E). These findings suggested that SbS might 
alleviate colitis through the FXR-NLRP3 signaling pathway.

SbS Treatment Improved Pyroptosis of Intestinal Macrophages in Mice
Activation of NLRP3 inflammasome could activate protease caspase-1, causing gasdermin D-dependent pyroptosis.41 

Therefore, to determine whether pyroptosis occurred in intestinal macrophages or intestinal epithelial cells, we further 
investigated c-caspase-1, a key effector protein in pyroptosis process. In the lamina propria of the inflamed mucosa, an 
increase in c-caspase-1 expression was observed in F4/80+ macrophages in the DSS and DSS+SDB groups, while 
a significant reduction in c-caspase-1 expression was detected following SbS treatment (Figure 4). Subsequently, the 
mRNA levels of ASC, IL-18, and IL-1β in colon tissue were examined. The mRNA expression of ASC was down-
regulated after SbS administration (Figure 5A). Compared with the DSS group, a decrease in the expression of IL-1β and 

Figure 2 Inhibition of SbS administration on colonic inflammation and gut barrier destruction in DSS-induced mice. (A-C) The mRNA level of pro-inflammatory cytokines 
(IL-6, TNF-α, IFN-γ) in the colon tissue was detected by RT-PCR. (D and E) The expression of the intestinal tight junction proteins including ZO-1 and Claudin-3 were 
measured by RT-PCR. (F and G) Western blot was performed to measure the expression of Claudin-3 and ZO-1 in colon tissue, and the relative intensity was quantified by 
Image J software. (H) Immunohistochemical analysis of MUC-2 (scale bar: 100 µm). All data were presented as mean ±SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not 
significant.

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S504957                                                                                                                                                                                                                                                                                                                                                                                                   3167

Yang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



IL-18, which were pro-inflammatory factors caused by pyroptosis, was observed following SbS treatment (Figure 5B and 
C). These findings were further confirmed at protein levels, where the expression of c-caspase-1, NT-GSDMD, and 
cleaved IL-1β and IL-18 examined by Western blot were upregulated in DSS group (Figure 5D-F). In contrast, a striking 
reduction in the expression of c-caspase-1, NT-GSDMD, and cleaved IL-1β and IL-18 was detected in mice treated with 
SbS compared with the DSS or DSS+SDB groups. Together, these results suggested that pyroptosis played an important 
role in colitis, potentially through its impact on macrophages, and SbS treatment could ameliorate intestinal macrophage 
pyroptosis.

SbS Treatment Improved Pyroptosis of Macrophages in Vitro
Having observed the augmentation of colonic FXR expression with SbS treatment, we proceeded to assess the protein levels of 
FXR in macrophages. Both THP-1 and RAW 264.7 cells exhibited elevated protein expression of FXR following SbS treatment 
(Figure 6A-D). Given that RAW 264.7 cells do not express ASC, a key requirement for NLRP3 inflammasome activation,42 

THP-1 cells were selected for subsequent experiments. To further investigate the role of macrophages in inflammation and the 
anti-inflammatory mechanism of SbS, the expression of FXR, NLRP3, and pyroptosis-related genes and proteins in THP-1 cells 
was scrutinized. Notably, increased mRNA levels of IL-1β and IL-18 were observed in THP-1 cells treated with LPS+nigericin 
(Figure 6E and F). In contrast, decreased expression of IL-1β and IL-18 at the gene level was observed following SbS 
administration. The protein levels of FXR, NLRP3, c-caspase-1, NT-GSDMD, and cleaved IL-1β and IL-18 were further 

Figure 3 SbS administration activated FXR and inhibited NLRP3 expression in DSS-induced mice. (A and B) The mRNA levels of FXR and NLRP3 in the colon tissue were 
detected by RT-PCR. (C) The expression of colonic FGF15 was assessed by Immunofluorescence staining and visualized by fluorescence microscopy (red), the nucleus was 
counterstained with DAPI (blue) (scale bars: 100 µm). (D and E) Western blot analysis was applied to measure the expression of FXR, FGF15 and NLRP3, and the relative 
intensity was quantified by Image J software. All data were presented as mean ±SEM. *P < 0.05, ***P < 0.001, ****P<0.0001. ns, not significant.
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examined. The results indicated that NLRP3, c-caspase-1, NT-GSDMD, and cleaved IL-1β and IL-18 were upregulated, while 
FXR was downregulated at the protein level following LPS+nigericin treatment. However, SbS treatment led to an upregulation 
of FXR and a downregulation of NLRP3 and pyroptosis-related proteins expression (Figure 6G-J). The above evidence further 
confirmed that SbS could ameliorate pyroptosis in macrophages, which may be through the FXR-NLRP3 signaling pathway.

