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Emerging evidences about gut-microbial modulation have been accumulated in the treatment of nonalcoholic fatty liver disease (NAFLD). We evaluated the effect of Bifidobacterium breve and Bifidobacterium longum on the NAFLD pathology and explore the molecular mechanisms based on multi-omics approaches. Human stool analysis [healthy subjects (n = 25) and NAFLD patients (n = 32)] was performed to select NAFLD-associated microbiota. Six-week-old male C57BL/6 J mice were fed a normal chow diet (NC), Western diet (WD), and WD with B. breve (BB) or B. longum (BL; 109 CFU/g) for 8 weeks. Liver/body weight ratio, histopathology, serum/tool analysis, 16S rRNA-sequencing, and metabolites were examined and compared. The BB and BL groups showed improved liver histology and function based on liver/body ratios (WD 7.07 ± 0.75, BB 5.27 ± 0.47, and BL 4.86 ± 0.57) and NAFLD activity scores (WD 5.00 ± 0.10, BB 1.89 ± 1.45, and BL 1.90 ± 0.99; p < 0.05). Strain treatment showed ameliorative effects on gut barrier function. Metagenomic analysis showed treatment-specific changes in taxonomic composition. The community was mainly characterized by the significantly higher composition of the Bacteroidetes phylum among the NC and probiotic-feeding groups. Similarly, the gut metabolome was modulated by probiotics treatment. In particular, short-chain fatty acids and tryptophan metabolites were reverted to normal levels by probiotics, whereas bile acids were partially normalized to those of the NC group. The analysis of gene expression related to lipid and glucose metabolism as well as the immune response indicated the coordinative regulation of β-oxidation, lipogenesis, and systemic inflammation by probiotic treatment. BB and BL attenuate NAFLD by improving microbiome-associated factors of the gut-liver axis.

KEYWORDS
 nonalcoholic fatty liver disease, gut microbiota, probiotics, metagenomics, gut-liver axis


Introduction

Nonalcoholic fatty liver disease (NAFLD) is a leading cause of chronic liver disease and one of the major public health problems (Younossi, 2019). The pathology is mostly prevalent not only in obese and diabetic patients but also in nondiabetic and lean individuals (Younossi et al., 2012). The progression of NAFLD is triggered by an increased synthesis and reduced utilization of lipids, which results in excessive deposition of triglyceride-rich lipid droplets in the liver, commonly termed hepatic steatosis (Cohen et al., 2011). Metabolic dysregulation leads to cellular stresses, such as oxidative stress, and consequently induces hepatic inflammation that can progress into nonalcoholic steatohepatitis (NASH; Kleiner and Makhlouf, 2016) and further into severe forms of liver diseases, including cirrhosis and hepatocellular carcinoma (Debes et al., 2020).

Dietary patterns high in fat are the most important risk factors for the development and progression of NAFLD (Yang et al., 2020). Therefore, the diet-induced animal model for NAFLD is being widely applied. A western diet (WD), which is high in saturated fat, has been repeatedly demonstrated to be efficient in designing preclinical models for NAFLD due to its relative simplicity and ability to trigger pathological outcomes similar to those in humans (Yang et al., 2020). While the underlying mechanisms are largely unknown, recent studies have reported that high-fat diet-related liver injuries are accompanied by higher expression of lipogenesis genes, reduced expression of β-oxidation genes, elevated production of pro-inflammatory cytokines and reactive oxygen species, and alteration of the gut microbiome (Leung et al., 2016).

The impact of the WD on the complex interactions between gut microbes and the host has become an interesting area of medical research. There is a general understanding that the WD greatly influences the composition and function of gut microbiota. WD increase Firmicutes/Bacteroidetes ratio and this change is driven by increases in Erysipelotrichales, Bacilli, and Clostridiales (Firmicutes; Malesza et al., 2021). However, little is known about the pathological mechanisms and roles of WD-induced gut dysbiosis during the progression of NAFLD. The basic idea lies in the roles of microbial antigens, production of microbe-derived metabolites, and intestinal permeability along with translocation to the portal vein. As the liver obtains most of its blood flow from the intestine, it is highly exposed to these microbial products as well as the intact microbes themselves. Therefore, the gut microbiome-liver axis can be used as a target for therapeutic interruptions of NAFLD.

Probiotics are believed to delay the progression of NAFLD with therapeutic endpoints, such as modulation of gut microbiota, intestinal permeability, and inflammatory pathways. This is a lucrative choice considering its simple availability, cost convenience, and absence of severe side effects. Different Bifidobacterium species have been proven effective treatments for hepatic steatosis and inflammation, acute liver injury and cirrhosis (Yan et al., 2020). Bifidobacterium breve (BB) and B. longum (BL) are some of the commonly used probiotic species. They are generally dominant in infants and were first isolated from the feces of breast-fed newborns (Milani et al., 2017). Both species have been reported to possess an array of enzymes that enable them to adapt and compete in an environment with changing nutritional conditions, such as the gut. A strain from BB has been recently reported to suppress body weight gain and fat deposition in a dose-dependent manner accompanied by a reduced level of serum total cholesterol (Minami et al., 2018). Similarly, BL has also been shown to attenuate liver fat accumulation, lower serum total cholesterol, and induce growth of Bacteroides in rats fed a high-fat diet (Yin et al., 2010). However, the mechanisms by which Bifidobacterium strains exert their attenuating effects on NAFLD, especially regarding modulation of the gut microbiota, are poorly understood.

This study aimed to elucidate the WD-gut microbiome-liver axis along with an evaluation of probiotic interruptions. This was conducted by establishing a mouse NAFLD model using a WD challenge, investigating the effects on gut microbiota, examining the underlying mechanisms by which alteration of gut microbiota is involved in progression of NAFLD, and evaluating the effects of the probiotics BB and BL with a focus on gut modulation and reduction of lipogenesis and inflammatory responses.



Results


Distinct gut-microbial compositions in NAFLD patients

Altogether, a total of 57 human subjects (healthy controls, n = 25 and NAFLD patients, n = 32) were included in this study. Differences in gut-microbial compositions and functional biomarkers were compared between the individuals with and without NAFLD. The microbiota compositions and relative abundances of functional markers were significantly altered in the NAFLD group compared to those of healthy control subjects.

At the phylum level, Bacteroidetes (56%) were predominant in the healthy control subjects, followed by Firmicutes (31%), while Firmicutes (59%) were dominant, followed by Bacteroidetes (35%) in the NAFLD patients (Figure 1A). Similarly, the composition at the order level showed noticeable changes in NAFLD, with Bacteroidales being predominant in healthy controls and Clostridiales and Bacteroidales having similar abundances in the case of NAFLD (Figure 1B).
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FIGURE 1
 Comparisons of relative abundances of fecal microbiota and functional biomarkers between healthy control and NAFLD patients. (A) Structural comparisons of microbial compositions at phylum level. (B) Structural comparisons of microbial compositions at order level. (C) Taxonomic relative abundances of individual lactic acid bacteria. (D) Taxonomic relative abundances of individual phyla. (E) Taxonomic relative abundances and ratio of Firmicutes and Bacteroidetes. (F) Heat map showing taxonomic relative abundances of individual species. (G) Alpha diversity based on CHAO and Shannon indexes and phylogenetic diversity. (H) PCA plot representing beta diversity. (I) Functional biomarker analysis. NAFLD, Nonalcoholic fatty liver disease; PCA, principal component analysis. Independent t-test: *p < 0.05 and **p < 0.01.


At the genus level, six lactic acid bacteria were separately compared between healthy controls and NAFLD patients. Bifidobacterium and Lactobacillus showed significant variation between healthy controls and NAFLD patients, while no significant difference was observed for Lactococcus, Leuconostoc, Pediococcus, and Weissella genera (Figure 1C). Additionally, we separately compared the relative abundances of 11 more individual genera and family, namely, Akkermansia, Bacteroides, Blautia, Christensenellaceae, Clostridium, Enterobacteriaceae, Faecalibacterium, Prevotella, Proteobacteria, Ruminococcaceae, and Lachnospiraceae, among which only Bacteroides and Enterobacteriaceae showed significant reduction in NAFLD patients (Figure 1D). In Firmicutes-to-Bacteroidetes ratio (F/B ratio) result, Firmicutes level, Bacteroidetes level, and F/B ratio shows the significant difference between the healthy control group and NAFLD patients’ group (Figure 1E). However, no significant differences were observed in alpha diversities based on CHAO and Shannon indices and phylogenetic diversity between the two groups (Figure 1G). Clear differences were observed in the heat map profiles of the relative abundances of most genera, and noticeable discriminations were visible between the healthy and NAFLD groups during principal component analysis (PCA; Figures 1F,H). No significant differences between the two groups were observed during biomarker analysis of 10 pathways (Figure 1I).



Supplementation with Bifidobacterium strains ameliorates the progression of NAFLD

The animal experimental design is described in Figure 2A. Mice were fed a normal chow (NC) diet, WD (42% fat), or WD supplemented with probiotic strains, BB and BL for 9 weeks. Increased rates of hepatic lipogenesis and resultant steatosis were determined in the WD group by histological evaluations of the accumulation of triglycerides in hepatocytes (Adams and Angulo, 2005). As shown in the gross liver images and H&E staining results, the livers of the WD group animals showed a noticeable increase in size along with a strikingly whitish appearance caused by the accumulation of lipid droplets, indicating drastic liver steatosis, while the livers of mice fed a normal diet remained dark and of normal size (Figure 2B). Similarly, histological assessments using H&E staining showed severe vacuolations of liver tissue in the WD group characterized by both microvascular and macrovascular steatosis because of lipid deposition in hepatocytes.
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FIGURE 2
 Bifidobacterium breve and Bifidobacterium longum supplement on western diet-induced NAFLD in mice. (A) Experiment design depicting the animal model used. (B) Top: Representative liver specimens of gross examinations; Bottom: representative H&E-stained liver sections. (C) Liver weight to body weight ratio. (D) NAS. Left: Bar graph representation; Right: Individual gradings showing steatosis, inflammation, and ballooning score. H&E-stained liver sections were assessed blindly by an experienced liver pathologist for steatosis, hepatocyte ballooning and lobular inflammation. (E) Serum levels of liver function test enzymes and cholesterol. NAFLD, nonalcoholic fatty liver disease; NC, normal chow diet group; WD, western diet group; BB, WD + B. breve group; BL, WD + B. longum group; NAS, NAFLD activity score; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBIL, total bilirubin; CHOL, total cholesterol. # obtained statistics by comparing ND and WD. * statistics were obtained by comparing WD with the experimental group. One-way analysis of variance (ANOVA): ##p < 0.01, ###p < 0.001, ####p < 0.0001, *p < 0.05, **p < 0.01, and ****p < 0.0001.


The average body weight of the WD group was significantly higher (p < 0.05) than that of the NC group, which corresponded with the substantial increase in liver weight and liver-to-body weight (L/B) ratio (p < 0.05) compared to the NC group (Figure 2C). Quantitative evaluations of steatosis stage and necroinflammation activity were estimated from H&E staining of liver sections based on standard histological scoring methods. The steatosis score, hepatitis score, and NAFLD activity score (NAS) were significantly higher (p < 0.05) in the WD group than in the NC group (Figure 2D). We further analyzed serum levels of aspartate transaminase (AST), alanine transaminase (ALT), total bilirubin (TBIL), and total cholesterol (CHOL) to evaluate liver function. Significant increases in AST, ALT, and CHOL levels were observed in the WD group compared to those in the NC group (Figure 2E). Probiotic supplementation with B. breve and B. longum significantly ameliorated the progression of hepatic steatosis. Both strains resulted in a significant reduction in the L/B ratio and a close to complete remission of steatosis. Similarly, both probiotic strains resulted in substantial reductions in AST and TBIL levels compared to the WD group. Both probiotic strains were able to reduce the gain of fat mass and hepatic lipid accumulation, which also showed a positive correlation with liver enzyme analysis.



Gut-microbial community varies by different treatments

The compositions at the phylum level differed significantly among the four groups (NC, WD, BB, and BL; Figure 3A). Firmicutes (63%) was significantly enriched in the WD and BL (67%) groups compared to the NC (50%) and BB (55%) groups, while Bacteroidetes (45%) composition was more abundant in the NC group than in compared to all the other groups. The WD group also featured a higher composition of Proteobacteria, Verrucomicrobia, Deferribacteres, and Actinobacteria than the NC group. The BB and BL groups presented transitional patterns of the phyla composition between the NC and WD groups.
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FIGURE 3
 Comparisons of relative abundances of fecal microbiota and functional biomarkers between normal diet, western diet model, and probiotic supplementation in mice NAFLD model. (A) Structural comparisons of microbial compositions at phylum level. (B) Alpha diversity based on CHAO and Shannon indexes. (C) Ratio of taxonomic relative abundances Firmicutes and Bacteroidetes. (D) Structural comparisons of microbial compositions at genus level. (E) Bifidobacterium breve species level competition. (F) Bifidobacterium longum species level competition. (G) Bifidobacterium genus level competition. (H) PCA plot representing beta diversity. (I) Heat map showing taxonomic relative abundances of individual species. (J) Functional biomarkers. NAFLD, nonalcoholic fatty liver disease; NC, normal chow diet group; WD, western diet group; BB, WD + B. breve group; BL, WD + B. longum group. # obtained statistics by comparing ND and WD. * statistics were obtained by comparing WD with the experimental group. One-way analysis of variance (ANOVA): ##p < 0.01, ###p < 0.001, and *p < 0.05.


The F/B ratios of the probiotic-feeding groups were marginally lower than that of the WD group, where the Firmicutes composition was similar, but the Bacteroidetes composition was more enriched. The profiles of 16S rRNA gene amplicon sequencing were comparably analyzed to investigate characteristic changes in the gut-microbial composition. In the alpha diversity analysis based on CHAO and Shannon indices, the WD, BB, and BL groups had reduced microbial richness relative to the NC group, but no significant difference was observed between the WD group and probiotic-supplemented groups (Figure 3B). During a separate comparison of the F/B ratio between groups, the ratio in the WD group (4.9) was substantially higher than that in the NC group (1.1; Figure 3C). A remarkable reduction in the F/B ratio was obtained in the probiotic supplementation groups. The bacterial composition at the genus level also showed a significant difference between the control group and WD, with slightly distinct profiles observed between the WD and treatment groups (Figure 3D).

