

  nutrients-16-00702




nutrients-16-00702







Nutrients 2024, 16(5), 702; doi:10.3390/nu16050702




Article



Heat-Killed Saccharomyces boulardii Alleviates Dextran Sulfate Sodium-Induced Ulcerative Colitis by Restoring the Intestinal Barrier, Reducing Inflammation, and Modulating the Gut Microbiota



Yuxin Jin 1, Jingwei Wu 1, Kunlun Huang 1,2 and Zhihong Liang 1,2,*





1



College of Food Science and Nutritional Engineering, China Agricultural University, Beijing 100083, China






2



Beijing Laboratory for Food Quality and Safety, College of Food Science and Nutritional Engineering, China Agricultural University, Beijing 100083, China









*



Correspondence: lzh105@cau.edu.cn







Citation: Jin, Y.; Wu, J.; Huang, K.; Liang, Z. Heat-Killed Saccharomyces boulardii Alleviates Dextran Sulfate Sodium-Induced Ulcerative Colitis by Restoring the Intestinal Barrier, Reducing Inflammation, and Modulating the Gut Microbiota. Nutrients 2024, 16, 702. https://doi.org/10.3390/nu16050702



Academic Editor: Yoshitaka Hashimoto



Received: 6 February 2024 / Revised: 26 February 2024 / Accepted: 27 February 2024 / Published: 29 February 2024



Abstract

:

Ulcerative colitis (UC) is a global intestinal disease, and conventional therapeutic drugs often fail to meet the needs of patients. There is an urgent need to find efficient and affordable novel biological therapies. Saccharomyces boulardii has been widely used in food and pharmaceutical research due to its anti-inflammatory properties and gut health benefits. However, there is still a relatively limited comparison and evaluation of different forms of S. boulardii treatment for UC. This study aimed to compare the therapeutic effects of S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan on UC, to explore the potential of heat-killed S. boulardii as a new biological therapy. The results demonstrate that all three treatments were able to restore body weight, reduce the disease activity index (DAI), inhibit splenomegaly, shorten colon length, and alleviate histopathological damage to colonic epithelial tissues in DSS-induced colitis mice. The oral administration of S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan also increased the levels of tight junction proteins (Occludin and ZO-1), decreased the levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in the serum, and suppressed the expressions of TNF-α, IL-1β, and IL-6 mRNA in the colon. In particular, in terms of gut microbiota, S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan exhibited varying degrees of modulation on DSS-induced dysbiosis. Among them, heat-killed S. boulardii maximally restored the composition, structure, and functionality of the intestinal microbiota to normal levels. In conclusion, heat-killed S. boulardii showed greater advantages over S. boulardii and S. boulardii β-glucan in the treatment of intestinal diseases, and it holds promise as an effective novel biological therapy for UC. This study is of great importance in improving the quality of life for UC patients and reducing the burden of the disease.
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1. Introduction


Inflammatory bowel disease (IBD) is a type of autoimmune disease characterized by chronic inflammation of the intestinal mucosa. IBD mainly includes ulcerative colitis (UC) and Crohn’s disease (CD), with UC being the most common form. Western, developed countries are the regions with the highest incidence and prevalence of UC worldwide, particularly in Europe, where UC is recognized as a common gastrointestinal disorder [1]. According to statistics, the incidence of UC in Europe is as high as 24 per 100,000 individuals, with prevalence ranging from 2.4 to 294 per 100,000 individuals [2]. The United States has the highest prevalence of UC, and statistics show that approximately USD 1 to 1.5 billion are spent annually on the treatment of UC [3]. With urbanization and the modernization of daily life, the incidence and prevalence of UC continue to rise, posing significant threats to people’s quality of life and health [4]. Currently, the treatment methods for UC suffer from issues such as high cost, short duration of symptom relief, and frequent adverse reactions [5]. There is an urgent need for new preventive and therapeutic approaches to improve disease management.



UC presents as inflammation of the rectal and colonic mucosa, with a specific site of onset. However, the pathogenesis of UC is complex and influenced by multiple factors, making it difficult to provide targeted treatment [6]. Research into the interplay between the gut microbiota and the intestinal mucosal immune system, resulting in inflammation, is progressively increasing [7]. The targeted modulation of the gut microbiota may alleviate symptoms associated with UC and provide a new strategy for its treatment. Therefore, it is of great significance to rationally select probiotics, prebiotics, or postbiotics for future applications.