FXR Inhibitor Reversed the Therapeutic Effect of SbS
To further investigate the potential involvement of the FXR-NLRP3 signaling pathway in the therapeutic impact of SbS, 
THP-1 cells were pre-treated with GS, an FXR inhibitor. Compared with the LPS+nigericin and LPS+nigericin+SDB 
groups, reduced protein levels of NLRP3, c-caspase-1, NT-GSDMD, and cleaved IL-1β and IL-18 were observed 
following SbS treatment in THP-1 cells. In contrast, the therapeutic effect of SbS was found to be abolished by GS 
(Figure 7A-C). Increased expression of NLRP3, c-caspase-1, NT-GSDMD, and cleaved IL-1β and IL-18 at the protein 
level was detected following GS treatment. Therefore, FXR could negatively influence the expression of NLRP3 and 
indicators in the pyroptosis pathway while the therapeutic effects of SbS could be counteracted by GS.

Discussion
In this study, we investigate the precise mechanism through which Sb can alleviate UC in both vitro and vivo models. 
Activation of FXR induced by SbS resulted in a reduction in the expression of NLRP3 and pyroptosis-associated genes 
and proteins, leading to decreased pyroptotic cell death in macrophages and a mitigated inflammatory response. This 
discovery identified Sb as a novel regulator of intestinal inflammation and highlighted FXR as a promising target, 
offering new insights into the precise prevention and treatment of UC.

Figure 4 SbS administration decreased the expression of cleaved-caspase-1 of macrophages in colon tissue. Mice colon tissues were immunofluorescently labeled for the 
cell nucleus (blue), F4/80 (green), cleaved-caspase1 (red), and merge.
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To date, conventional pharmacological therapies for UC have been accompanied by adverse reactions, such as 
tolerance, toxicity, serious infections, and malignancy.5,6 Consequently, research efforts have shifted towards alternative 
colitis therapies. Probiotic therapy, including the use of Sb, has emerged as a viable option for IBD patients. In this study, 
SbS decreased the DAI score while increasing the body weight and colon length in mice exposed to DSS, indicating that 
SbS had a therapeutic effect on colitis symptoms. Dysfunction of the mucosal barrier consisting of epithelial tight 
junctions and a mucus layer results in bacterial translocation and inflammatory reactions.3,43 Claudin-3 and ZO-1, tight- 
junction proteins, preserve intestinal epithelial integrity while many mucins like MUC-2 generated by colonic goblet 
cells form the thick mucus barrier.44 Our study demonstrated that SbS could reduce pro-inflammatory factors and 
augment the expression of Claudin-3 and ZO-1 at gene and protein levels. Additionally, mice exposed to SbS exhibited 
a higher number of MUC-2 positive cells in each colonic crypt compared with other groups.

The inflammasome is a multimolecular complex composed of the nucleotide oligomerization domain (NOD)-like 
receptors (NLRs), ASC, and caspase-1.45 Caspase-1 can be triggered in this multimolecular complex, causing cleavage of 
pro-inflammatory cytokines pro-IL-1β and pro-IL-18, as well as GSDMD, a protein that forms the pores. This process 
results in the release of bioactive IL-1β and IL-18 into the extracellular space and induces pyroptosis. Specifically, 
inflammasome assembly can initiate the autocatalytic processing of caspase-1, stimulating the cleavage of its substrates 
like pro-IL-1β, pro-IL-18, and GSDMD. Activated caspase-1 promotes the release of the N-terminal domain of GSDMD, 