The most pathologically relevant observation was a noticeable increase in Helicobacter in the WD group. Helicobacter is a member of the phylum Proteobacteria, and an increase in the relative abundances of members of this genus has been reported to alter immune homeostasis in mice (Ray et al., 2015). The relative abundance of this genus increased from 2% in the NC group to 8.3% in the WD group, and a slight reduction was seen in both treatment groups, with BL showing a more significant reduction. Similar patterns were observed for the genus Pseudoflavonifractor, where its relative abundance markedly increased in the WD and probiotic groups. While a remarkable increase in Bacteroides was observed in the WD group, supplementation with both strains showed no effect. Separate analysis of the relative abundance of the individual probiotic strains used also showed results that confirmed the validity of the effect of the supplementation, where each strain was predominant in the respective groups (Figures 3E–G).

The beta-diversity analysis using PCoA based on the Bray–Curtis dissimilarity matrix demonstrated clear discrimination of the NC group from the other groups (Figure 3H). Heat map analysis of 28 identified genera showed clear discrimination for NC vs. WD and both treatment groups. Probiotic treatments were able to result in slight modulations for a few bacterial members (Figure 3I). Biomarker analysis was performed for the same pathways as in the human samples. Similar to the human fecal analysis, there was no significant difference between the four mouse groups (Figure 3J).



The gut metabolome is substantially normalized by strain treatment

Targeted and untargeted metabolomics was applied to acquire the comprehensive profiles of the cecal metabolites. The metabolic profiles were collected from the NC, WD, BB, and BL groups. The metabolic signals were structurally identified, which resulted in 290 unique primary and secondary metabolites. The identified metabolites were categorized by chemical ontology analysis as follows: organic acids (26%), lipids (19%), organic oxygen compounds (16%), and organoheterocyclic compounds (14%) at the superclass level (Figure 4A; Supplementary Figure 2A).
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FIGURE 4
 Characteristic alteration of gut metabolomic profiles by Bifidobacterium supplementation. (A) Overview of the metabolic features. The network is constructed based on chemical structural similarity (Tanimoto score) and KEGG reaction pair (substrate-product relation), which results in distinctive metabolic modules indicated by box. Red and blue colors present significantly higher or lower abundant in NC, BB, and BL groups, respectively, compared to WD (Student’s t-test, p < 0.05). Node sizes are determined by the ratios. (B) Pie charts present the number of metabolites that were significantly different in other groups, respectively, compared to WD (Student’s t-test, p < 0.05). Red and blue colors present significantly higher or lower abundance in other groups, respectively, compared to WD (p < 0.05). Volcano plot for identification of metabolites with significant differences in the NC, BB, and BL, respectively, compared to WD group. The X-axis presents the fold change in the log10 scale, and the Y-axis indicates the statistical significance (value of p) in the log10 scale based on Student’s t-test. NC, normal chow diet group; WD, western diet group; BB, WD + Bifidobacterium breve group; BL, WD + Bifidobacterium longum group.


The metabolic profiles of the four groups were characterized based on principal component analysis (PCA). Similar to the microbial taxonomic profiles, a clear discrimination was determined between NC and the other groups (Supplementary Figure 2B). To provide an overview of the characteristic metabolic classes according to the different treatments, chemical enrichment analysis was conducted, which provided comprehensive classification with statistical criteria based on chemical similarity and ontology mapping (Lee B. M. et al., 2020). The map consisted of 15 major clusters as follows: hexoses, pyridines, fatty acids, sugar alcohols, pyrimidinones, azoles, disaccharides, sugar acids, hydroxybutyrates, dicarboxylic acids, indoles, butyrate, pyrimidine nucleosides, amino acids, and cholestenes. The enrichment analysis demonstrated chemical class-wise quantitative features of the NC, BB, and BL groups compared to the WD group (Supplementary Figures 1, 2C). Compared to the WD groups, the NC and probiotic-feeding groups showed increases in the metabolic modules of amino acids, indoles, and butyrates. A decrease in the taurine-conjugation class was a common feature for the NC, BB, and BL groups. The NC group showed specific changes in the modules of hexose, sugar alcohol, disaccharides, pyrimidine nucleosides, basic amino acids, cholestenes, and azoles, whereas an alteration in the module of unsaturated fatty acids was specific to the BB group.

We further verified the metabolites that were significantly different in the NC, BB, and BL groups compared to those in the WD group. Among the 290 metabolites, 147 metabolites were significantly different in the NC group compared to those in the WD group. Approximately 38% of metabolites were significantly higher in the NC group than in the WD group, and 5-hydroxyindole-3-acetic acid, thiamine, and 4-methyl-5-thiazole ethanol showed the largest differences. In contrast, taurochenodeoxycholic acid and taurocholic acid presented the highest upregulation in the WD group (Figure 4B). The BB and BL groups showed significantly higher levels in 25 and 18% of metabolites, respectively, while 11% and 4% of metabolites were at substantially lower abundance, respectively, compared to those in the WD group (Figure 4B). Note that SCFAs (butyric acid and acetic acid), indole compounds (indone-3-propionic acid and methyl indole-3-phosphate), and bile acids (taurodeoxycholic acid and taurocholic acid) were associated with the level of the NC group with the highest fold-changes compared to that of the WD group. Pairwise metabolomic comparison between NC group and probiotic-feeding groups (BB and BL) provided in Supplementary Table 1.



Gut microbiota-derived metabolites are partially normalized by Bifidobacterium supplementation

Next, we investigated common metabolic signatures assuming that the metabolites similarly regulated between the NC and probiotic-feeding groups may play key roles in preventing the progression of NAFLD. A total of 44 metabolites showed significant changes that were common among the NC and probiotic-feeding groups (BB and BL) compared to the WD group (p < 0.05; Figure 5A). Most of the common metabolites were more enriched in the NC, BB, and BL groups than in the WD group (37 out of 44 common metabolites). The heat map analysis indicated the partial normalization of the common metabolome by the probiotic treatment (Figure 5B). The PCA plot with the score scatterplots of common 33 metabolites of cecal contents showed different discrimination among the NC, WD, and two probiotic-feeding groups (Figure 5C).
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FIGURE 5
 Gut microbiota-derived common metabolic signatures. (A) Venn diagram of common and unique metabolites among the NC, BB, and BL groups as compared to the WD group. Statistical significance is determined based on Student’s t-test (p < 0.05). (B) Heat map showing common metabolites that are classified into 7 superclasses. (C) core scatter plot of the common metabolites by PCA. (D) Relative abundance of cecal SCFAs. (E) Relative abundance of cecal tryptophan metabolites. (F) Relative abundance of cecal bile acids. Statistical significance is determined based on Mann–Whitney U-test. NC, normal chow diet group; WD, western diet group; BB, WD + Bifidobacterium breve group; BL, WD + Bifidobacterium longum group; PCA, principal component analysis; SCFA, short-chain fatty acid. # obtained statistics by comparing ND and WD. * statistics were obtained by comparing WD with the experimental group. One-way analysis of variance (ANOVA): #p < 0.05, ##p < 0.01, *p < 0.05, and **p < 0.01.


Among the common metabolites, short-chain fatty acids (SCFAs), tryptophan metabolites, and bile acids are gut microflora-derived compounds that are directly related to various types of pathology. Accordingly, we analyzed the profiles and the statistical significance across all groups based on the Mann–Whitney U-test with adjustment for multigroup comparisons (p < 0.05). Indeed, all SCFAs were at significantly higher levels in the NC, BB, and BL groups than in the WD group (Figure 5D). Most tryptophan metabolites showed similar patterns to SCFAs, where the abundances were substantially higher in the NC, BB, and BL groups than in the WD group. The metabolites included indole-3-propionic acid, indole-3-acrlyic acid, 5-hydroxyindole-3-acetic acid, methyl indole-3-acetic acid, and kynurenic acid (Figure 5E). In contrast, marginal differences were determined in bile acids among the four groups. Glycocholic acid, taurocholic acid, and taurochenodeoxycholic acid showed significant differences in the NC group compared to those in the WD group (Figure 5F). Bile acids were found in a similar pattern but showed unsubstantial differences in the BB and BL groups.



Bifidobacterium modulates gene expression associated with lipid metabolism, inflammation, glucose metabolism, immune cell infiltration, and gut barrier function

To evaluate the effect of the probiotics B. breve and B. longum on important NAFLD progression both in vivo and in vitro, analyses of common biomarkers for hepatic lipid metabolism, inflammation, and gut barrier function were conducted. Western blotting analysis was performed to determine the relative occludin expression in mouse intestine tissue. The results showed that the western diet reduced the expression of occludin in the intestine (Figure 6A). Supplementation with B. breve and B. longum resulted in a significant increase in its expression, indicating a modulating effect of the strains on gut barrier function. This evidence was strengthened by an increased Trans-epithelial electrical resistance (TEER) measurement during incubation of the probiotic strains on the Caco-2 cell monolayer, which correlated with the western blotting results (Figure 6B). During the determination of hepatic mRNA levels of the selected markers, the western diet significantly upregulated genes related to lipid metabolism (Figure 6C) and glucose metabolism (Figure 6D).
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FIGURE 6
 Effects of Bifidobacterium breve and Bifidobacterium longum supplementation on hepatic lipid metabolism and inflammation, and gut-liver axis markers. (A) Western blot analyses of the tight junction protein occludin and GADPH in mice intestine. Left: Representative blots shown with densitometry, right: Quantified results. (B) TEER measurements on Caco-2 cells monolayer. Left: Change in TEER, right: Quantified comparison between control and treatment groups. (C) mRNA levels of lipid metabolism genes. (D) mRNA levels of glucose metabolism genes. (E) mRNA levels of pro-inflammatory cytokines. (F) mRNA levels of immune cell recruitment chemokines. NC, normal chow diet group; WD, western diet group; BB, WD + B. breve group; BL, WD + B. longum group; TEER, trans-epithelial electrical resistance; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PPAR, peroxisome proliferator-activated receptor; SREBP, sterol regulatory element-binding protein; CD, cluster of differentiation; ACC1, acetyl-CoA carboxylase; FAS, fatty acid synthase; DGAT, diglyceride acyltransferase; ChREBP, carbohydrate response element binding protein; TNF, tumor necrosis factor; IL, interleukin; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand. # obtained statistics by comparing ND and WD. * statistics were obtained by comparing WD with the experimental group. One-way analysis of variance (ANOVA): #p < 0.05, ##p < 0.01, ###p < 0.001, *p < 0.05, **p < 0.01, and ***p < 0.001.


The progression of NAFLD is tightly linked to lipid and glucose metabolism (Gastaldelli et al., 2009). Sterol receptor element-binding protein-1c (SREBP-1c) induces lipogenesis in the liver, while peroxisome proliferator-activated receptor-alpha (PPARα) mediates fatty acid (FA) β-oxidation (Goto et al., 2013). The SREBP-1c/PPARα ratio has been reported as a good marker for hepatic steatosis (Pettinelli et al., 2009). Accordingly, the mRNA levels of these genes in the liver were determined based on qPCR. The WD group showed significantly higher (p < 0.001) mRNA levels of SREBP-1c, while the PPARα level was slightly lower than that in the NC group. Consequently, the ratio of SREBP-1c/PPARα was significantly higher (p < 0.01) in the WD group than in the NC group. The BB group was characterized by significant (p < 0.05) upregulation of PPARα, whereas the BL group showed significant (p < 0.001) downregulation of SREBP-1c, which resulted in reduced ratios compared to that of the WD. Similarly, cluster of differentiation (CD) 36 was significantly upregulated in the WD, and both probiotic strains were able to reverse it. No significant difference between the NC and WD groups was observed in the case of acetyl-coenzyme A carboxylase 1 (ACC-1) and fatty acid synthase (FAS), which are also genes that play important roles in lipid metabolism. The mRNA levels of four glucose metabolism markers known to play important roles during NAFLD progression were also analyzed. Similar patterns to those of lipid metabolism genes were observed for the triglyceride synthesis and glucose metabolism genes acyl coenzyme A (CoA): diacylglycerol acyltransferase 1 (DGAT1), DGAT2, and carbohydrate response element-binding proteins chREBP-α and chREBP-β which are key participants in insulin responses (Figure 6D).

Additionally, the mRNA levels of inflammation markers and chemokines associated with immune cell infiltration were investigated. Cytokines and chemokines intervene in essential biological processes, such as inflammation and immunity, which are also associated with many pathologies, including NAFLD (Braunersreuther et al., 2012). In contrast to metabolic markers, the mRNA levels of the pro-inflammatory cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β were not significantly different between the NC and WD groups (Figure 6E). The expression levels of IL-6 and IL-1β were found to be significantly lower in the BB and BL groups than in the WD group. In addition, the BL group showed significant downregulation of TNF-α. Since we could not observe significant differences in the mRNA levels of the above pro-inflammatory cytokines in vivo, we examined their effects in vitro using lipopolysaccharides (LPS) and indole metabolites as negative and positive controls, respectively. First, we incubated RAW 264.7 and HepG2 cells with bacterial cultures or LPS (positive control). Both strains significantly reduced the expression of TNF-α in both cell lines (Figures 7A,B). Next, we prepared a nanoparticle of cell free supernatant (CFS) of the probiotic strains and used 3-indole propionic acid (IPA) and indole-3-acetic acid (IAA) at different concentrations (100, 250, 500 μM) with or without LPS. As we expected, treatment with IPA and IAA significantly reduced TNF-α mRNA levels at all concentrations (Figure 7C). In a similar manner, treatment with B. breve and B. longum CFS-based nanoparticles downregulated TNF-α expression in a comparable manner (Figure 7D).
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FIGURE 7
 Comparison of anti-inflammatory effects of probiotic culture, indole metabolites, CFS nanoparticles, and fecal microbial transplantation (A) CFS on RAW 264.7 cells. (B) CFS on HepG2 cells. (C) IPA & IAA on RAW 264.7 cells, (D) CFS on RAW 264.7 cells. (E) Experiment design depicting the animal model used. (F) Representative liver specimens of gross examinations and H&E-stained liver sections. (G) NAS, and liver enzyme, and inflammatory cytokines. CFS, Cell free supernatant; BB, Bifidobacterium breve CFS; BL, Bifidobacterium longum CFS; TNF, Tumor necrosis factor; LPS, Lipopolysaccharides; IPA, 3-Indole propionic acid; IAA, Indole-3-acetic acid. # obtained statistics by comparing Cont. and LPS group. *statistics were obtained by comparing LPS group with the experimental group. One-way analysis of variance (ANOVA): #p < 0.05, ###p < 0.001, *p < 0.05, **p < 0.01, and ***p < 0.001.