Saccharomyces boulardii (S. boulardii), a subspecies of Saccharomyces cerevisiae (S. cerevisiae), is a probiotic yeast. With the increasing demand for functional foods containing probiotics, S. boulardii has been widely used in the production and processing of food [8]. S. boulardii also exhibits remarkable potential in the treatment of UC due to its immunomodulatory, anti-inflammatory, and anticancer properties in the body [9,10]. However, previous studies have indicated that factors such as processing and storage conditions (such as time, temperature, and water activity) in industrial production can affect the viability of probiotics, thereby reducing the viable count and colonization efficiency in the gut [11]. Recent research has suggested that the beneficial effects of probiotics may not necessarily be directly related to live bacteria, but rather to the metabolic byproducts and cellular components of the bacteria, which could be key factors in promoting health [12]. Therefore, postbiotics have gradually gained attention and become a new research direction as potential alternatives to probiotics [13,14]. The efficacy of postbiotics is based on the complex molecules generated by microbes, including proteins, lipids, carbohydrates, cell wall components, and fermentation products. However, research on the functions of various forms of postbiotics is still in its early stages and requires further studies to enrich our understanding of their effects and mechanisms. β-glucan in the cell wall of S. boulardii (referred to as S. boulardii β-glucan) is a natural polysaccharide considered a typical prebiotic. Although studies have shown that S. boulardii β-glucan exhibits a certain efficacy in the treatment of intestinal inflammation [15,16,17], there are few studies directly comparing the therapeutic effects of prebiotics, postbiotics, and probiotics.



Combining the research hotspot of postbiotics, this work aimed to clarify the effects of heat-killed S. boulardii on the improvement of DSS-induced colitis in mice and to make a preliminary comparison of the effectiveness of probiotic (S. boulardii), postbiotic (heat-killed S. boulardii), and prebiotic (S. boulardii β-glucan) interventions. This study also investigated the potential mechanisms of UC model pathogenesis and treatment from the perspectives of the intestinal barrier, inflammatory response, and gut microbiota.




2. Materials and Methods


2.1. Chemicals and Reagents


Fubon feed additive and S. boulardii β-glucan (purity 80%, molecular mass 800–1000 kDa) were purchased from Angel Yeast Co., Ltd. (Yichang, China). Yeast Extract Peptone Dextrose Medium (YPD) was purchased from Qingdao Hi-Tech Park Haibo Biotechnology. Dextran sulfate sodium (DSS, w/v. molecular mass 36–50 kDa) was purchased from Yisheng Biotechnology Co., Ltd. (Shanghai, China). RIPA buffer (high) and PMSF were purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). Protease inhibitor, ZO-1 Rabbit Polyclonal Antibody, Occludin Rabbit Polyclonal Antibody, GAPDH Rabbit Polyclonal Antibody, Horseradish peroxidase-conjugated goat anti-rabbit IgG(H + L) secondary antibody, and an ELISA Kit (Mouse TNF-α, IL-1β, and IL-6) were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). TransZolTM Up Plus RNA Kit and Reverse transcriptase reagent kit were purchased from Beijing TransGen Biotechnology Co., Ltd. (Beijing, China). SuperReal PreMix Plus (SYBR Green) was purchased from Tiangen Biochemical Technology Co., Ltd. (Beijing, China).




2.2. Animals


Male specific pathogen-free (SPF) C57BL/6J mice (age, 6–8 weeks; weight, 18–22 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (SCXK (Beijing, China) 2021-0006). All mice were housed in a standard SPF environment in the animal center (SYXK (Jing) 2020-0052). Four mice were maintained in an individually ventilated cage (temperature, 22 ± 2 °C; relatively humidity, 40–70%; standard 12 h/12 h light/dark cycle). The study was conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals at China Agricultural University and was approved by the Animal Ethics Committee of the Ministry of Agriculture’s Genetically Modified Organisms Testing Center (approval number: Aw01503202-4-4; approval date: 7 April 2023).




2.3. Preparation of Probiotics and Postbiotics


S. boulardii was isolated from Angel Fubon feed additive. Based on morphological and genetic sequence comparisons, we identified the isolated strain as S. boulardii (Supplementary Figure S1), with the strain’s preservation number being CCTCC NO.M 2012116.



The S. boulardii strain was inoculated in a YPD liquid medium and cultured at 30 °C with shaking at 200 rpm until reaching the stationary phase (7 × 108 CFU/mL). The sterile fermented liquid was transferred to a 50 mL centrifuge tube and subjected to heat treatment in a 100 °C water bath for 20 min. The heat-killed S. boulardii cells were obtained via centrifugation (6000 rpm for 10 min at 4 °C) and washed three times with sterile phosphate-buffered saline (PBS). After pre-freezing was completed, the cells were freeze-dried using a freeze dryer, and a lyophilized postbiotic sample was prepared. Finally, the freeze-dried sample was gently grinded to obtain 600 mg of postbiotic powder.