Figure 5 SbS administration reduced the expression of pyroptosis-related genes and proteins in colon tissue. (A-C) The mRNA expressions of ASC (A), IL-1β (B), IL-18 
(C) were detected by RT-PCR. (D-F) The protein levels of caspase-1, GSDMD, IL-1β and IL-18 in the pyroptosis pathway were measured by Western blot and the relative 
intensity was quantified by Image J software. All data were presented as mean ±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001. ns, not significant.
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leading to conformational changes that result in the formation of oligomeric pores in the cell membrane. These pores 
allow the mature IL-1β and IL-18 to be released extracellularly while triggering pyroptosis.46–49 Of all the NLRs 
described, NLRP3 inflammasome has garnered the greatest attention. Baseline expression levels of NLRP3 are typically 
low and must be upregulated for inflammasome activation to occur.50,51 Increasing studies have highlighted the pivotal 
role of the NLRP3 inflammasome in the occurrence and development of IBD.52–54 Researchers have reported the 
suppressive effect of FXR on NLRP3 activation.10,11,55 FXR, initially identified in the 1990s due to its activation by 
the farnesol metabolite, is predominantly expressed in the liver and intestine.56 It is reported that FXR is a therapeutic 
target for IBD and acts by regulating innate lymphocytes.39 In our study, we found that FXR played a role in the 
regulation of the NLRP3 inflammasome in both colon tissue and macrophages. A decrease in FXR expression was 
detected accompanied by an increase in NLRP3 inflammasome expression in DSS-induced mice, showing an antag-
onistic link between FXR and NLRP3 inflammasome, consistent with previous studies.57,58 However, few studies have 
investigated the precise relationship between FXR and NLRP3. A study published in 2022 reported an increase in 
NLRP3, caspase-1, and IL-1β at both the gene and protein levels in colitis mice, while FXR expression was found to be 
reduced.58 Nigakinone was shown to enhance FXR expression and decrease the levels of NLRP3, caspase-1, and IL-1β. 
Therefore, researchers concluded that Nigakinone might exert anti-inflammatory effects by inhibiting the NLRP3 

Figure 6 SbS administration ameliorated pyroptosis in THP-1 cells. (A-D) The expression level of FXR was measured by Western blot analysis in THP-1 cells (A and B) 
and RAW 264.7 cells (C and D) treated with SDB or SbS for 24 hours. (E and F) SDB or SbS was administrated for 24 hours in THP-1 cells before treated with 100ng/mL 
LPS for 4–6h and then 10μg/mL nigericin for 1 hour to induce pyroptosis of THP-1 cells. The mRNA levels of pro-inflammatory cytokines IL-1β (E) and IL-18 (F) in THP-1 
cells were detected by real-time PCR. (G-J) The protein levels of FXR and the related indicators of pyroptosis pathway (NLRP3, caspase-1, GSDMD, IL-1β and IL-18) were 
measured by Western blot and the relative intensity was quantified by Image J software. All data were presented as mean ±SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not 
significant.
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signaling pathway. However, they did not clarify the exact relationship between FXR and NLRP3. Another research 
group reported that FXR in macrophages had a direct negative regulatory effect on the activation of the NLRP3 
inflammasome.10 They isolated macrophages from FXR−/− mice and their wild-type littermates to assess responses to 
inflammasome activation. The results showed that FXR−/− macrophages exhibited increased sensitivity to caspase-1 and 
IL-1β activation, with elevated basal levels of active caspase-1 and mature IL-1β compared to wild-type mice. In the 
present study, the negative association between FXR and NLRP3 inflammasome was further validated in THP-1 cells of 
induced pyroptosis via LPS+nigericin treatment. We explored the precise interaction between FXR and NLRP3 in THP-1 
cells using an FXR inhibitor (GS). Our findings indicated that the expression of NLRP3 and pyroptosis-related proteins 
were upregulated in GS-treated THP-1 cells compared to those treated with SbS, suggesting FXR adversely impacted the 
activation of NLRP3 inflammasome. Genetic knockout or knockdown models can be used to further confirm the negative 
association between FXR and NLRP3 inflammasome. From the above discussion, we elucidated that SbS could activate 
FXR and then lead to NLRP3 inflammasome inhibition resulting in reduced pyroptosis, which can alleviate colitis.

However, it must be pointed out that there are also limitations in this study. First, we did not investigate how SbS 
interacted with FXR. A postbiotic is defined as a “preparation of inanimate microorganisms and/or their components that 
confers a health benefit on the host”, according to the International Scientific Association of Probiotics and Prebiotics 
consensus statement.59 Researchers have reported that short-chain fatty acids, proteins and other uncharacterized 
molecules secreted by Sb could be potential postbiotics.60–63 Recently, our research team have demonstrated that SbS 
can effectively alleviate colitis.63 We conducted further investigations to elucidate the specific bioactive components 
within the SbS responsible for this effect. We found that the SbS-mediated activation of the epidermal growth factor 
receptor (EGFR) signaling pathway could be abrogated by treatment with proteinase K or heat killed, suggesting that the 
bioactive components is likely a protein. Through a series of experiments, we were able to isolate a protein from the SbS, 