In the case of hepatic expression of chemokines, remarkable increases in mRNA levels of C–C motif chemokine ligand 2 (CCL2), CCL3, C-X-C motif chemokine ligand 9 (CXCL9) and CXCL16 were found in the WD group compared to those in the NC group (Figure 6F). These chemokines are known to induce cytotoxic T-cell recruitment to the liver (Oo et al., 2010). The chemokine CCL2 instigates inflammation in fat-accumulated tissues by facilitating the migration of inflammatory cells from the circulating blood (Arner et al., 2012). All four chemokines were significantly reduced in the probiotic supplement groups. In summary, probiotic treatments resulted in modulation of western diet-induced disturbances in hepatic metabolism, inflammation, and immune cell recruitment.

In the fecal microbial transplantation with BB and BL, NAS scores, liver enzyme, and cytokines were improved in BB and BL group (Figures 7E–G).




Discussion

NAFLD comprises a broad array of liver pathogenesis ranging from simple steatosis to more severe complications (e.g., liver cirrhosis and hepatocellular carcinoma). A saturated fat-enriched western diet causes the development of NAFLD via lipid metabolic pathways in the liver (Cameron-Smith et al., 2003). One of the underlying mechanisms is a disrupting effect on gut microbiota. Alteration of gut microbiota is consequently involved in liver pathogenesis by disrupting gut barrier function and stimulating fat accumulation, inflammatory responses, and oxidative burden (Backhed et al., 2007). As gut microbiome research is still in its infancy, the literature provides inadequate data on the gut microbiota-liver axis. This limits progress in understanding the pathophysiological mechanisms and establishing targets for therapeutic strategies.

Accordingly, we investigated the effects of a western diet and evaluated the protective effects of two probiotic Bifidobacterium strains on the NAFLD progression. Indeed, the Western diet resulted in alteration in the gut microbiota and hepatic steatosis, thereby activating the pathophysiological mechanisms leading to NAFLD. The Bifidobacterium induced significant attenuation in regulating the gut microbiota, downregulating hepatic steatosis and inflammatory biomarkers, and improving liver function. Similarly, the intestinal metabolism group was treated by probiotic modulation. Gene expression related to lipid and glucose metabolism and immune responses suggests coordinated regulation of β-oxidation, lipid production and body inflammation by probiotic treatment.

Western diet challenge for 9 weeks resulted in an overall increase in body weight, liver weight, and liver size and consequently induced severe steatosis. The Western diet is mainly characterized by dietary intake of foods with higher saturated fat contents (Tilg and Moschen, 2015), and this study applied a mouse diet with 42% fat content. Our results showed that mice fed this Western diet exhibited higher steatosis scores, hepatitis scores and NASs, which indicated the development of pronounced NAFLD. Steatosis during a high-fat diet is caused by the availability of abundant saturated fat, which is responsible for intrahepatic triglyceride accumulation (Ress and Kaser, 2016). Several studies have reported that mice fed a Western diet develop NAFLD through weight gain and fat accumulation manifested by vacuolation of hepatocytes, accumulation of perilipin proteins, inflammation, and oxidative stress in the liver (Yang et al., 2020). The progression of NAFLD in this study was clearly revealed by the accumulation of microvesicular lipid droplets in the liver tissue, as shown by gross specimens of liver and H&E staining of liver tissue. Note the severe vacuolation of hepatocytes, which resulted in a strikingly whitish appearance of the liver of mice in the Western diet group. Treatment with the probiotic strains improved the above pathological indicators through a significant reduction in hepatic steatosis compared with the WD. A recent study reported that B. lactis V9 attenuates NAFLD induced by a high-fat diet by mitigating hepatic steatosis (Yan et al., 2020). Our results showed that rapid development of a full-fledged chronic NAFLD pathology can be easily achieved in mice using a Western diet model. This is of paramount importance for the advancement of fundamental and preclinical therapeutic targeting studies on NAFLD, a disease that affects millions of people worldwide with an ever increasing trend (Wegermann et al., 2020).

To investigate whether the Western diet induces changes in gut microbiota, metagenomics analysis was conducted on fecal samples. At the phylum level, we noticed that the Western diet triggered a reduction in the relative abundance of Bacteroidetes, while it promoted an increase in Proteobacteria and Firmicutes. Among the most noticeable changes at the genus level was an increase in the relative abundance of Helicobacter, which is a member of Proteobacteria. While the mechanisms are still poorly understood, our results are in agreement with a previous study that reported the same trends in mice fed a high-fat diet (Hildebrandt et al., 2009). Previous studies have also confirmed that dysbiosis is linked to a high-fat diet and it plays important roles in the pathogenesis of NAFLD (Schnabl and Brenner, 2014). Dysbiosis due to a high-fat diet is suggested to be attributed to the creation of nutrient stress in the gut. For example, the lower proportion of carbohydrates in a high-fat diet is believed to cause a decrease in metabolism genes due to nutrient deficiency. Such conditions may enhance the overgrowth of certain bacterial taxa better suited for adapting to the environment while inhibiting others with selective pressure. It has been reported that Bacteroidetes are known to have large numbers of genes that encode carbohydrate-active enzymes, making them better suited to carbohydrate metabolism, while members of Proteobacteria are enhanced by a high-fat diet in the gut (Flint et al., 2012). Therefore, it is suggested that the high-fat content in the Western diet promoted overgrowth of Proteobacteria while inhibiting Bacteroidetes. Further analysis of bacterial and host metabolic enzyme patterns in the gut is required to determine such mechanisms.

Other important players in the gut microbiota and liver axis are microbe-derived metabolites. Some metabolites are synthesized by the microbes, and others are products of their enzymatic processes. We conducted metabolomic analysis of fecal microbe-derived metabolites, including SCFA, bile acids, and indole metabolites. Distinct metabolite profiles were observed among the different mouse groups. The reduction in SCFA levels in the WD group may indicate a decrease in the number and activity of bacteria capable of producing these metabolites. A previous study reported a decrease in fecal SCFA, such as acetate, propionate, and butyrate, in NAFLD patients with significant fibrosis, while no significant difference was observed for the moderate NAFLD stage (Rau et al., 2018). This trend was remarkably reversed in the probiotic Bifidobacterium-fed groups. A recent study demonstrated a decrease in Bifidobacterium and Lactobacillus in NAFLD patients (Niccolai et al., 2019). Therefore, the ameliorating effects of probiotic Bifidobacterium observed in this study can be attributed to their SCFA-producing ability. SCFAs are well known to inhibit hepatic cholesterol and lipogenesis while activating hepatic lipid oxidation (den Besten et al., 2013). Some indole derivatives, including methyl indole-3-acetic acid, indole-3-propioic acid, indole-3-acetic acid, 5-hydroxyindole-3-acetic acid, and indole-2-carboxylic acid, showed noticeable reduction in the WD group. This shows that the dysbiosis induced by the Western diet resulted in altered tryptophan metabolism. This is in agreement with a recent study that demonstrated a reduction in intestinal indole derivatives during dysbiosis of alcoholic liver disease in humans as well as experimental rodent models (Hendrikx and Schnabl, 2019). Indole derivatives alleviate hepatic steatosis and inflammation mainly by enhancing intestinal tight junctions and regulating intestinal immune homeostasis. For instance, some indole derivatives serve as ligands for the aryl hydrocarbon receptor, which is expressed by immune cells in the lamina propria and involved in pathogen defense through IL-22 expression (Ma et al., 2020). It also appears that the Western diet induced elevation of conjugated bile acids in this study. Bile acids undergo extensive microbe-mediated metabolism in the gut and are well known to greatly influence hepatic lipid accumulation. Probiotic supplementation remarkably reduced conjugated bile acid levels in the gut. Deconjugation is catalyzed by bacterial enzymes, primarily bile salt hydrolases, which are widespread in gut microorganisms, including Bifidobacterium and Lactobacillus (Rani et al., 2017).

To better understand the pathophysiological mechanisms of Western diet-related NAFLD at the molecular level, the mRNA levels of SREBP-1c, PPARα, and CCL2 genes in liver tissue were analyzed by qPCR. In the WD group, a marked elevation in hepatic mRNA of SREBP-1c was observed, while that of PPARα was lower than that in the control group, resulting in a higher SREBP-1c/PPARα ratio. The progression of NAFLD is mainly regulated by the expression of genes related to lipid metabolism. SREBP-1c plays a key role in the induction of lipogenesis in the liver, while PPARα favors fatty acid (FA) β-oxidation (Goto et al., 2013). The SREBP-1c/PPARα ratio has also been reported to be a good marker for determining the rate of hepatic steatosis (Pettinelli et al., 2009). The higher SREBP-1c/PPARα in the WD mice group was accompanied by an upregulation of CCL2, an inflammation initiator in fat-accumulated tissues (Arner et al., 2012). These results indicate that steatosis has led to pathologically considerable inflammation in the liver. In fact, a significant increase in the expression of IL-1β was observed, which suggests that it was induced by CCL2. CCL2 has been previously reported to induce significant secretion of several inflammatory cytokines, including IL-6 and IL-1β (Semple et al., 2010).

Randomized clinical trial studies have demonstrated that administration of probiotics attenuates NAFLD by alleviating hepatic steatosis and reducing hepatic inflammation (Ahn et al., 2019). Recent preclinical studies have reported amelioration of NAFLD by probiotic Lactobacillus and Bifidobacterium through modulation of gut microbiota-dependent pathways (Lee N. Y. et al., 2020). The results of the two Bifidobacterium strains used in this study are consistent with previous animal studies. Bifidobacterium breve and B. longum displayed efficient improvement of NAFLD by reducing liver weight, modulating gut microbiota, alleviating hepatic steatosis, and lowering inflammatory signaling molecules in the liver. According to the metagenomics data, the most noticeable gut microbes among the WD and probiotic treatment groups were Bacteroidetes and Firmicutes. These bacteria have been reported to be essential participants in host energy metabolism. Firmicutes are rich in genes involved in lipid digestion and nutrient movements, while Bacteroidetes have a lower capability to release extra energy from fat. Probiotic treatment with Bifidobacterium strains significantly increased the relative abundance of Bacteroidetes. This resulted in reduced mRNA levels of SREBP-1c (lipogenesis inducer) and CCL2 (inflammation initiator), while an upregulation of PPARα (inducer of β-oxidation) was observed compared with that in the WD group. Therefore, the attenuating effects of these strains on the overall NAFLD pathogenesis are mainly associated with their modulatory effect on the gut microbiota, resulting in reduced release of extra energy from fat, less triglyceride accumulation, and an inflammatory response. Of note, WD resulted in a significant increase in Proteobacteria, especially the Helicobacter genus. The relative abundances of Helicobacter tended to show a slight reduction in the probiotic treatment groups. Members of this genus are known to induce the development of acute and chronic inflammation in the intestine (Blosse et al., 2018). Considering that the gut microbiota is a potential driver of liver inflammation (Chassaing et al., 2014), it can be concluded that Bifidobacterium suppresses the inflammatory response. Compared with the WD group, significant reductions in the mRNA levels of the pro-inflammatory cytokines TNF-α, IL-6 and IL-1β were observed in the probiotic treatment groups.

In addition to the above pathological indicators of NAFLD, liver function was evaluated by measuring serum levels of AST, ALT, TBIL, and total CHOL. Serum levels of AST, ALT, TBIL, and total CHOL were markedly reduced in the probiotic B. breve and B. longum treatment groups compared to those in the WD group. All liver function test results showed a positive correlation with the biomarkers of NAFLD, indicating that liver injury can be prevented by alleviating the progression of NAFLD.

In summary, our results show that WD induced significant changes in microbial composition and resulted in development of hepatic steatosis as well as activation of inflammatory pathways. Treatment with B. breve and B. longum attenuated NAFLD by modulating the gut microbiota, downregulating hepatic steatosis and inflammation, and improving liver function. We suggest that these strains have the potential to be applied in the treatment of NAFLD patients.



Materials and methods


Probiotic strains

Two Bifidobacterium species namely B. breve CKDB002 and B. longum CKDB004 were used as probiotic strains in this study. These strains were originally isolated from feces of newborns and were obtained from Chong Kun Dang bioCorp (Gyeonggi-do, Korea) as processed lyophilized powder preparations.



Patients

A total of 32 patients with NAFLD and 25 healthy subjects from Hallym University hospital (Admitted in from 2017/03 to 2021/03) were randomly recruited for the fecal microbial composition analysis (ClinicalTrials.gov NCT04339725). Patients with elevated liver enzyme [aspartate aminotransferase (AST) or alanine aminotransferase (ALT) ≥ 50 IU/L] were included in the hepatitis group. Enrolled patients for NAFLD who did not drink excessive alcohol and other liver diseases were excluded. Patients with viral hepatitis, autoimmune hepatitis, pancreatitis, hemochromatosis, Wilson’s disease, drug-induced liver injury, and other cancers were excluded. The eligibility criteria were based on age (40–60), NAFLD stage (hepatic steatosis-hepatitis), and body mass index (healthy subjects BMI ≦ 23 and NAFLD patients BMI > 23).

Baseline studies included family history, diet pattern, alcohol history, abdominal ultrasound, and computed tomography scan, X-ray, electrocardiography, complete blood count, electrolytes, liver function test, and viral markers. This project followed the ethics at 1975 Helsinki Declaration, as reflected by a prior approval by the institutional review board for human research in hospitals (2016-134). Informed consent was obtained from all participants.



Animal experiments

Six weeks of age specific-pathogen free male C57BL/6 J mice were purchased from DooYeol Biotech (Seoul, Korea). Animals were housed at 22°C under controlled conditions with a 12-h: 12-h light/dark cycle and relative humidity of 55 ± 10%. During the 1-week adaptation period, mice had free access to normal chow diet and sterile water. After 1 week of acclimatization, mice were randomly divided into four different diet groups as follows. Normal chow diet group; 18% protein rodent diet (2018S TD, Envigo), WD group; rodent diet with 42% fat, 42.7% carbohydrate, 15% protein (TD88137, DooYeol Biotech), Probiotic administration groups B. breve CKDB002 and B. longum CKDB004; Provided with distilled water containing probiotic strains at 109 CFU/g. After 9 weeks of treatment, animals were sacrificed after inhalation of anesthesia isoflurane. Body and liver weights were recorded. Whole blood samples were centrifuged at 19,000 ×g to collect serum. Liver, stool, and intestine samples were excised and immediately stored at −80°C.