2.4. Animal Experiment Design


After forty C57BL/6J male mice were acclimatized to and fed in the experimental environment for a week, the mice were divided into five groups (n = 8): CK (Blank control), DSS, SB (S. boulardii), HSB (heat-killed S. boulardii), and BG (S. boulardii β-glucan). Mice in the DSS, SB, HSB, and BG groups were administered with DSS (2%) in drinking water daily for 8 days. The 2% DSS solution was changed once a day for 8 days. The mice were weighed daily, and their disease activity index (DAI) was assessed according to the scoring criteria shown in Supplementary Table S1. Meanwhile, mice in the SB, HSB, and BG groups were gavaged with 200 μL of S. boulardii (107 CFU/0.2 mL), heat-killed S. boulardii (107 CFU/0.6 mg/0.2 mL), and S. boulardii β-glucan (0.6 mg/0.2 mL) for 8 days. Mice in the CK and DSS groups were gavaged with 200 μL of sterile phosphate-buffered saline (PBS) solution. Both postbiotics and prebiotics were dissolved in the PBS solution (Figure 1). On the 16th day, whole blood samples were obtained from the mice via ocular blood collection and left at room temperature for 2 h. Subsequently, the blood samples were centrifuged at 4 °C 3500 rpm for 15 min to obtain serum. The collected serum was stored at −80 °C until further analysis. Following the blood collection, all mice were euthanized via cervical dislocation, and immediate dissections were performed. The liver, kidneys, and spleen were weighed to calculate the organ index. The organ index (the spleen, liver, and kidney organ index) was calculated as organ weight/body weight × 100%. The colon was isolated, and the length of the colon was measured. Then, the distal colon (2 cm from the anus) was fixed with 4% paraformaldehyde. The remaining colon section and cecal contents were immediately frozen in liquid nitrogen and stored at −80 °C for further analysis.




2.5. Histopathological Analysis


The fixed 2 cm colon tissue was embedded in paraffin and cut into 4 µm thick sections. After dewaxing the paraffin sections, they were stained with hematoxylin and eosin. The sections were examined using a SUNNY EX20 biological microscope (Ningbo Sunny Instrument Co., Ltd., Ningbo, China).




2.6. Measurement of Tight Junction Protein Levels in Colon Tissue


The total proteins were extracted from the colon using RIPA buffer (high), protease inhibitor, and PMSF in a 100:1:1 ratio. At 4 °C, they were centrifuged at 12,000× g for 10 min, and the supernatant was collected. After determining the total protein concentration using the BCA protein quantification kit, the proteins were separated via SDS-PAGE gel electrophoresis. Then, they were transferred onto a PVDF membrane and sealed with 5% skim milk powder for 1 h. Next, they were incubated with ZO-1 Rabbit Polyclonal Antibody (1:1000) and Occludin Rabbit Polyclonal Antibody (1:1000) primary antibodies separately overnight at 4 °C. The membrane was washed 3 times with TBST, and Horseradish peroxidase-conjugated goat anti-rabbit IgG(H + L) secondary antibody (1:2000) was added, incubating on a shaker at room temperature for 1 h. The membrane was then washed 3 times with TBST. After incubating the membrane with ECL in a darkroom, the protein bands were visualized using a chemiluminescence imaging system. GAPDH served as an internal reference; the relative expression level of the target protein was determined by calculating the ratio of the intensity values between the target protein band and the internal reference band.



The total RNA was extracted from the colon using the TransZolTM Up Plus RNA Kit and then reverse transcribed into complementary DNA (cDNA) using a reverse transcriptase reagent kit. The cDNA was subjected to quantitative real-time polymerase chain reaction (RT-qPCR) analysis using SuperReal PreMix Plus (SYBR Green). Finally, the 2−ΔΔCt method was used to determine the mRNA expression levels of Occludin and ZO-1 in the colon tissue relative to the expression level of GAPDH. The primer sequences used in this study are listed in Supplementary Table S2.




2.7. Measurement of Pro-Inflammatory Cytokine Levels in Serum and Colon Tissue


ELISA kits were used according to the manufacturer’s instructions to measure the levels of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in serum.



The total RNA was extracted from the colon using the TransZolTM Up Plus RNA Kit, and then reverse transcribed into complementary DNA (cDNA) using a reverse transcriptase reagent kit. The cDNA was subjected to quantitative real-time polymerase chain reaction (RT-qPCR) analysis using SuperReal PreMix Plus (SYBR Green). Finally, the 2−ΔΔCt method was used to determine the mRNA expression levels of TNF-α, IL-1β, and IL-6 in the colon tissue relative to the expression level of GAPDH. The primer sequences used in this study are listed in Supplementary Table S2.




2.8. Gut Microbiota Analysis


The total DNA of the microorganisms was extracted from fecal samples using QIAamp DNA isolation Kits (QIAamp, Hilden, Germany). The 16S rRNA gene V3–V4 region sequences of the samples were amplified using the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Subsequently, sequencing was performed on the Nova-Seq platform (Illumina, San Diego, CA, USA). The raw data were filtered and analyzed using QIIME (v1.9.1). The OTUs at a similarity threshold of 97% were clustered using UPARSE (v7.0.1001). The determination of the alpha and beta diversities was also performed in QIIME (v1.9.1). PCoA and NMDS plots were generated on the Majorbio Cloud Platform based on the weighted-unifrac distance algorithm. Heatmaps were created using HemI software (v1.0.3.7). In following linear discriminant analysis (LDA), an LDA effect size (LEfSe) analysis was conducted to identify differentially abundant bacterial taxa from the phylum to the species level using two filters (p < 0.05 and LDA score > 4). PICRUSt was utilized to predict the functional features of microbial communities, while STAMP (version 2.1.3) was used for visualizing significant statistical differences in functional features among different samples. The analysis platform was provided by Novogene Co., Ltd. (Beijing, China) (https://magic.novogene.com, accessed on 20 December 2023).