Figure 7 FXR inhibitor abolished the therapeutic effect of SbS. To induce pyroptosis in THP-1 cells, FXR inhibitor (GS) was administered to THP-1 cells for 18 hours, 
followed by the administration of SDB or SbS for 24 hours, 100ng/mL LPS for 4–6 hours, and 10μg/mL nigericin for 1 hour. (A-C) The protein levels of NLRP3, caspase-1, 
GSDMD, IL-1β and IL-18 in the pyroptosis pathway were measured by Western blot and the relative intensity was quantified by Image J software. All data were presented as 
mean ±SEM. *P < 0.05, **P < 0.01, ***P<0.001. ns, not significant.
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identified as thioredoxin (Trx), which can activate the EGFR pathway by promoting EGFR ligand generation, thereby 
ameliorating colitis. Additionally, Trx also exhibited antioxidant properties that contributed to its anti-inflammatory 
effects. This current study, however, takes a markedly different approach from our previous work. Here, we delved into 
the FXR-NLRP3 signaling axis, and delineated how SbS suppressed NLRP3 inflammasome activation through FXR 
stimulation, thereby attenuating pyroptosis in macrophages. These two investigations thus explore completely distinct 
molecular mechanisms, leading to divergent cellular effects in the modulation of inflammation. It is important to note that 
while our team has validated the potential key role of Trx derived from SbS in alleviating colitis, this does not preclude 
the possibility of other bioactive molecules within SbS contributing to the observed effects. However, both Sb and SbS, 
or other molecules, may experience degradation as they pass through the gastrointestinal tract due to exposure to gastric 
acid and pepsin, resulting in the decrease of retention time and concentration in the gut. Therefore, a delivery system is 
needed to minimize their loss in the gastrointestinal environment. Engineered therapeutic approaches hold promise as 
a locally acting treatment strategy. This localized approach may minimize the systemic side effects often associated with 
therapeutics administered systemically. A study suggested that the method enhanced the retention time and concentration 
of Sb in the gut, ultimately improving therapeutic outcomes.64 Thus, engineering methods could serve as effective 
carriers for drugs, offering significant therapeutic potential. Whether through engineering or other nanomaterials 
approaches, these strategies may enhance the therapeutic efficacy of SbS and its derived postbiotics. Future research 
on SbS will focus on identifying and extracting the active postbiotics it produces. Through in-depth analysis of the 
critical molecular constituents, we aim to lay the groundwork for further research and potential applications. Second, this 
study has primarily focused on the FXR-NLRP3 signaling pathway as the mechanism by which SbS alleviates colitis, but 
other pathways may also play a role. For instance, SbS might affect the Toll-like receptor (TLR) signaling pathway, 
which is crucial for pathogen recognition and immune response initiation.65–68 SbS could also modulate the production of 
SCFAs by the gut microbiota,32,69,70 contributing to its anti-inflammatory effects. To further validate the significance of 
the FXR-NLRP3 pathway in mediating SbS’s effects on colitis, we could employ genetic knockout or knockdown 
models. Additionally, comprehensive gene expression profiling and proteomic analysis can be conducted. By comparing 
the gene and protein expression profiles of cells or tissues treated with SbS in FXR−/− mice and wild-type mice, we can 
identify changes specifically related to the FXR-NLRP3 pathway and distinguish them from alterations in alternative 
pathways. In addition, we selected only one DSS-induced colitis model, which may provide limited insights into the 
mechanisms of human UC. Therefore, future research will establish various colitis models, including 2,4,6-trinitroben-
zenesulfonic acid (TNBS)-induced colitis and IL-10 knockout mice, to obtain more pronounced and accurate experi-
mental results. Meanwhile, we did not clarify how FXR regulated the NLRP3 inflammasome. Han et al found that FXR 
inhibited NLRP3 inflammasome activation through the PERK-CHOP pathway,11 while Hao et al demonstrated that FXR 
negatively regulated NLRP3 inflammasome by directly interacting with NLRP3 and caspase-1.10 Further investigations 
are needed to explore how FXR regulates the NLRP3 inflammasome.

Conclusions
In conclusion, our research demonstrated that SbS, supernatant of Sb, could ameliorate colitis symptoms, inflammatory 
responses and gut barrier damage. The therapeutic efficacy of SbS in colitis mitigation likely stems from its modulation 
of FXR activation, resulting in the suppression of NLRP3 inflammasome, thereby mitigating pyroptosis in colon tissue 
and macrophages. Subsequent research could yield more accurate targets for Sb alleviating UC in the future, thereby 
contributing to advancements in the field.
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