The animals received humane care and all procedures were performed in accordance with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All procedures were approved by the Institutional Animal Care and Use Committee of the College of Medicine, Hallym University (Hallym 2019-30).



Chemicals and reagents

Normal rodent diet (2018S TD, Envigo) and WD (TD88137, DooYeol Biotech) were purchased from commercial suppliers, respectively. Lipopolysaccharide (LPS), 3-Indolepropionic acid (IPA), and Indole-3-acetic acid (IAA) were purchased from Sigma-Aldrich (St. Louis, MO, United States). HPLC grade methanol, acetonitrile, and deionized water were purchased from J.T. Baker Co. (Phillipsburg, NJ, United States). All the other reagents were of analytical grade.



Histopathological examinations

Specimens were fixed with 10% formalin for 24 h, embedded in paraffin and tissue sections were cut for hematoxylin and eosin (H&E) staining analysis. The images of H&E-stained section were taken using a fluorescence microscope. Fatty liver was classified as according to NASH clinical research network scoring system for NAFLD from grades 0 to 3 (0: <5%, 1: 5%~33%, 2: 34%~66%, 3: >66% of steatosis). Inflammation was classified from grades 0 to 3 (0: none, 1: 1~2 foci per ×20 field, 2: 2~4 foci per ×20 field, and 3: >4 foci per ×20 field). All biopsy specimens were analyzed by a pathologist (S. H. H.). The NAFLD activity score (NAS), an objective index for classifying the grade of fatty liver, is suggested by Kleiner which is sum of the scores of diabetes, bovine inflammation, and balloon dilatation (Kleiner et al., 2005). According to the guidelines, NAS can help us recognize a histological scoring system addressing the full spectrum of NAFLD (Brunt et al., 1999). For statistical analyses, the patients were grouped into the three different NAS groups (group 1 = NAS 0–2: probable no NASH; group 2 = NAS 3–4: borderline; group 3 = NAS 5–8: probable NASH).



Quantitative real time-polymerase chain reaction

Liver tissue samples stored at −80°C were homogenized in 1 mL TRIzol reagent (Invitrogen, Gaithersburg, MD, United States) and the total mRNA was isolated in accordance with the manufacturer’s instructions. Synthesis of cDNA was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, United States) with random primers. The house-keeping gene GAPDH was used as an internal control to analyze the mRNA levels of TNF-α, IL-1β and IL-6. cDNA was amplified for quantitative real time PCR with One Step real-time PCR system (Applied Biosystems, Forster City, CA, United States) using PowerUp SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, United States) and primer pairs (GenoTech, Daejeon, Korea). PCR primers were designed based on cDNA sequences from GenBank and were BLAST searched for specificity. Primers used in this study were as follows: GAPDH, forward 5′-AAATGGGGTGAGGCCGGT-3′ and reverse 5′-ATTGCTGACAATCTTGAGTGA-3′; TNF-α, forward 5′-CTGTAGCCCACGTCGTAGC-3′ and reverse 5′-TTGAGATCCATGCCGTTG-3′; IL-1β, forward 5′-TGTAATGAAAGACGGCACACC-3′ and reverse 5′-TCTTCTTTGGGTATTGCTTGG-3′; IL-6, forward 5′-CCACTTCACAAGTCGGAGGCTTA-3′ and reverse 5′-CCAGTTTGGTAGCATCCATCATTTC-3′. In qRT-PCR, the quantity of cDNA was calculated using the ΔΔCt method.



Western blotting analysis

Western blot analysis was conducted as described previously (Nonoguchi et al., 1995). Total protein was isolated from the mouse intestine. Equal amounts of total protein were separated on a 12% SDS-polyacrylamide gels (SDS-PAGE) and transferred on to a nitrocellulose membrane. Membrane was blocked overnight in Tris-buffered saline (TBS) containing 0.05% Tween (TBST) and 5% dry powdered milk and then washed three times for 5 min each with TBST and incubated for 2 h at room temperature in primary antibody (rabbit anti-occludin, Sigma). After three washes with TBST, the membranes were incubated for 1 h with horseradish peroxidase-conjugated secondary antibody. Following two washes with TBST and one wash with TBS Blots were developed using the Enhanced Chemiluminescence (ECL) Western blotting detection reagents (Amersham-Pharmacia Biotech) and utilizing image capturing software (Amersham-Imager 680, version. 2.0.).



In vitro assays

RAW 264.7, widely used as murine macrophage cell lines and HepG2 cells obtained from the Korean Cell Line Bank (KCLB) were used for the in vitro experiments. Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco BRL). For the stimulation and treatment assays, cells were plated at 3 × 105 cells/well on 12 well plate with DMEM media. After 24 h of incubation, bacterial suspension, LPS, and CFS-based nanoparticles were added. After 12 h of incubation, cells were harvested for qRT-PCR analysis. For the indole metabolites treatment experiments, cells were pre-treated with IPA and IAA for 6 h followed by addition of LPS. Subsequently, cells were harvested for total RNA isolation after 12 h of incubation.



Trans-epithelial electrical resistance measurements

Caco-2 cells were seeded onto Transwell-Clear inserts (12-well clusters, 6.5-mm inserts with polyester membrane, pore diameter 0.4 μm, Corning NY) at a density of 105 cells/insert. Each insert was placed on top of a well in a 24-well plate with 1 ml in the bottom and 200 μL media in the top as described previously (Anderson et al., 2010). Caco-2 cells were grown for 5 days until confluence in Minimum Essential Medium Eagle (MEM) with 20% fetal bovine serum (FBS) without antibiotic-antimycotic (Gibco, Carlsbad, CA, United States) at 37°C in a humidified 5% atmosphere. TEER measurements were performed using a Millicell Electrical resistance system (Millipore, Billerica, MA, United States). When monolayer of cells reached the confluence, Caco-2 cells were co-incubated with 200 μL of bacterial culture grown to OD600 0.3 (7 × 107 CFU/mL) in MEM media. Consequently, the TEER was measured after 8 h of incubation.



Serum analysis

AST, ALT, TBIL, and CHOL were determined using a commercial biochemical analyzer of blood (KoneLab 20, Thermo Fisher Scientific, Waltham, Finland).



Statistical analysis

Continuous variables were expressed as means and standard deviations. One-way ANOVA and independent sample t-test were performed during the liver and body weight, L/B ratio, liver function test, and histopathological analyses. All statistical analyses were done using IBM SPSS statistics program (IBM software, Armonk, NY, United States). Any values lying below p < 0.05 were considered statistically significant. Results were represented as mean ± standard deviation.



Bioinformatics

Statistical analyses were conducted on all continuous variables acquired from GC-MS and LC-MS. All datasets were normalized using the “MS total useful signal” (Li et al., 2017). Significant differences between two groups were determined by Mann–Whitney U-test and Student’s t-test. A Kruskal-Wallis test with Dunn’s post hoc was conducted to evaluate significant differences among four groups using package Dunn’s Test in the software R (Dinno and Dinno, 2017). The p-value was corrected by Benjamini-hochberg’s adjustment (false discovery rate) and pathway over-representation analysis were performed based on the statistical modules implemented in MetaboAnalyst 4.0 (based on the hypergeometric test and relative-betweenness centrality; Chong et al., 2018). Treemap and Pie chart were created through Microsoft Excel (Microsoft, Seattle, WA, United States) using compound classification by Human Metabolome Database (Wishart et al., 2018). The metabolic network map was constructed based on structural similarity (Tanimoto score) and biochemical liaison (KEGG reaction pair information), and visualized by a prefuse force-directed layout using Cytoscape version 3.7.2 (Shannon et al., 2003). SIMCA 15 (Umetrics AB, Umea, Sweden) was applied for multivariate statistics including principal component analysis. Heat map, Column scatter graph, Violin plot, and Volcano plot were generated using GraphPad prism software ver. 7 (GraphPad Software Inc., San Diego, CA, USA). Co-inertia analysis was performed in the M2IA server1 (Ni et al., 2020). Interomic correlation matrix between individual metabolite and microbial composition (at genus level) was constructed based on Spearman’s rank analysis (package stats in the software R).
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Introduction: The gut microbial community, which can be disturbed or repaired by changes in the internal environment, contributes to the development of acute myocardial infarction (AMI). Gut probiotics play a role in microbiome remodeling and nutritional intervention post-AMI. A newly isolated Lactobacillus johnsonii strain EU03 has shown potential as a probiotic. Here, we investigated the cardioprotective function and mechanism of L. johnsonii through gut microbiome remodeling in AMI rats.

Methods: A rat model of left anterior descending coronary artery ligation (LAD)-mediated AMI was assessed with echocardiography, histology, and serum cardiac biomarkers to evaluate the beneficial effects of L. johnsonii. The immunofluorescence analysis was utilized to visualize the intestinal barrier changes. Antibiotic administration model was used for assessing the gut commensals’ function in the improvement of cardiac function post-AMI. The underlying beneficial mechanism through L. johnsonii enrichment was further investigated by metagenomics and metabolomics analysis.

Results: A 28-day treatment with L. johnsonii protected cardiac function, delayed cardiac pathology, suppressed myocardial injury cytokines, and improved gut barrier integrity. The microbiome composition was reprogrammed by enhancing the abundance of L. johnsonii. Microbiome dysbiosis by antibiotics abrogated the improvement of cardiac function post-AMI by L. johnsonii. L. johnsonii enrichment caused remodeling of gut microbiome by increasing the abundance of Muribaculaceae, Lactobacillus, and decreasing Romboutsia, Clostridia UCG-014, which were correlated with cardiac traits and serum metabolic biomarkers 16,16-dimethyl-PGA2, and Lithocholate 3-O-glucuronide.

Conclusion: These findings reveal that gut microbiome remodeling by L. johnsonii ameliorates the cardiac function post-AMI and might advance microbiome-targeted nutritional intervention.

[image: ]

GRAPHICAL ABSTRACT


KEYWORDS
 Lactobacillus johnsonii, acute myocardial infarction, gut microbiome remodeling, serum metabolic biomarker, alleviation the development


1. Introduction

Cardiovascular diseases (CVDs) are serious health and social problems (Fuster, 2014). More than 50% of deaths related to CVDs are due to acute myocardial infarction (AMI), and therapeutic strategies for reducing the risk of AMI, including pharmacological and surgical interventions, still lack clear prophylactic measures that integrate the evolutionary and cardiac biomarkers of AMI (Pollard, 2000). Growing evidence shows that the gut microbiota is associated with cardiac repair processes and may be involved in ventricular remodeling after AMI (Rogler and Rosano, 2014; Tang et al., 2017; McMillan and Hazen, 2019). The gut microflora of patients with AMI contains a lower abundance of the phylum Firmicutes and slightly higher abundance of the phylum Bacteroidetes than those of healthy controls (Han et al., 2021). The disruption of gut micro-community triggers AMI and results in poor prognosis, and the gut microbiota is readily altered by various interventions targeting host signaling pathways involved in AMI pathogenesis (Zununi Vahed et al., 2018; McMillan and Hazen, 2019). Remodeling is an alternative approach for exploring the nutritional potential of the gut microbiome. Given the plasticity of microbiota to changes in the chemical milieu within the gut, a wide range of probiotics, natural products, or prescribed therapeutics, potentially remodel the gut microbiota (Chen et al., 2020).

As gut commensals, the effectiveness of Lactobacillus sp. strains in preventing and treating CVDs in clinics has been extensively studied (Zhao et al., 2021b), such as L. acidophilus La5, L. amylovorus CP1563, L. casei Shirota, L. fermentum ME-3, L. gasseri BNR17, L. helveticus LBK-16H, L. plantarum Lp299v, L. reuteri NCIMB30242, L. rhamnosus GG, L. sakei CJLS03, and L. salivarius Ls-33, etc. Notably, L. rhamnosus has been effectively used in attenuating cardiac remodeling after AMI (Moludi et al., 2019). The colonization and enrichment of Lactobacillus in the gut may be a new approach for the improvement of cardiac function post-AMI. Dietary supplements, especially natural products, promote the growth of Lactobacillus (Zhao et al., 2021a). Specific strains and metabolites as interference targets for gut microbiome remodeling should be further explored.

A Lactobacillus johnsonii strain EU03 was isolated from a fecal sample with antimicrobial activity. To investigate the effect of L. johnsonii enrichment on gut microbiome and cardiac function after AMI, we detected echocardiographic evaluation, cardiac biomarkers, gut microbiota composition, and serum metabolites in rats. The stimulating effects of Lactobacillus on the gut microbiota may help explain its amelioration efficacy. Here, we elucidate the beneficial effect of gut microbiome remodeling by L. johnsonii on alleviating the development of AMI in vivo.



2. Materials and methods


2.1. Microbiological manipulation

Strains used in this study were preserved at the Microbiology Lab of Tianjin University of Traditional Chinese Medicine. L. johnsonii strain EU03 was isolated from fresh C57BL/6J mouse fecal sample and identified as L. johnsonii with probiotic potential. The genomic DNA of strain EU03 was further sequenced using Pacific Biosciences RS sequencing technology (Pacific Biosciences, Menlo Park, CA) by Novogene Co., Ltd. (Beijing, China) and has been deposited in Genbank, under the BioProject accession number PRJNA732116. L. johnsonii strain EU03 is deposited in the China Pharmaceutical Culture Collection (CPCC) under accession number CPCC101288 and China General Microbiological Culture Collection Center (CGMCC) under accession number CGMCC20845 (Supplementary Figure S1). The reference strain, Lactobacillus rhamnosus strain BNCC134266 (ATCC7469 = CCRC10940 = CGMCC1.2436 = DSM20021), was purchased from commercially from BeNa Culture Collection Co., Ltd. (Beijing, China). Lactobacillus strains were activated by transferring single colonies of the strain from plates to 10 mL activation MRS medium (Solarbio, Beijing, China) extract in the 50-mL static flask at 37°C, for 24 h. The cells of these two strains were collected by centrifuged at 4,000 g for 15 min and resuspended in normal saline and then prepared to be the microbial agents of 108 c.f.u./mL for further animal feeding.



2.2. Animals

Two-month-old female C57BL/6J mice were purchased from Huafukang Co., Ltd. (Beijing, China) and six-week-old Sprague–Dawley (SD) male rats were purchased from Weitong Lihua Animal Experiment Center (Beijing, China), and housed in the Animal Centre of Tianjin University of Traditional Chinese Medicine at a controlled SPF condition (22 ± 2°C, 40–60% humidity, 12 h light–dark cycle). This study was carried out in strict accordance with the recommendations in the Guidance Suggestions for the Care and Use of Laboratory Animals issued by the Ministry of Science and Technology of China and approved by the Laboratory Animal Ethics Committee of Tianjin University of Traditional Chinese Medicine (TCM-LAEC2019015).