2.9. Statistical Analysis


All data were expressed as means ± SEM and analyzed using the GraphPad Prism 9.0 program (GraphPad Software, San Diego, CA, USA). All data differences were analyzed via one-way analysis of variance (ANOVA), followed by Tukey’s test, and p < 0.05 was considered statistically significant.





3. Results


3.1. Heat-Killed S. boulardii Alleviated the Symptoms of Colitis


By constructing a DSS-induced colitis model and administering S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan orally for 8 consecutive days, we could visually compare the therapeutic effects of these three treatments on mice UC symptoms. The body weight change curve shows that, except for the control group, the body weight of animals in the remaining groups started to decrease on the 5th day. Compared to the control group, the DSS group showed a significant decrease in body weight on the 7th day (p < 0.05), while the SB, HSB, and BG groups exhibited a significantly slower decline in body weight, indicating that all three treatments can delay the decline in body weight in UC mice (Figure 2A). The disease activity index (DAI) was used to reflect the disease status and severity of the animals in each group. The DAI in the DSS group showed a significant increase starting from the 5th day and displayed a significant difference compared to the control group upon induction on the 8th day. Although the SB, HSB, and BG groups also had an increase in DAI, there were no significant differences compared to the control group, indicating that the colitis symptoms induced by DSS in mice were partially alleviated to some extent (Figure 2B).



Furthermore, by evaluating the liver, spleen, and kidney indices, we could gain some understanding of the biological functions of vital organs. Specifically, the spleen, as an important peripheral immune response organ, may become enlarged due to immune activation during DSS-induced colitis. The results show that compared to the control group, only the mice in the DSS group showed a significant increase in the spleen index (Figure 2D, p < 0.05), while there were no significant differences in the spleen index between each treatment group and control group (p > 0.05). However, there were no significant differences observed in the liver and kidney indices among the groups (Figure 2C–E).



In summary, we can see that heat-killed S. boulardii can effectively alleviate the symptoms of DSS-induced colitis. The assessment in terms of animal weight, DAI index, and organ index showed similar therapeutic effects compared to the S. boulardii and S. boulardii β-glucan treatment groups.




3.2. Heat-Killed S. boulardii Alleviated Colonic Shortening and Pathological Changes


Compared to the control group, mice in the DSS group showed a significant reduction in colon length (p < 0.001). Although the extent of colon shortening in the BG group was less than that in the DSS group, there was still a significant difference compared to the control group (p < 0.01). In contrast, mice in both the SB and HSB groups had significantly longer colon lengths compared to the DSS group (p < 0.05) and showed no significant difference compared to the control group (p > 0.05) (Figure 3A,B).



Furthermore, a histopathological analysis revealed that the colon tissue structure in the control group mice was normal, with intact colonic mucosa, regular glandular arrangement, and no inflammatory cell infiltration. In contrast, mice in the DSS group exhibited colon mucosal damage, deformation, and the detachment of intestinal villi. At a magnification of 200×, it was observed that the crypt structures in the colon were abnormal, with irregular or even absent glandular arrangements, as well as the infiltration of inflammatory cells. Compared to the DSS group, the mice in the SB, HSB, and BG groups all showed varying degrees of the reversal of colon injury, characterized by mostly intact mucosa, relatively preserved glands and crypts, and mild inflammation, approaching the characteristics of normal colon tissue (Figure 3C). It can be seen that S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan can all, to varying degrees, restore colon shortening and damage in DSS-induced colitis mice. Among them, S. boulardii and heat-killed S. boulardii showed significantly better recovery effects compared to S. boulardii β-glucan.




3.3. Heat-Killed S. boulardii Increased the Content of Colonic Tight Junction Proteins


To comprehensively investigate the extent of intestinal barrier damage in DSS-induced colitis mice and the effects of heat-killed S. boulardii on the intestinal barrier, we used Western blots to measure the levels of tight junction proteins Occludin and ZO-1 in the colon. Compared to the control group, the levels of Occludin (p < 0.05) and ZO-1 (p < 0.01) were significantly reduced in the colon of the DSS-induced colitis group (Figure 4A). Compared to the DSS group, all treatment groups showed a recovery in the levels of tight junction proteins, with the SB group demonstrating the most significant effect by significantly increasing the levels of ZO-1 in the colon (p < 0.05). Overall, the impact of heat-killed S. boulardii on the content of colonic tight junction proteins was not as significant as live that of S. boulardii, but it had a similar effect to that of S. boulardii β-glucan. This result indicates that heat-killed S. boulardii can partially alleviate DSS-induced intestinal barrier damage.



By detecting the expression levels of tight junction proteins Occludin and ZO-1 mRNA in the colon, we can understand how heat-killed S. boulardii affects the regulation of tight junction proteins in colitis mice. We used the RT-qPCR technique to measure the levels of Occludin and ZO-1 in the colons of different groups of mice. Compared to the control group, the expression levels of Occludin and ZO-1 genes in the DSS group were significantly decreased (p < 0.001) (Figure 4B,C). There were also significant differences between the SB, HSB, and BG groups compared to the control group, but the decreases in the expression levels of Occludin (p < 0.01) and ZO-1 (p < 0.05) genes were significantly lower than those in the DSS group. At the mRNA expression level, it is also indicated that S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan can restore the decreased expression levels of colonic tight junction proteins induced by DSS, suggesting their potential to protect intestinal barrier integrity.




3.4. Heat-Killed S. boulardii Decreased the Levels of Pro-Inflammatory Cytokines in the Serum and the Expression Levels of Pro-Inflammatory Cytokine mRNA in the Colon


Elevated expression levels of pro-inflammatory cytokine genes are also a typical feature of colitis and can be used to reflect the occurrence and severity of colonic inflammation. After measuring the levels of pro-inflammatory cytokines in the serum of each group of mice, we found that compared to the control group, the levels of TNF-α (p < 0.001), IL-1β (p < 0.01), and IL-6 (p < 0.05) were significantly increased in the serum of mice with DSS-induced colitis. When comparing the DSS group with the SB, HSB, and BG groups, all three substances significantly reduced the levels of TNF-α (DSS vs. SB, p < 0.001; DSS vs. HSB, p < 0.01; DSS vs. BG, p < 0.05) and IL-1β (p < 0.05) in mouse serum (Figure 5A,B). However, compared to the DSS group, although the levels of IL-6 in the serum of mice from each treatment group showed a decrease, it was not significant (p > 0.05) (Figure 5C).



By measuring the levels of pro-inflammatory cytokines in the mouse serum, we understand the severity of the inflammatory response and the release of pro-inflammatory cytokines. To further investigate the expression levels of pro-inflammatory cytokine mRNA in the colon and gain a more comprehensive understanding of the mechanisms underlying the inflammatory response, we utilized the RT-qPCR technique to determine the levels of pro-inflammatory cytokines in the colons of mice from different groups. Compared to the control group, the expression levels of the TNF-α (p < 0.001), IL-1β (p < 0.001), and IL-6 (p < 0.05) genes were significantly increased in the DSS-induced colitis group. Compared to the DSS group, the oral administration of S. boulardii and β-glucan significantly reduced the levels of TNF-α (DSS vs. SB, BG p < 0.05) and IL-1β (DSS vs. SB, p < 0.01; DSS vs. BG, p < 0.05) in the colon (Figure 5D,E). Similar to the changes in the IL-6 levels in the serum, the gene expression levels of IL-6 in the colon also showed no significant difference among the different treatment groups compared to that of the DSS-induced colitis mice (p > 0.05). (Figure 5F). It is worth noting that, compared to the intervention effects of S. boulardii and β-glucan, the intervention with heat-killed S. boulardii significantly reduced the expression level of TNF-α (p < 0.001), but did not significantly decrease the expression of IL-1β (p > 0.05).



Overall, S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan treatments all demonstrated the ability to reduce the levels of pro-inflammatory cytokines in the serum and decrease the expression levels of pro-inflammatory cytokine mRNA in the colon.




3.5. Heat-Killed S. boulardii Regulated the Gut Microbiota of DSS-Induced Colitis Mice


3.5.1. Analysis of the Diversity and Overall Structure of the Gut Microbiota


Based on evaluations of the Chao1 index, Shannon index, and Simpson index, we assessed the α diversity of the gut microbiota in each group. Compared to the DSS group mice, both the S. boulardii and S. boulardii β-glucan treatments significantly increased all three α diversity indices (Figure 6A–C), indicating that S. boulardii and S. boulardii β-glucan can induce significant changes in the overall diversity of gut microbiota in DSS-induced colitis mice. Compared to the control group mice, probiotic and prebiotic treatment significantly increased the Chao1 index of gut microbiota in DSS-induced colitis mice (Figure 6A). It is worth noting that there were no significant differences between the heat-killed S. boulardii postbiotic treatment group and other groups, indicating that the intervention of heat-killed S. boulardii did not cause significant fluctuations in the overall diversity of the gut microbiota.



In this study, the impacts of three treatment methods on the gut microbiota of DSS-induced colitis mice were investigated by comparing the unique and shared OTU numbers among five groups. The control group, DSS group, SB group, HSB group, and BG group had 697, 655, 829, 933, and 729 OTUs, respectively. The numbers of unique OTUs were 211, 162, 219, 333, and 155, respectively (Figure 6D). Among them, the group treated with heat-killed S. boulardii showed the highest total number of OTUs as well as unique OTUs.



To further understand the differences in the overall structure of the gut microbiota among the groups, principal component analysis (PCoA) and non-metric multidimensional scaling (NMDS) analysis were performed to cluster the samples from different treatment groups. The results show a clear separation between the control group and the DSS group, and the three treatment groups showed varying degrees of proximity to the control group, with the HSB group being the closest (Figure 6E,F). These clustering situations indicate that S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan can restore the gut microbiota structure of DSS-induced colitis mice to a normal state to some extent, with the heat-killed S. boulardii showing the most effective restoration effect.