2.3. Acute myocardial infarction model and drug administration

After a week of adaptation, the occlusion of the left anterior descending coronary artery (LAD) surgery was employed to induce AMI in rats. Isoflurane was purchased from Abbott Laboratories (Shanghai, China). The LAD was permanently fixed at 2 to 3 mm from the left atrial appendage (Rasanen et al., 2021). All experiment animals after surgery were randomly divided into groups (20 rats per group): (A) Sham group (without LAD), (B) AMI group (with LAD), (C) Lactobacillus-treated groups (LJ or LR), and (D) antibiotics-treated groups (ABX).

The rats in the groups A and B received the same volume of saline. The rats in the groups C were treated with the bacterial culture of L. johnsonii or L. rhamnosus at a concentration of approximately 108 c.f.u./mL. The bacteria and saline were orally administered once per day. The antimicrobial activity of antibiotics against L. johnsonii or L. rhamnosus was detected and presented in Supplementary Figure S2. For in vivo antibiotics treatment in the groups D, AMI rats were treated with either Lactobacillus, or saline, combined with antibiotics cocktail prepared as previously, including 62.5 μg/mL ampicillin, 62.5 μg/mL metronidazole, 62.5 μg/mL neomycin, and 31.25 μg/mL vancomycin in sterile water (Tang et al., 2019). ABX treatment was initiated 7 days before AMI surgery.



2.4. Echocardiographic evaluation and sample collection

To confirm the AMI status and evaluate the efficacies of bacteria or drugs, echocardiographic examinations were performed the second day after surgery and 7, 14, 28-day consecutive administration. All rats were anesthetized using isoflurane (complete anesthesia: 1% oxygen and 5% isoflurane in the anesthesia box; continuous anesthesia: 1% oxygen and 2% isoflurane) and a Vevo2100 Ultrasound equipped with an MS-250, 16.0–21.0 MHZ intraoperative probe (Visual Sonics, Canada) was employed for echocardiography. The left ventricular (LV) parameters were obtained from 2-dimensional images and M-mode interrogation in the long-axis view. The ejection fraction (EF) and fractional shortening (FS) were recorded, and the data were averaged over five consecutive cardiac cycles.

All rats were sacrificed under the deeply anesthetized condition after echocardiographic examinations. The collected serum samples were centrifuged at 1,000 g at 4.0°C for 15 min and stored at −80°C until analysis. The lower part of the myocardium for histopathological analysis was quickly collected and fixed in 10% formalin buffer for 48 h.



2.5. Pathological examination


2.5.1. Myocardial damage detection

Myocardial tissue fixed in 10% formalin buffer was subjected to histopathological observation. The fixed myocardial tissue was embedded in paraffin and cut into 5 μm sections. Then the sections were stained with hematoxylin–eosin (H&E), wheat germ agglutinin (WGA), Sirius Red, and Masson as described previously (Emde et al., 2014; Kong et al., 2018; Varasteh et al., 2019; Liao et al., 2021).



2.5.2. Colonic permeability detection

The colonic segments were cut out and fixed with phosphate-buffered formalin and embedded in paraffin. Then, the sections were stained with H&E and Alcian blue (AB). The changes of zonula occludens-1 (ZO-1) and occludin protein in colonic tissue were determined with immunofluorescence staining. Briefly, paraffin-embedded sections of colon tissue were prepared and incubated with antibodies according to Xie et al. (2021). Sections were counterstained with DAPI.

For all histological staining analyses, the pathological sections were photographed with a light microscope (Eclipse CI, Nikon Corporation, Tokyo, Japan) and an EVOS M7000 imaging system (Thermo Fisher Scientific, NJ, United States). The positive areas were quantified with the ImageJ software program (Bethesda, MD, United States).




2.6. Biochemistry assays

The contents of lactate dehydrogenase (LDH), creatine kinase isoenzymes (CK-MB), and cardiac troponin-T (cTnT), and the activity of malondialdehyde (MDA), the antioxidant superoxide dismutase (SOD), TNF-α, and LPS in serum were determined by corresponding ELISA kits. ELISA kits for cytokines detection were purchased from Lanpai Biological Technology Co., Ltd. (Shanghai, China) and Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). All the procedures were performed according to the manufacturer’s instructions. These indicators of serum were determined by spectrophotometry (UV-3100, Mapada, China).



2.7. Fecal microbiota analysis

Fresh fecal samples (200 mg of each) were collected under sterile conditions and immediately frozen at −80°C. Genomic DNA was extracted using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s protocols, and the concentration was detected by NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States). The V3-V4 regions of the 16S rRNA gene were amplified with primers 338F (5′- ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′; Liu et al., 2016), purified and quantified according to the manufacturer’s protocol. Purified amplicons were then paired-end sequenced on an Illumina MiSeq platform (Illumina, San Diego, United States). Raw reads were quality-filtered and merged by FLASH (Magoc and Salzberg, 2011). Operational taxonomic units (OTUs) were clustered by ≥97% similarity cutoff using UPARSE (version 7.1).1 The taxonomy of each 16S rRNA sequence was analyzed by the RDP Classifier algorithm2 and annotated by the Silva database. Chao1, ACE, Shannon, and Simpson index were generated for alpha diversity analysis and the bray curtis algorithm for Principal Coordinate Analysis (PCoA) was computed for beta diversity analysis. Correlations between the key microbial phylotypes and metabolites were calculated by Spearman correlation analysis.



2.8. SCFAs production analysis

Blood serum samples (each about 200 μL), after dilution with 100 μL of 15% phosphoric acid, 100 μL of 75 μg/mL of isohexanoic acid (internal standard), and 280 μL ether, were centrifuged at 4°C and 12,000 g for 10 min, and the supernatant was taken for gas chromatography-tandem mass spectrometry (GC–MS) analysis with Agilent hp-innowax capillary column 30 m × 0.25 mm × 0.25 μm; ion source temperature, 230°C; detector temperature, 250°C; carrier helium, 1.0 mL/min (Thermo Scientific, Wilmington, United States). MS condition was EI source, SIM scanning mode, electron energy 70 eV. Acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid, and caproic acid were detected as standard reference materials (Anpel Experimental Technology Co., Ltd., Shanghai, China).



2.9. TMAO related compounds quantitative analysis

Blood serum samples (each about 20 μL) were diluted with 750 μL of 1% formic acid acetonitrile solution with 10 μL of the internal standard including choline-d9 (5 μM), betaine-d9 (5 μM), TMAO-d9 (3 μM), creatinine-d9 (400 μM), L-carnitine-d9 (5 μM). After centrifuged at 4°C and 12,000 g for 5 min, 500 μL filtered supernatant was determined by ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS) using an Acquity BEH Amide column (1.7 μm × 2.1 mm × 100 mm) at a flow rate of 0.4 ml/min (Waters, Milford, MA, United States). MS condition was ESI source, MRM scanning mode, under electron energy 5,000 V and ion source temperature 500°C. Choline, betaine, TMAO, creatinine, and L-carnitine were detected as standard reference materials (Zhenzhun Biotechnology, Co., Ltd., Shanghai, China).



2.10. Untargeted metabolomics analysis

The serum samples were thawed at 4°C, 400 μL extraction solution [methanol: acetonitrile = 1:1 (v: v)], containing 0.02 mg/mL internal standard (L-2-chlorophenylalanine) was added into the serum samples (100 μL). After placation at −20°C for 30 min and centrifugation for 15 min (13,000 g, 4°C), the supernatant was blowed dry with nitrogen and added 100 μL solution (acetonitrile: water =1:1). And the sample tubes were vortexed (30 s) and extracted with ultrasound (5 min, 5°C, 40 KHz). After centrifuged at 13,000 g for 10 min at 4°C, the resulting supernatant was analyzed by UPLC-TOF/MS carrying out on BEH C18 column (100 mm × 2.1 mm i.d., 1.8 μm; Waters, Milford, United States). The QC sample was prepared by mixing an equal volume (20 μL) aliquot from each serum sample. The MS was performed on a TripleTOF spectrometer equipped with an ESI source in both positive and negative ion scan modes, over a mass range of 50–1,000 m/z, at 500°C. The spray voltage was set at 5,000 V (+) and 4,000 V (−); the normalized collision energy was set at 20, 40, 60 eV. Leucine-enkephalin [m/z 556.2771 (+) and m/z 554.2615(−)] was used as the mass reference compound in the positive and negative ion mode, respectively.

MS/MS fragments spectra and isotope ratio difference with searching in reliable biochemical databases as human metabolome database (HMDB)3 and Metlin database.4 Further statistical analysis was performed using ropls (Version1.6.2)5 R package. Principle component analysis (PCA) and orthogonal partial least squares discriminate analysis (OPLS-DA) were conducted to determine global metabolic changes between comparable groups. Statistically significant among groups were selected with variable importance in the projection (VIP) value more than 1 and p value less than 0.05.



2.11. Statistical analysis

The experimental data are expressed as mean ± SEM ([image: image]±s), and SPSS statistical software (version 20.0, SPSS Inc., Chicago, IL, United States) is used for data analysis. One-way analysis of variance (One-way ANOVA) was used to compare groups. When the variances were uniform, the LSD test was used, and when the variances were uneven, Dunnett’s T3 test was used. When p < 0.05, the test results are significantly different and have statistical significance.




3. Results


3.1. Lactobacillus johnsonii EU03 protects cardiac function and improves intestinal barrier after AMI

The microbial agent of L. johnsonii was administered to rats orally 7, 14, 28 days after AMI (Figure 1A). Echocardiography assessment indicated that LAD ligation markedly enlarged left ventricular volume and decreased EF and FS. L. johnsonii-feeding significantly enhanced myocardial echo, EF and FS levels (p < 0.01, vs. AMI) after 7, 14, 28 day-treatment, respectively (Figures 1B–D). The macroscopic images of the hearts revealed that the necrosis and hypertrophy in the model group were serious as the number of days increased. The prolonged administration of the L. johnsonii improved the macroscopic images of the hearts alike the sham-operated group (Figure 1E). Histopathological detection demonstrated that the longer the ligation time, the thinner of the LV wall accompanied by inflammatory cell infiltration, the more myocardial hypertrophy, and the more serious perivascular fibrosis and interstitial fibrosis were present in the AMI rats. The slight improvement of histopathological lesions was shown by 7-day administration of L. johnsonii, and obvious amelioration were observed after 14- and 28-day administration of L. johnsonii. The serum levels of cardiac markers SOD, LDH, CK-MB were elevated in the AMI group after 7, 14 days, and cTnT was elevated in the AMI group after 28 days. Oral administration of L. johnsonii for 7 days significantly decreased the level of TNF-α, L. johnsonii administration for 14 days significantly decreased the levels of SOD, LDH, and CK-MB (Figures 1F–K). The serum levels of SOD, LDH, and cTnT were decreased after28 days’ treatment, but with no significant difference. Serum LPS level was detected to evaluate the disruption of the intestinal barrier (Figure 1L). LPS levels increased gradually with time after AMI. Compared with model rats, L. johnsonii intervention had significantly lower LPS levels for 28 days.
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FIGURE 1
 Lactobacillus johnsonii EU03 protects cardiac function after AMI. (A) The schematic diagram for L. johnsonii administration pipeline in rats after AMI. (B) Representative echocardiograph of rats left ventricle. (C) EF and (D) FS calculated using dimensional measurements of rats left ventricle. (E) Representative heart pictures, H&E staining [scale bar equals 3,000 μm (top) and 125 μm (bottom)], Wheat germ aggregates (WGA) staining (scale bar equals 50 μm), and Sirius Red staining (scale bar equals 100 μm). Serum levels of (F) SOD, (G) MDA, (H) LDH, (I) CK-MB, (J) cTnT, (K) TNF-α, and (L) LPS. #p < 0.05, ##p < 0.01 versus Sham and *p < 0.05, *p < 0.01 versus AMI.


In Figure 2A H&E-stained sections showed that the colonic mucosa of rats in the model group showed congestion, edema, ulceration, and a large amount of lymphocyte and neutrophil infiltration. However, the pathological damages of the colon caused by AMI were significantly improved in intervention with L. johnsonii. Compared to the sham group, AB staining of the colon in the model group displayed more seriously impaired in colonic goblet cells, which was partly improved by L. johnsonii treatment (Figure 2A). We also inspected the expression level of the major tight junction protein in the colon. As the biomarkers for intestinal barrier integrity, ZO-1 and occludin production in the model group gradually decreased with increasing days, and higher expression of them were found in the LJ group compared to that in the AMI group (Figures 2B,C).
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FIGURE 2
 L. johnsonii EU03 improves intestinal barrier and affects the composition of gut microbiome after AMI. (A) Histopathological examination of colon tissue by H&E staining [scale bar equals 1,250 μm (top) and 125 μm (bottom)], Alcian blue (AB) staining (scale bar equals 100 μm), and representative immunofluorescence photomicrographs for tight junction proteins zonula occludentes (ZO)-1 (red) and occludin (green) in the colonic epithelium (scale bar equals 125 μm). (B) The ZO-1 and (C) occludin intensity were quantified by calculating integrated optical density (IOD). (D) Beta diversity of bray curtis-based PCoA of different groups for 7, 14, and 28 days administration, and different time plots together. Significant p values of Anosim between groups emphasize the differences in microbial community structure. (E) Alpha diversity of Shannon index in each group. (F) F/B ratio of different groups. (G) Kruskal-Wallis H test bar graph for specific microbial composition at genus and species levels. (H) Species correlation network at the species level. The correlation coefficient of Spearman between species was calculated to reflect the correlation between species. By default, the Figure shows the species with p < 0.05; the size of nodes indicates corresponding bacteria abundance, red line indicates positive correlation while the green line indicates negative correlation; a greater number of lines indicates closer relationship between species. (I) LEfSe at different levels of each group. The length of the histogram represents the abundance of the difference species (i.e., LDA score). “g for genus” and “s for_species.” #p < 0.05, ##p < 0.01, ###p < 0.001versus Sham and *p < 0.05, **p < 0.01, ***p < 0.001 versus AMI.