3.5.2. Analysis of the Gut Microbiota Composition


The composition of the gut microbiota plays a crucial role in maintaining intestinal microbial homeostasis. To further understand the composition of gut microbiota in different groups of mice, we investigated the changes in bacterial abundance at the phylum and genus levels to assess the impact of S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan on the composition of gut microbiota in DSS-induced colitis mice. The CK group and DSS group represented the composition of gut microbiota in normal mice and DSS-induced colitis mice, respectively, which were used to accurately and intuitively determine the differences in community composition among the groups.



At the phylum level, Firmicutes, Verrucomicrobia, Bacteroidetes, and Actinobacteria were the most abundant microbial taxa in the mouse intestines, accounting for over 96% of the gut microbiota (Figure 7A). Compared to the control group, the relative abundance of Firmicutes decreased, while the relative abundance of Verrucomicrobia increased in the DSS group, SB group, and BG group. Among the treatment groups, the gut microbiota composition of the HSB group was closest to that of the CK group, as confirmed by the abundance clustering heatmap at the phylum level (Figure 7B). Additionally, compared to the control group, the ratios of Firmicutes/Bacteroidetes and Firmicutes/Bacteroidetes significantly decreased in the DSS group and SB group (p < 0.05), while the ratio of Firmicutes/Bacteroidetes showed a decreasing trend in the BG group but was not significant (p > 0.05). Only the HSB group significantly prevented the decrease in the Firmicutes/Bacteroidetes ratio in DSS-induced colitis mice (p < 0.05), further indicating the ability of heat-killed S. boulardii to restore gut microbial homeostasis in DSS-induced colitis mice (Figure 7C).



At the genus level, we listed the top ten abundant species in horizontal abundance ranking, which are Akkermansia, Lachnospiraceae NK4A136 group, Dubosiella, Bacteroides, Enterorhabdus, Ileibacterium, Turicibacter, Bifidobacterium, Ligilactobacillus, and Clostridium sensu stricto 1 (Figure 8A). Compared to the control group, the DSS treatment led to significant changes in the composition of the mouse gut microbiota at the genus level.



To identify biomarkers for each group, we used linear discriminant analysis effect size (LEfSe) analysis to determine the differences in gut composition between groups. At the genus level, the dominant bacteria in the control group were Dubosiella and Ligilactobacillus, while Akkermansia was the dominant bacteria in the DSS group. Turicibacter and Ileibacterium were the dominant bacteria in the HSB group, and Clostridium sensu stricto 1 and Prevotellaceae UCG 001 were the dominant bacteria in the BG group. There were no significant differences in species between the BLD group and the other four groups (Figure 8B,C).



To further understand the effects of heat-killed S. boulardii on the gut microbiota of DSS-induced colitis mice, we performed differential analysis on the marker genera of the control, DSS, and HSB groups. The results show that there were significant differences (p < 0.05) in the marker genera Dubosiella and Ligilactobacillus between the control group and the DSS, SB, and BG groups, with the most significant difference observed between the DSS group and the control group (Dubosiella p < 0.001, Ligilactobacillus p < 0.01). The relative abundances of Dubosiella and Ligilactobacillus in the HSB group did not decrease significantly (p > 0.05) (Figure 8D,E). The relative abundance of Akkermansia, a marker genus in the DSS group, significantly decreased in the CK group and HSB group (p < 0.05) (Figure 8F). The marker genera in the HSB group were Turicibacter and Ileibacterium. Compared to the control group and BG group, the relative abundance of Turicibacter in the HSB group significantly increased (p < 0.05) (Figure 8G). Compared to the DSS, SB, and BG groups, the relative abundance of Ileibacterium in the HSB group significantly increased (p < 0.05), with the most significant difference observed between the DSS group and the HSB group (p < 0.01) (Figure 8H).



These results indicate that the heat-killed S. boulardii treatment can more effectively restore the decreases in Dubosiella, Ligilactobacillus, and Ileibacterium induced by DSS, and inhibit the increase in Akkermansia compared to live S. boulardii and S. boulardii β-glucan. This suggests that heat-killed S. boulardii can restore gut microbiota imbalance in DSS-induced colitis mice. It is worth noting that the heat-killed S. boulardii treatment significantly increases the abundance of Turicibacter in the mouse gut, whereas this genus is almost absent in the control group.




3.5.3. Functional Prediction of the Gut Microbiota


In addition to analyzing compositional differences at the phylum and genus levels, we used the PICRUSt algorithm to predict the macro-genomic profile of the small intestinal microbiota. In order to understand the impact of heat-killed S. boulardii on the gut microbial functional profile in DSS-induced colitis mice, we compared the significant differential metabolic pathways between the control group, DSS group, and HSB group. Overall, the intestinal microbiota was found to be mainly involved in various pathways such as Glycan Biosynthesis and Metabolism, Lipid Metabolism, Carbohydrate Metabolism, and Energy Metabolism (Figure 9A). Compared to the control group, the DSS-induced colitis mice showed a significant upregulation in Lipid Metabolism, Glycan Biosynthesis and Metabolism, Cell Motility, and Neurodegenerative Diseases pathways, while the Replication and Repair, Energy Metabolism, Translation, and Nucleotide Metabolism pathways were significantly downregulated (p < 0.05). Compared to the DSS group, treatment with heat-killed S. boulardii significantly upregulated the Replication and Repair, Translation, and Nucleotide Metabolism pathways, and downregulated the Lipid Metabolism, Glycan Biosynthesis and Metabolism, and Neurodegenerative Disease pathways in DSS-induced colitis mice (p < 0.05). This indicates that heat-killed S. boulardii can effectively restore abnormalities in certain metabolic pathways induced by DSS. Compared to the control group, the HSB group showed a significant upregulation in the Cell Motility pathway and downregulation in the Energy Metabolism, Nucleotide Metabolism, and Metabolism of Terpenoids and Polyketides pathways (p < 0.05) (Figure 9B).