3.2. Lactobacillus johnsonii EU03 remodels the gut microbiota after AMI

To determine the effect of L. johnsonii on the gut microbiota structure 7, 14, 28 days post-AMI, we conducted a bray curtis-based PCoA analysis. As shown in Figure 2D, the microbial community was not significantly changed in the 7- and 14-day model groups compared with the corresponding sham groups, while the microbial community was slightly altered after L. johnsonii administration; especially presenting stable after 14 days till 28 days. The richness of gut microbiota by analysis Shannon index fluctuated over the ischemic period and showed no significant difference between sham, AMI, and LJ groups (Figure 2E). At the phylum level, the ratio of Firmicutes to Bacteroidetes (F/B) in the gut of rats decreased after 7 days of AMI surgery and increased after the administration of L. johnsonii. In contrast, the ratio of F/B in the model group increased after 14- and 28-days treatment, and the F/B value in the LJ group gradually decreased and stabilized with the prolonged L. johnsonii administration (Figure 2F). Importantly, in the gut of the LJ groups, the enrichment of genus Lactobacillus increased with the extension of the administration time. The abundance of genus Blautia, norank_f_Muribaculaceae was increased, and the highest abundance was reached on the 14th day. Besides, the abundance of genus Enterococcus was decreased on the 14th and 28th day (Figure 2G). Corresponding in species level, the abundance of L. johnsonii, unclassified_g_Blautia, uncultured_bacterium_g_norank_f_Muribaculaceae, and Enterococcus faecium were changed with the same trend. Moreover, the univariate network analysis of species reflected that L. johnsonii had the highest abundance in the gut microbial community, positively correlated with Muribaculaceae and negatively correlated with Enterococcus (Figure 2H). The enrichment and variations of bacterial community in each group were summarized by LEfSe in Figure 2I. Enterococcus was enriched in the 7-day treated group. Blautia, norank_f_Muribaculaceae were enriched in the 14-day treated group. L. johnsonii was enriched in the 28-day treated group (Figure 2I). These results showed L. johnsonii administration at 28 days post-AMI enriched the abundance L. johnsonii which paralleled with the alteration of gut microbiota and barrier.



3.3. Antibiotics induced dysbacteriosis interferes beneficial effect of Lactobacillus johnsonii post-AMI

To determine the importance of L. johnsonii and the alteration of gut microbiota in the amelioration post-AMI, we administered antibiotics to rats orally 7 days before AMI induction to inhibit L. johnsonii and disturb the microbiota (Figures 3A,B). L. johnsonii enrichment caused remodeling of gut microbiome by increasing the abundance of Muribaculaceae, Lactobacillus, and decreasing Romboutsia, Clostridia UCG-014 (Supplementary Figures S3A,B). ABX treatment had inhibitive effect on species of Muribaculaceae and Lactobacillus. Spearman’s correlation analysis indicated that the abundance of ABX sensitive bacteria L. johnsonii positively correlated with the levels of EF, FS, and SOD, while negatively correlated with MDA, LDH, and cTnT (Supplementary Figure S3C). Echocardiographic examination indicated that the Lactobacillus treatment improved the cardiac function, and ABX treatment did not affect the model samples (ABX-AMI) compared with the ABX-free model samples (AMI) after the 28 days of administration (Figure 3C). Notably, compared with the ABX-free administration LJ group, ABX treatment (ABX-LJ) abolished cardiac protection effects of L. johnsonii. The EF level was significantly lower in the ABX-LJ group compared with the LJ group (p < 0.05), and LVID; s and LVID; d were significantly higher (p < 0.05, p < 0.01). The comparisons between LJ and LR in the level of EF, FS and LVID; s were no differences, while the LVID; d level was significantly lower in the LJ group compared with the LR group (p < 0.05; Figures 3D–G). Observation of heart macroscopic pictures indicated that the necrotic area of the AMI group was larger compared with the sham group (Figure 3H). The necrotic area of the L. johnsonii-administered group was smaller than that of the model and the antibiotic groups, and the appearance of the hearts was as intact and smooth as that of sham group. Further histopathological analysis revealed that the ABX-LJ treatment did not improve the degree of interstitial edema and inflammatory infiltration of cardiomyocytes, with a thinner left ventricular wall, an increased lesion area, a certain degree of myocardial injury, and a large amount of interstitial fibroplasia. Similarly, the beneficial effects on cardiac function of L. rhamnosus administration were also reduced by ABX treatment.
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FIGURE 3
 Antibiotics (ABX) induced dysbacteriosis interferes the beneficial effects on cardiac function of L. johnsonii. (A) The schematic diagram for L. johnsonii and ABX administration pipeline in AMI rats. (B) Rats were treated with ABX for 7 days prior to LAD surgery. The sham group and the AMI group were treated daily with control saline, Lactobacillus alone or simultaneously with ABX for 28 days by oral gavage. (C) Representative echocardiograph of rat’s left ventricle. (D) EF, (E) FS, (F) LVID; d and (G) LVID; s calculated using dimensional measurements of rats left ventricle. (H) Representative heart pictures, H&E staining [scale bar equals 3,000 μm (top) and 75 μm (bottom)], WGA and Masson staining of heart tissue (scale bar equals 50 μm and 650 μm). #p < 0.05, ##p < 0.01, ###p < 0.001 versus Sham, *p < 0.05, **p < 0.01 versus AMI, &p < 0.05 versus LJ and ^p < 0.05, ^^p < 0.01 versus AMI, LJ, LR, correspondingly.




3.4. Identification of the serum metabolic biomarker by Lactobacillus johnsonii enrichment

We tested the serum metabolite profiles of L. johnsonii treatment associated with the gut microbiota. The serum levels of total SCFAs, acetic acid, isovaleric acid and choline were elevated in the AMI group, compared with the Sham group (p < 0.05, p < 0.01), while the level of betaine was decreased in the AMI group (p < 0.01). Compared with the model group, LJ could significantly increase the content of serum propionic acid, butyric acid, betaine, and decrease the content of caproic acid, choline (p < 0.05). And compared with the LJ group, ABX treatment could significantly inhibit the level of SCFAs and TMAO related metabolites, including propionic acid, butyric acid, isobutyric acid, isovaleric acid and betaine (p < 0.05, p < 0.01) (Figures 4A–M).
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FIGURE 4
 Serum levels of (A–H) SCFAs and (I–M) TMAO related metabolites in rats. #p < 0.05, ##p < 0.01 versus Sham, *p < 0.05 versus AMI and ^p < 0.05, ^^p < 0.01 versus AMI, LJ, correspondingly.


To further investigate the global metabolism variations of the bio-candidates by L. johnsonii associated with the gut microbiota, we conducted an untargeted metabonomic analysis. A remarkable separation between the Sham and AMI samples was also observed in the supervised OPLS-DA score plot, as well as a significant separation of samples between Sham and AMI groups in the PCA score chart. L. johnsonii group also showed a remarkable separation compared with the AMI group (Figures 5A,B). Compared with the Sham treated group, AMI group showed 59 differential metabolites were detected in pos mode, and 37 differential metabolites in neg mode. Correspondingly, LJ group showed 81 differential metabolites were detected in pos mode, and 36 differential metabolites in neg mode after AMI (Figures 5C,D). Amongst the differential metabolites caused by AMI, a total of 60 differential metabolites were corrected after LJ administration (Supplementary Table S1). KEGG enrichment analysis reflected that LJ-affected compounds were involved in the cAMP signaling pathway, tryptophan metabolism, taste transduction, synaptic vesicle cycle, pyrimidine metabolism, purine metabolism, phenylalanine metabolism, neuroactive ligand-receptor interaction, inflammatory mediator regulation of TRP channels, glycine, serine and threonine metabolism, glycerophospholipid metabolism, and choline metabolism in cancer (Figure 5E).
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FIGURE 5
 Circulating metabolomics for the quantification of metabolites among different groups. (A) The PCA score plots between Sham and AMI in positive ion mode [R2Xp1 = 0.261, R2Xp2 = 0.146, R2Xp3 = 0.13] and negative ion mode [R2Xp1 = 0.255, R2Xp2 = 0.173, R2Xp3 = 0.136]. The OPLS-DA score plots between Sham and AMI in positive ion mode [R2X = 0.184, R2Y = 0.7, Q2 = 0.475] and negative ion mode [R2X = 0.171, R2Y = 0.717, Q2 = 0.45]. (B) The PCA score plots between AMI and LJ in positive ion mode [R2Xp1 = 0.25, R2Xp2 = 0.16, R2Xp3 = 0.115] and negative ion mode [R2Xp1 = 0.224, R2Xp2 = 0.18, R2Xp3 = 0.135]. The OPLS-DA score plots between AMI and LJ in positive ion mode [R2X = 0.207, R2Y = 0.837, Q2 = 0.607] and negative ion mode [R2X = 0.188, R2Y = 0.876, Q2 = 0.582]. Volcano plot between (C) Sham and AMI, (D) AMI and LJ showing the differentially accumulated [log2 (fold-change) on x-axis] and significantly changed [−log10 (p value) on y-axis] metabolites. (E) Pathway enrichment based on altered metabolites after LJ administration.


Furthermore, a remarkable separation between the LJ and ABX-LJ samples was also observed in the supervised OPLS-DA score plot, as well as a significant separation of samples between LJ and ABX-LJ groups in the PCA score chart (Figure 6A). Compared with the ABX-LJ treated group, LJ group showed 81 differential metabolites were detected in pos mode, and 41 differential metabolites in neg mode. With VIP > 1 and p < 0.05 as the screening condition by ABX, there were top 10 common differential metabolites between LJ and ABX_LJ groups (Figures 6B,C). The level of metabolite 16,16-dimethyl-PGA2 was downregulated, and Ixabepilone, 3-(2,4-Cyclopentadien-1-ylidene)-5alpha-androstan-17beta-ol, 3-keto Petromyzonol, Pregnan-20-one,17-(acetyloxy)-3-hydroxy-6-methyl-(3b,5b,6a), 25-Acetylvulgaroside, 7a,12b-dihydroxy-5b-Cholan-24-oic acid, Ganoderic acid H, Lithocholate 3-O-glucuronide, and Fulvestrant were upregulated after ABX administration (versus LJ) (Supplementary Table S1; Figure 6C). Spearman’s correlation analysis in experiments of L. johnsonii administration indicated that 16,16-dimethyl-PGA2 was positively correlated with EF and FS, 7a,12b-dihydroxy-5b-Cholan-24-oic acid, Ganoderic acid H, Lithocholate 3-O-glucuronide, and 25-Acetylvulgaroside were negatively correlated with EF, FS and SOD, while positively correlated with MDA, and 7a,12b-dihydroxy-5b-Cholan-24-oic acid, Lithocholate 3-O-glucuronide, 25-Acetylvulgaroside were positively correlated with LDH (Figure 6D). Further correlation analysis in L. johnsonii administration groups revealed that 16,16-dimethyl-PGA2 was positively correlated with Lactobacillus, and negatively correlated with Romboutsia. Lithocholate 3-O-glucuronide was negatively correlated with Lactobacillus, and norank_f_Muribaculaceae (Supplementary Figure S4).
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FIGURE 6
 Circulating metabolomics for the quantification of metabolites in AMI rats with ABX and ABX-LJ groups. (A) The PCA score plots between LJ and ABX_LJ in positive ion mode [R2Xp1 = 0.28, R2Xp2 = 0.13, R2Xp3 = 0.119] and negative ion mode [R2Xp1 = 0.286, R2Xp2 = 0.14, R2Xp3 = 0.118]. The OPLS-DA score plots between LJ and ABX_LJ in positive ion mode [R2X = 0.238, R2Y = 0.757, Q2 = 0.58] and negative ion mode [R2X = 0.234, R2Y = 0.731, Q2 = 0.553]. (B) Volcano plot between LJ and ABX_LJ showing the differentially accumulated [log2 (fold-change) on x-axis] and significantly changed [−log10 (p value) on y-axis] metabolites. (C) The expression profiles of metabolites with VIP > 1 in LJ and ABX_LJ. (D) Spearman’s correlation analysis among key efficacy indicators and marker metabolites. *p < 0.05, **p < 0.01, ***p < 0.001.





4. Discussion

The remodeling of the gut microbiota to the beneficial side can delay the pathological exacerbation of CVDs (Chen et al., 2020). Given that the gut microbiota can be modified with a variety of interventions, it can be targeted for the modulation of the host signaling pathways involved in AMI pathogenesis. Gut commensals as functional probiotics for alleviating CVDs are typically claimed to be capable of restoring the gut microbiota and maintaining balance (Hsu et al., 2021; Jin et al., 2021). Some gut-related microbes acting as functional probiotics have been identified by studies on the function in the improvement of cardiac function post-AMI. L. rhamnosus administration may have a beneficial effect on cardiac remodeling in patients with AMI (Moludi et al., 2021). Bifidobacterium spp. mitigate the pathological effects of AMI in animals. The development of probiotic-based enterobacterial modulation for the alleviation of CVDs is of great importance (Zhao et al., 2021b). And rational combinations of probiotics should provide an alternative to drug treatment in patients in primary cardiovascular disease prevention with mildly added cardiovascular risk and in some statin-intolerant patients (Cicero and Colletti, 2016). Together, the majority of the positive results provided by probiotic treatments should be combined with clinical drug treatment, that is more instructive. This study reveals that the pathological process of AMI and gut microbiota community were improved by the newly isolated L. johnsonii over time, suggesting that L. johnsonii has a cardioprotective effect and thus clinic value.

The reported biomarkers of the gut dysbiosis of AMI, including high F/B ratio (Wu et al., 2017), pro-AMI microbes, and lower beneficial microbes (Zununi Vahed et al., 2018), can be attenuated by the health benefits of probiotics. We found that the L. johnsonii derived through microbial remodeling was characterized by upregulated bacteria, included Muribaculaceae and Lactobacillus, and the downregulated bacteria include the Romboutsia, and Clostridia UCG-014. The positive alteration of symbiosis bacteria can reduce the infarcted size, ischemia injury, and inflammation, and they can regulate lipid metabolism and overall cardiac survival. The restoration of gut microbiota community richness and diversity and the beneficial bacterium Muribaculaceae contribute to the repression of intestinal barrier dysfunction, inflammation, and disorder of lipid metabolism, and these effects are negatively correlated with AMI development (Wang L. et al., 2021; Zhang et al., 2021). However, some proinflammatory bacteria [e.g., Clostridia UCG-014 (Brandsma et al., 2019; Wang Y. et al., 2021)] increased in abundance, inflammation, and upregulation of lipid proinflammatory metabolites occurred, eventually exacerbating AMI. The increased abundance of Romboutsia (Zhang et al., 2020; Yang et al., 2021) is associated with high cardiovascular risk.