4. Discussion


UC is a chronic and recurrent disease that is difficult to cure. Individuals with a history of UC are considered to be at high risk for developing colorectal cancer [18,19]. The main goals of UC treatment are achieving clinical remission, preventing complications, and improving patients’ quality of life [20]. Although conventional medications such as aminosalicylates and immunosuppressive agents can provide relief for UC, they often have poor sustainability, high cost, and a tendency for relapse, causing significant physical and psychological distress for patients [21,22,23]. Therefore, finding effective and cost-efficient novel biological therapeutics is highly meaningful [24]. In this study, we investigated the effects of three beneficial substances for the gut, S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan, on DSS-induced mouse colitis. By comparing the effects of these three substances, we highlighted the potential of heat-killed S. boulardii postbiotics in treating UC. The results of the study show that S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan all alleviated colitis symptoms, restored intestinal barrier damage, and modulated gut microbiota. Among them, heat-killed S. boulardii demonstrated a significant advantage in restoring the dysbiosis of the gut microbiota in DSS-induced colitis mice.



The most typical clinical manifestations of UC are bloody stools, diarrhea, and weight loss [25,26]. In this study, using a DSS-induced mouse model of UC, we found that treatments with S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan significantly alleviated the clinical symptoms of DSS-induced colitis mice. This was evidenced by the recovery of body weight and a decrease in the DAI. Organ indices can reflect the physiological status of key organs under diseased conditions. In particular, the spleen index is closely related to adaptive immune responses as the spleen serves as a site for immune cell proliferation and differentiation [27]. Previous studies have shown that the spleen enlarges under immune activation during the occurrence and development of colitis [28,29]. We observed that DSS induction significantly increased the spleen index in mice, while treatment with S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan reduced the spleen index, indicating an immunomodulatory effect on UC mice.



Studies on UC have consistently shown that DSS induction leads to significant changes in the colonic morphology and epithelial structure [30,31]. Our research demonstrated that treatments with S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan can inhibit colon shortening, significantly improve the structure and function of the intestine, and restore its protective barrier function by reducing crypt loss, intestinal villi damage, and inflammatory cell infiltration caused by DSS stimulation. The expanded intestinal inflammation and associated epithelial barrier dysfunction are closely related in UC [6]. The integrity of the intestinal epithelial barrier structure and function is regulated by tight junction proteins Occludin and ZO-1, and the levels of epithelial Occludin and ZO-1 can reflect the status of barrier damage [32]. S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan upregulated the levels of tight junction proteins Occludin and ZO-1, indicating that they can also restore the structure and function of the epithelial barrier by increasing the levels of tight junction proteins. Additionally, all three treatment substances can reduce the expression of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in both serum and the colon. Notably, the use of heat-killed S. boulardii enhanced the inhibitory effect on the expression of TNF-α mRNA in the colon.



The gut microbiota plays a crucial role in maintaining host health [33]. Patients with common gastrointestinal disorders, such as IBD and irritable bowel syndrome (IBS), exhibit differences in gut microbiota composition and functionality compared to healthy individuals [34]. In this study, we observed that heat-killed S. boulardii showed a superior regulation of the gut microbiota compared to S. boulardii and S. boulardii β-glucan. Firstly, heat-killed S. boulardii significantly increased the diversity of the gut microbiota in DSS-induced colitis mice. Secondly, cluster analysis revealed that heat-killed S. boulardii was most effective in restoring the overall structure of the gut microbiota to a normal state compared to the other treatment groups. Importantly, intervention with heat-killed S. boulardii did not affect the α diversity of the gut microbiota, providing favorable evidence for the safety of postbiotic interventions. Additionally, we analyzed the impact of S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan on the microbial composition at the phylum and genus levels in DSS-induced colitis mice. At the phylum level, the decrease in the Firmicutes/Bacteroidetes ratio is associated with inflammation [35,36], Our research results demonstrate a significant decrease in the Firmicutes/Bacteroidetes ratio induced by DSS, which can be inhibited only through treatment with heat-killed S. boulardii. To further understand the mechanism by which heat-killed S. boulardii regulates the gut microbiota, we focused on analyzing its impact on signature bacterial genera in DSS-induced colitis mice. Previous studies have shown that interventions with beneficial substances can reshape the gut microbiota in colitis mice, leading to significant changes in certain bacterial genera [37,38]. In our study, we observed that compared to DSS-induced model mice, treatment with heat-killed S. boulardii increased the abundance of beneficial bacterial genera, including Dubosiella [39], Ligilactobacillus [40,41], Turicibacter [42,43], and Ileibacterium [44]. The growths of these genera were significantly suppressed in DSS model mice, indicating that heat-killed S. boulardii intervention can regulate the gut microbiota by restoring the abundance of dominant bacteria, thus achieving a new balance. It is worth noting that individual studies have suggested that some Turicibacter bacteria may exhibit pathogenic characteristics, reducing butyrate levels in the intestine and often being associated with host inflammation [45,46]. This also indicates that there are uncertainties and unknown factors in the promotion of gut health by postbiotics, highlighting the need for further in-depth research. Lastly, through PICRUSt analysis, we found that heat-killed S. boulardii can partially restore the abnormal metabolic pathways caused by DSS. This research provides evidence that postbiotics can improve immune-related diseases such as intestinal inflammation by modulating the functional capacity of the gut microbiota.



It should be noted that although DSS-induced colitis is widely used as an animal model for UC, and in this study, although we observed some typical pathological changes similar to human UC in DSS-induced colitis mice, this does not fully reflect the complexity of human UC. Therefore, our study merely demonstrated the potential of S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan in treating human UC based on the mouse UC model. To determine whether S. boulardii, heat-killed S. boulardii, and S. boulardii β-glucan can truly be used in the actual treatment of human UC, further validation with clinical observations and other animal models is needed in future research.




5. Conclusions


In summary, heat-killed S. boulardii can alleviate DSS-induced ulcerative colitis in mice by restoring the intestinal barrier, reducing inflammation, and modulating the gut microbiota. In particular, in terms of gut microbiota modulation, postbiotics may have more significant therapeutic effects compared to probiotics and prebiotics. Our research highlights the potential of postbiotics as a promising novel biological therapy for treating ulcerative colitis.
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Figure 1. Animal experiment design. 
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Figure 2. Effects of heat-killed S. boulardii on the body weight curve and the organ indices of mice with DSS-induced colitis. (A) Body weight curve. (B) Disease activity index (DAI). (C) Liver index. (D) Spleen index. (E) Kidney index. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05 and *** p < 0.001 compared with the CK group. 
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Figure 3. Effects of heat-killed S. boulardii on colonic length and pathological changes in DSS-induced mice. (A) Apparent picture of colon tissue. (B) Colon length. (C) Hematoxylin–eosin staining result of colon tissue. (at 40× and 200× magnification) at day 8. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where ** p < 0.01 and *** p < 0.001 compared with the CK group; # p < 0.05 compared with the DSS group. 
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Figure 4. Effect of heat-killed S. boulardii on the levels of tight junction proteins in the colon of DSS-induced mice. (A) The relative expression levels of the proteins Occludin and ZO-1. (B) The mRNA expression level of Occludin. (C) The mRNA expression level of ZO-1. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the CK group; # p < 0.05 compared with the DSS group. 
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Figure 5. Effects of heat-killed S. boulardii on the levels of pro-inflammatory cytokines in serum and in the colon of mice with DSS-induced colitis. (A) The level of TNF-α in serum. (B) The level of IL-1β in serum. (C) The level of IL-6 in serum. (D) The mRNA expression level of TNF-α in the colon. (E) The mRNA expression level of IL-1β in the colon. (F) The mRNA expression level of IL-6 in the colon. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the CK group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with the DSS group. 






Figure 5. Effects of heat-killed S. boulardii on the levels of pro-inflammatory cytokines in serum and in the colon of mice with DSS-induced colitis. (A) The level of TNF-α in serum. (B) The level of IL-1β in serum. (C) The level of IL-6 in serum. (D) The mRNA expression level of TNF-α in the colon. (E) The mRNA expression level of IL-1β in the colon. (F) The mRNA expression level of IL-6 in the colon. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the CK group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with the DSS group.
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Figure 6. Effects of heat-killed S. boulardii on the diversity and overall structure of the gut microbiota. (A) Chao1 index. (B) Shannon index. (C) Simpson index. (D) Venn diagram. (E) PCoA. (F) NMDS analysis (Stress = 0.109). Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05. 
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Figure 7. Effect of heat-killed S. boulardii on the composition of gut microbiota at the phylum level. (A) The relative abundance of gut microbiota at the phylum level. (B) Abundance clustering heatmap at the phylum level. (C) Firmicutes/Bacteroidota. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05. 
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Figure 8. Effect of heat-killed S. boulardii on the composition of gut microbiota at the genus level. (A) The relative abundance of gut microbiota at the genus level. (B) Indicator bacteria with LDA scores of >4 in five groups. (C) LEfSe cladogram. (D) Comparison of relative abundance differences in Dubosiella between each group and the CK group. (E) Comparison of relative abundance differences in Ligilactobacillus between each group and the CK group. (F) Comparison of relative abundance differences in Akkermansia between each group and the DSS group. (G) Comparison of relative abundance differences in Turicibacter between each group and the HSB group. (H) Comparison of relative abundance differences in Ileibacterium between each group and the HSB group. Note: Data are expressed as mean ± SEM. A comparison of significant differences between groups is indicated, where * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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