The gut-heart axis is a novel concept that provides insights into the complex mechanisms of AMI (Zununi Vahed et al., 2018). The intestinal barrier is the key link in the communication routes between gut microbiota and heart (Lewis and Taylor, 2020). The “leakiness” of the intestinal barrier is characterized by the impairment of linker proteins, including occludin and ZO-1, causing the translocation of intestine-derived flora and harmful metabolites (Krack et al., 2005), such as LPS from the cell walls of Gram-negative bacteria, which further triggers systemic inflammation and exacerbates AMI. In this study, we found L. johnsonii improved gut barrier integrity, suppressed the production of several oxidative cytokines, pro-inflammatory cytokines, and myocardial injury-related indicators (including SOD, MDA, LDH, cTnT, LPS, and TNF-α), and these effects were accompanied by increased ZO-1 and occludin expression and restoration of cardiac function. Signaling pathways, including Nrf2-Keap1-ARE and AMPK, mediated the effects on the microbiome (Wang et al., 2017; Malik et al., 2018; Lew et al., 2020). Additionally, Lactobacillus exerted strong antimicrobial activity against pathogens and reinforced the intestinal barrier, ultimately exerting beneficial effects facilitating gut microbial remodeling and relieving the symptoms of cardiovascular-related diseases (Zhao et al., 2021b). Our results demonstrated common change in cardiac remodeling and colonic pathology after infarction, consistent with the gut-heart axis, a bidirectional relationship between the heart and gut microbiome.

Circulating metabolites derived from gut microbes have undoubtedly helped foster the understanding of therapeutic mechanisms. L. johnsonii has beneficial effects that may be attributed to changes in other metabolites in addition to routine metabolites SCFAs and TMAO, such as 16,16-dimethyl-PGA2, and Lithocholate 3-O-glucuronide. L. johnsonii treatment diminished the production of cardiac damage metabolites. For example, PGA analogs are potent inhibitors of the anchorage independent growth of murine melanoma cells (Bregman and Meyskens, 1983). Lithocholate 3-O-glucuronide induces cholestasis, causing damage to liver cells and the body (Takikawa et al., 1995). However, more experiments are needed to determine whether or not other metabolites are associated with AMI. The results of the “multi-omics” analysis pointed out various paths forward for the relationships between specific microbial taxa and metabolites for mechanism questions.

Transplantation studies with specific microbial consortia in germ-free or antibiotic-depleted animals facilitate the exploration of the potential role of a specific bacterium in phenotype associations. Antibiotic-treated mice displayed drastic and dose-dependent mortality after AMI, and reduction in antibiotic dosage restored survival in a dose-dependent manner (Garshick et al., 2021). These results were contradictory observations and may be attributed to the biphasic nature of inflammation and the administration of antibiotic doses after AMI (Prabhu and Frangogiannis, 2016). Therefore, we selected the antibiotic dose with high survival and flora clearance for the experiment. Our study showed that antibiotics exerted no severe effects on AMI under the same conditions, suggesting that antibiotics only interfere with the gut microbiota. Antibiotics treatment reduced the L. johnsonii abundance, thus allowing the observation of a protective effect of L. johnsonii on myocardial infarction. The current treatment of AMI consists mainly of drug administration and surgery, but multiple problems arise during the convalescence of post-AMI (Boersma et al., 2003). Consequently, precision treatments using microbe-targeting interventions have therapeutic potential for AMI.

In conclusion, incorporating multi-omics technologies and standardized in vivo strategies alleviated adverse symptoms after AMI by enriching L. johnsonii and modulating the gut microbiome to a healthy phenotype. Probiotic development will enhance microbiome intervention and increase understanding of the role of the gut microbiota in diseases.
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Introduction: The gut-brain axis has been widely recognized in autism spectrum disorder (ASD), and probiotics are considered to potentially benefit the rescuing of autism-like behaviors. As a probiotic strain, Lactiplantibacillus plantarumN-1(LPN-1) was utilized to investigate its effects on gut microbiota and autism-like behaviors in ASD mice constructed by maternal immune activation (MIA).

Methods: Adult offspring of MIA mice were given LPN-1 at the dosage of 2  ×  109  CFU/g for 4  weeks before subject to the behavior and gut microbiota evaluation.

Results: The behavioral tests showed that LPN-1 intervention was able to rescue autism-like behaviors in mice, including anxiety and depression. In which the LPN-1 treatment group increased the time spent interacting with strangers in the three-chamber test, their activity time and distance in the central area increased in the open field test, and their immobility time decreased when hanging their tails. Moreover, the supplementation of LPN-1 reversed the intestinal flora structure of ASD mice by enhancing the relative abundance of the pivotal microorganisms of Allobaculum and Oscillospira, while reducing those harmful ones like Sutterella at the genus level.

Discussion: These results suggested that LPN-1 supplementation may improve autism-like behaviors, possibly via regulating the gut microbiota.

KEYWORDS
 autism, maternal immune activation, Lactiplantibacillus plantarum N-1, gut microbiota, behaviors


1. Introduction

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder consisting of three core symptoms: communication deficits, impaired sociability, and repetitive or restricted behavior (Lord et al., 2018). The incidence is higher in males than in females, with the ratio being closer to 3:1 (Loomes et al., 2017). ASD affects more than 1% of children in Western countries, while the prevalence in China is as high as 0.7% (Zhou et al., 2020), and the rate is on the rise due to the improvements in identification, screening, clinical assessment, and diagnostic testing (Genovese and Butler, 2020). However, effective treatments for ASD remain elusive, and the etiology is also unknown. The major contributing factors that have been studied include genetics, environmental factors, and health conditions (Lyall et al., 2017).

It is reported that ASD patients are often afflicted with gastrointestinal (GI) problems (Kohane et al., 2012; Vuong and Hsiao, 2017), including diarrhea/constipation, abdominal pain, and gastric reflux. The studies suggest that may be caused by the presence of different intestinal flora structures in people with ASD than in healthy ones (Williams et al., 2011; Vuong and Hsiao, 2017; Coretti et al., 2018; Wang et al., 2019). Recent studies have found that increased intestinal Lactobacillus and Desulfovibrio species in ASD patients are associated with the severity of ASD (Adams et al., 2011; Tomova et al., 2015). It has also been shown that Bifidobacterium, Prevotella, and butyric acid-producing bacteria are reduced and Desulfovibrio, Clostridium, and Sutterella are increased in ASD patients compared to healthy individuals (Zhang et al., 2018; Liu et al., 2019). Moreover, evidence from animal models indicates that specific gut microbial changes may result in clinical symptoms resembling ASD. Probiotics and prebiotics can alleviate behavioral deficits, inflammatory responses and intestinal flora dysbiosis in a prenatal valproic acid (VPA)-induced rodent model of autism (Adıgüzel et al., 2022). What’s more. The ecological dysbiosis of the intestinal microbiota in ASD mice was found to be driven mainly by alterations in specific operational taxonomic units (OTUs) of the bacterial classes Clostridium and Bacteroides fragilis, and treatment with B. fragilis was found to improve autism-related symptoms by improving intestinal flora and intestinal barrier function (Hsiao et al., 2013). These suggest that gut microbiota regulates normal host physiology, metabolism, nutrition, and brain function. Increasing research reveals the ability of the gut microbiota to signal across the so-called microbiota-gut-brain axis. A recent study shows that oral probiotics prevent maternal immune activation (MIA)-induced increases in IL-6 and IL-17A levels in both maternal serum and fetal brains, parvalbumin-positive (PV+) neuron loss, and the decrease in γ-aminobutyric acid levels in the prefrontal cortex of adult offspring (Wang et al., 2019). Clinical studies have also demonstrated that the use of probiotics and fructo-oligosaccharides can ameliorate ASD symptoms, including hyperserotonergic states and dopamine metabolism abnormalities, by altering the gut microbiota and increasing the amount of short-chain fatty acids (SCFAs) and serotonin (Wang et al., 2020). Two other studies showed that probiotics could improve social and self-grooming behaviors as well as intestinal permeability in the BTBR T+ Itpr3tf/J (BTBR) Mouse Model of ASD (Nettleton et al., 2021; Pochakom et al., 2022).

Although previous studies showed that probiotics had the potential to reduce GI distress in individuals with ASD (Sanctuary et al., 2019), little was known about their effects on ASD behavior directly. The strain of Lactiplantibacillus plantarum N-1 (LPN-1; CGMCC NO. 15463), isolated from traditional cheese in Daocheng County, Sichuan Province by our laboratory before, is a probiotic strain. In vivo and in vitro experiments have shown that LPN1 has multiple probiotic functions, including acid- and bile salt-tolerant biology, the ability to modulate intestinal flora structure by producing multiple SCFAs, especially butyric acid, enhance intestinal barrier function, and reduce inflammation levels (Liu et al., 2017, 2021; Wei et al., 2021; Tian et al., 2022, 2023). Therefore, we hypothesized that LPN-1, with broad-spectrum intestinal flora improvement effects, may improve anxiety-like behavior in ASD mice by improving their gut microbiota. Therefore, in this study LPN-1 intake was examined for its improvement of autistic-like behavior and its effect on the gut microbiota in the ASD mice model.



2. Materials and methods


2.1. Maternal immune activation rodent care and intervention

This study was approved by the Animal Ethics Committee of West China Second University Hospital, Sichuan University (2020–035). There is a link between viral infection during pregnancy and an increased incidence of ASD in the child (Choi et al., 2016). Therefore, MIA is widely used in ASD research (Naviaux et al., 2013, 2014; Vuillermot et al., 2017; Minakova et al., 2019; Fujita et al., 2020; Xu et al., 2021; Tartaglione et al., 2022). We used a mouse model subjected to MIA, which was constructed by injecting pregnant mothers with poly (I:C; 20 mg/kg) on embryonic day 12.5, while the control group was injected with phosphate-buffered saline (PBS). Adult male offspring of MIA mice were randomized to (1) PBS; (2) ASD; (3) ASD + LPN-1 (2 × 109 CFU/g Also called LPN-1 group) administered through food for 4 weeks as shown in Figure 1A. Body weight and food intake were measured weekly. The animals [four mice/cage, and no single cage rearing for animal welfare (National Research Council Committee, 2011)] were housed in the Medical Laboratory Animal Center of West China Second University Hospital, Sichuan University, under SPF conditions, with a relative humidity of about 50%, temperature control of 22–25°C, adequate food and water, and 12/12 h fixed light cycle.

[image: Figure 1]

FIGURE 1
 Schematic of experimental design (A). Body weight over time (B). Body weight gain (% increase from baseline) (C). Average daily food intake (D).




2.2. Behavior tests

The test mice were placed in the behavioral room 5 days in advance to acclimate to the environment. During the behavioral period, the testers tried to keep the color of their clothing the same. At about 14:00–18:00 every day, the mice were stroked on the experimenter’s hand at a fixed time, 5 min each time for each mouse, to reduce nervousness and familiarize them with the experimenter. Mice were rested for 3–5 days before the next behavioral test.


2.2.1. Three-chamber test

A three-chamber device was used to test the social communication abilities of different groups of mice. The apparatus consisted of three Plexiglas chambers (60 × 40 × 22 cm), with the side chambers each connected to the middle chamber by a corridor (10 × 5 cm). The sociability of ASD mice was tested using a three-chambered device for three consecutive 10 min phases. During the first phase, mice were habituated to the three chambers for 10 min. In the second phase, two wire cages were introduced to the side chambers: one wire cage was empty, while the other was set up with unfamiliar mouse of the same sex and age which had no previous contact (stranger 1). The testing mouse was placed in the middle chamber, and the amount of time spent around each cage (stranger 1 or empty) was measured. Finally, an unfamiliar mouse (stranger 2) was placed in one of the side chambers, and a familiar mouse (stranger 1) was placed in the other side chamber. The testing mouse was free to explore the mouse from the previous sociability test (stranger 1), and the novel mouse (stranger 2). The time spent in each chamber was recorded. Social behaviors were analyzed using a social behavioral analysis system (BW-Social LAB, Shanghai Biowill Co., Ltd.). The Plexiglas chamber was sterilized with 75% ethanol and wiped dry using paper towels between animal tests.



2.2.2. Open-field test

An open-field experiment device (40 × 40 × 40 cm) was used to detect the mice’s anxious behavior. The test was performed using a method similar to a previous report (Katano et al., 2018). Before the test, the mice were placed in the device for 5 min, and then their behavior was recorded for 10 min. During the experiment, a curtain was used to completely isolate the experimental device from the external environment to avoid noise affecting the behavior of mice. Anxious behaviors were analyzed using a social behavioral analysis system (BW-Social LAB, Shanghai Biowill Co., Ltd.). The Plexiglas chamber was sterilized with 75% ethanol and wiped dry using paper towels between animal tests.



2.2.3. Novel object recognition test

The test was performed in an open field arena (40 × 40 × 40 cm). The novel object recognition test consisted of two stages. During a 10 min acquisition phase, the animals were placed at the center of the arena in the presence of two identical objects (6 × 6 × 6 cm). After 2 h, a 5 min retrieval phase was conducted, and one of the two familiar objects was replaced by a novel object (5 × 5 × 5 cm). The time spent exploring familiar and novel objects was recorded and analyzed. Exploration time is defined as the action of pointing the nose toward an object, at a maximum distance of 2 cm or touching it (Ennaceur and Delacour, 1988).The Plexiglas chamber was sterilized with 75% ethanol and wiped dry using a paper towel between animal tests. The “discrimination index” was calculated as follows: [(novel object time)/(novel object time + familiar object time)].



2.2.4. Tail suspension test

The tail suspension test is a behavioral test commonly used to detect depression in mice. We used specially manufactured tail suspension boxes made of plastic with the dimensions 55 cm height × 15 cm width × 11.5 cm depth. The mouse was suspended in the middle of this compartment, and the width and depth were sufficiently large so that the mouse could not make contact with the walls. The approximate distance between the mouse’s nose and the apparatus floor was 20–25 cm. The resultant behavior was recorded by a video camera for 6 min. The behavior was later analyzed to determine the total duration of immobility; the total amount of time during which each mouse remained immobile was recorded in seconds. The Plexiglas chamber was sterilized with 75% ethanol and wiped dry using paper towels between animal tests.




2.3. Histopathological examinations

At the end of all behavioral experiments, the liver, kidney, and colon tissue were carefully removed and followed by phosphate-buffered saline wash. Then they were fixed in 10% phosphate-buffered formalin for 24 h. After dehydration, they were embedded in paraffin, the paraffin blocks were cut at 5 μm using a microtome, and the deparaffinized tissue slices were subjected to Masson and hematoxylin eosin (H&E) for histological examination.



2.4. The 16S rRNA gene sequencing

Fresh fecal samples were collected from the rectum at the end of the experiment and stored at −80°C. DNA was extracted and quantified by Nanodrop and the quality of DNA extraction was detected by 1.2% agarose gel electrophoresis (Nazhad and Solouki, 2008). The V3-V4 region of the bacterial 16S rRNA genes was amplified by polymerase chain reaction with primers 338F 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R 5′-CGGACTACHVGGGTWTCTAAT-3′ (Wei et al., 2021). The PCR-amplified product was purified, quantified, and sequencing libraries were prepared using Illumina’s TruSeq Nano DNA LT Library Prep Kit. The original sequences that passed the initial quality screening were subjected to the library and sample partitionin. Sequence denoising was performed according to the QIIME2 dada2 analysis process to obtain amplicon sequence variants (ASV). α-diversity and β-diversity were finally analyzed. And raw sequences have been uploaded to the NCBI database, No. PRJNA916455.



2.5. Statistical analysis

All data were expressed as mean ± SEM. Statistical analyses were performed using GraphPad Prism (version 8.0.2). The results were performed using two-way analysis of variance (ANOVA) or one-way ANOVA. p  <  0.05 was considered statistically significant.




3. Results


3.1. LPN-1 improves social tests, reduce anxious and depression behavior in ASD mice

We used the three-chamber social test to determine the social–behavior abnormality (Figure 2A). We compared the time and distance spent in the chamber containing stranger 1 and the empty chambers. Mice in the PBS group (n = 8) spent more time and traveled a greater distance with stranger 1, whereas mice in the ASD group (n = 7) spent less time (Figure 2B) and traveled a shorter distance (Figure 2C), indicating social interaction deficits. In contrast, mice treated with LPN-1 spent more time with stranger 1 (p < 0.0001; Figure 2B) while spending significantly less time in empty chambers, indicating that the social preference index was significantly altered. We also found a significant increase in the number of entries in the ASD + LPN-1group (n = 8; p < 0.001; Figure 2D). There was no significant difference in the social time (Figure 2E) among the groups or in the social distance (Figure 2F), but the number of entries to stranger 2 significantly increased in the ASD group (p < 0.05; Figure 2G). The results showed that LPN-1 could effectively rescue part social deficiency caused by poly (I:C) treatment during pregnancy.
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FIGURE 2
 Sociability and social novelty in mice, phosphate-buffered saline (PBS) (n = 8), ASD (n = 7), ASD + LPN-1 (n = 8). (A) Schematic representation of the three-chamber social interaction test. Sociability test (B–D): Time spent near the wire cage with stranger 1 (B), distance walked around stranger 1 (C), and number of entries (D). Social novelty preference test (E–G): Time spent near the wire cage with stranger 2 (E), distance walked around stranger 2 (F), and number of entries (G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


The novel object recognition (NOR) test is a relatively fast and efficient means of testing different phases of learning and memory in mice. In the NOR paradigm, we found a slight decrease in the time, distance, and the number of entries to novel objects explored by ASD mice. However, there were no significant differences among the three groups in the time spent around the novel object (Figure 3A), the distance (Figure 3B), or the number of entries (Figure 3C) and rearing (Figure 3D). Thus, in terms of cognitive performance, mice in the PBS (n = 6), ASD (n = 6), and ASD + LPN-1 (n = 8) groups did not show significant differences. However, LPN-1 intervention tended to increase the ability of ASD mice to explore new things, and may reach significant levels if the duration of LPN-1 intervention increases.

[image: Figure 3]

FIGURE 3
 (1) Novel object recognition test, phosphate-buffered saline (PBS) (n = 6), autism spectrum disorder (ASD) (n = 6), ASD + LPN-1 (n = 8). Experimental schedule showing the different phases of the NOR familiarization (10 min), and test (5 min). Discrimination index of time spent around the novel object (A) and the distance (B) or the number of entries (C). Total number of rearing (D). (2) Open-field test, PBS (n = 12), ASD (n = 9), ASD + LPN-1 (n = 12). Time spent in center (E). Distance traveled in the center (F). Number of entries (G). Number of rearing (H). (3) Tail suspension test, PBS (n = 6), ASD (n = 6), ASD + LPN-1 (n = 11). Graphs show the total time spent immobile (I) and the proportion of immobility time (J). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


We then performed the open-field test for a total duration of 10 min to detect anxious behavior in mice. In this test, the open-field trials present a conflict between the innate drive to explore a new environment and personal safety (Crawley, 2008). The longer time spent in the central area of the open field, the more distance traveled in the central area, and the more entries to the center indicate less anxious behavior in the mice (Crawley et al., 1997). As shown in Figures 3E,F, the PBS group (n = 12) spent more time and traveled longer distances in the center compared to the ASD group (n = 9). The results showed that the ASD group spent less time in the center, walked shorter distances, and entered the central area fewer times (Figure 3G), suggesting that the ASD group had obvious anxiety behavior. However, after supplementation with LPN-1, there was no significant difference between the PBS group and the ASD + LPN-1 group (n = 12), indicating that the anxiety behavior of the mice was reduced. However, the increased rearing in the central area of the ASD + LPN-1 group indicated an increase in repetitive behavior (Figure 3H). We used the tail suspension test to analyze depression-like behavior, as previously described (Umemura et al., 2017; Ueno et al., 2019). In the tail suspension test, the ASD group (n = 6) showed significantly increased immobility (p < 0.05; Figures 3I,J), indicating enhanced depressive-like behavior. Immobility time decreased after LPN-1 supplementation, and there was no significant difference in immobility time between the PBS group (n = 6) and the ASD + LPN-1 group (n = 11), indicating that LPN-1 may reduce the depressive behavior of mice. Together, all the battery of behavior tests indicate that LPN-1 may improves social tests, reduce anxious and depression behavior in ASD mice model.



3.2. LPN-1 conduce no harm to the organ tissues of ASD mice in this study

We recorded the body weight and food intake of the animals on a weekly basis during the experiment (Figures 1B–D). All the mice were sacrificed at the end of the behavioral test, and their liver, kidney, and colon tissues were excised to assess the safety of LPN-1. H&E staining revealed that regular hepatic sinusoidal structure and clear hepatic lobules were observed in liver tissues, and cell edema, inflammatory cell infiltration, and severe intrahepatic hemorrhage were not observed in the three groups of mice (Figure 4A). The morphology and organization of renal tissues in the sham group were normal; vacuolar degeneration in renal tubular epithelial cells, detachment of renal tubular epithelial cells, and infiltration of inflammatory cells were not observed (Figure 4B). As shown in Figure 4C, the colonic structure of the three groups of mice was intact, and the intestinal glands were well arranged. Moreover, infiltration of inflammatory cells was not observed in the lamina propria mucosa and muscular layer.
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FIGURE 4
 H&E staining showing histological cell morphology and inflammatory changes. H&E used to observe liver tissue (A), the cortex, including glomeruli, and renal interstitium are shown (B), and sections stained with H&E to assess the mucous membrane appearance of the colon (C).




3.3. LPN-1 modulates the gut microbiota of ASD mice

Figures 5–7 showed the results of species annotation analysis at the phylum and genus levels in three groups revealed by 16S rRNA sequencing. The alpha diversity indexes of Chao1, Pielou_e, and Shannon characterized significant differences in microbial populations among the PBS (n = 5), ASD (n = 5), and LPN-1 (n = 5) groups (p < 0.05). Multiple alpha diversity metrics of evenness, diversity and richness in ASD mice were higher than in PBS mice, but LPN-1 supplementation decreased those alpha diversity indexes (Figure 5). According to the Non-metric Multidimensional scaling (NMDS), the apparent separation of microbial population structures between the ASD group and LPN-1 group was illustrated (Figure 6C). Furthermore, hierarchical clustering analysis of the unweighted pair-group method with the arithmetic mean (UPGMA) showed that LPN-1 group clustered differently between ASD and PBS groups (Figure 6D). This indicated that the three groups have different gut microbial compositions. In addition, the reduced alpha diversity of the LPN-1 group suggests that a dominant genus may have emerged and occupied the ecological niche of gut microflora. Therefore, the phylum and genus levels of gut microbiota in each group were further analyzed.
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FIGURE 5
 The alpha diversity assessed by Chao1 (A) Simpson (B) Shannon (C) Observed_species (D) Pielou_e index (E). Statistically significant differences among groups were determined per the Kruskal-Wallis test. n=5 per group. *p < 0.05. **p < 0.01.


[image: Figure 6]

FIGURE 6
 Histogram of species distribution at the phylum (A) and genus (B) levels revealed by 16S rRNA sequencing. NMDS analysis based on weighted_unifrac_distance among phosphate-buffered saline (PBS), autism spectrum disorder (ASD), and ASD + LPN-1 groups (C). Hierarchical clustering analysis (D).
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FIGURE 7
 The relative abundance of gut microbiota at the phylum (A–C) and genus (D-J) level. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Firmicutes and Bacteroidetes were the most predominant phyla in the gut bacteria of mice and abundant in all samples accounting for almost 90% (Figure 6A). Compared to the PBS group, Bacteroidetes increased and Firmicutes decreased in the ASD group. However, the LPN-1 supplementation reversed this appearance (Figures 7A,B). And a significantly lower Bacteroidetes/Firmicutes ratio was shown in the LPN-1 group compared to the ASD group (p < 0.01; Figure 7C). In addition, the results at the genus level showed that the relative abundance of Allobaculum was found to be more than 3-fold elevated after LPN-1 intervention, becoming the absolute dominant group of intestinal microorganisms in the treated group of mice (Figure 6B). To further illustrate the significance of the differences, a one-way ANOVA analysis was performed on partial genera. The results showed that the intervention of LPN-1 significantly elevated the abundance of beneficial bacteria including Allobaculum and Oscillospira (p < 0.01; Figures 7D,E) in the intestinal flora of ASD mice, as well as Ruminococcus (Figure 7F), Bifidobacterium (Figure 7I) and Akkermansia (Figure 7J) in spite of no significance yet. Further calculations showed that Allobaculum was elevated from 14.33 to 62.04% after LPN-1 intervention compared with the model group. In addition to increasing the variety of probiotic bacteria, we observed that LPN-1 treatment also significantly suppressed the abundance of the harmful bacterium Sutterella (p < 0.05; Figure 7H), and Desulfovibrio (Figure 7G) showed a decreasing trend in the LPN-1 group.




4. Discussion

Neurodevelopmental diseases represented by ASD cause a huge medical burden to patients’ families and the whole society. Although the etiology is still unclear, infection and inflammation during pregnancy are considered to be key causes of ASD (Modabbernia et al., 2017). In animal models, poly (I:C) injection during pregnancy results in increased release of local cytokines, including IL-17a (Choi et al., 2016), which can recapitulate the key symptoms of ASD and be used to examine the efficacy of the candidate remedies, especially in MIA-associated ASD. Previous studies have found that probiotic supplementation in animal models can improve social deficits in mice with ASD (Sgritta et al., 2019) and improve anxiety-like behavior and elevate hippocampal BDNF levels in mice with low-grade intestinal inflammation (Bercik et al., 2010, 2011). Meanwhile, clinical studies have found that probiotic supplementation can reduce anxiety and depression behaviors and ameliorated the opposition and defiance behaviors of children with ASD (Liu et al., 2019; Kong et al., 2021). These studies only found the effects of probiotics on improving social interaction and alleviating anxiety, and did not find any negative effects, nor did they perform 16 s gene sequencing. In the present study, we found that LPN-1 supplementation improved social and anxiety-like behaviors as well as depressive behavior, and that LPN-1 intervention tended to increase the ability of ASD mice to explore new things. In contrast, repetitive behaviors have increased after LPN-1 intervention.

The present results showed that LPN-1 intervention significantly altered the intestinal flora structure of the ASD mice. The alpha diversity analysis revealed a significant decrease (p < 0.05) in the abundance, diversity, and homogeneity of the gut microbiome composition in all three groups, which may be due to the process of constructing the autism model led to an increase in the species and abundance of conditionally pathogenic bacteria in the intestine of the mice, and the LPN-1 intervention resulted in antagonism between microorganisms reduced the species and abundance of conditionally pathogenic bacteria, leading to an overall decrease. Similar results were seen in a study related to autism (Wan et al., 2021), which measured gut microbes in children with autism and showed that gut microbial abundance was significantly higher in children with autism than in age-matched normal children. Treatment with LPN-1 helped to restore the gut microbes of autistic mice to a similar structure to those of normal mice at the phylum level, including elevating the abundance of Bacteroidetes and reducing the abundance of Firmicutes. In addition, the ratio of gut microbial Bacteroidetes/Firmicutes in autistic mice was significantly different from that of normal individuals. Several publications have demonstrated that the ratio of Bacteroidetes/Firmicutes in the gut bacteria of children with ASD was significantly increased compared to normal subjects (Kang et al., 2017; Coretti et al., 2018; Zhang et al., 2018). The results of the present study are consistent with previous reports, and the ratio of Bacteroidetes/Firmicutes was significantly reduced compared to the model group by LPN-1 treatment (p < 0.01).

In addition, analysis of gut microbial 16 s sequencing results revealed that LPN-1 significantly increased the abundance of the probiotics Allobaculum and Oscillospira (p < 0.01) and decreased Sutterella (p < 0.05) at the genus level. Previous studies have shown that in ASD mice, Allobaculum abundance was significantly decreased and that GW4064 (a farnesoid X receptor agonist) restored the abundance of Allobaculum and improved autism (Liu et al., 2022). Moreover, it has been shown that Allobaculum is highly correlated with depression in mice, and this study showed a positive association between Allobaculum and neurotransmitter norepinephrine secretion in mice by correlation analysis (Wu et al., 2020; Xia et al., 2021). In conclusion, Allobaculum may be positively correlated with the treatment of various neurological diseases and showed a correlation with neurotransmitter secretion and neuronal development. Therefore, We supposed LPN-1 may affect the neurodevelopment of the organism by increasing the abundance and metabolism of the Allobaculum in the intestine to improve autism-related symptoms. The correlation between intestinal flora and clinical characteristics of children with ASD revealed that Oscillospira was negatively correlated with the Total Childhood Autism Rating Scale score and Oscillospira was significantly increased after LPN-1 intervention in our study (p < 0.01) (Chen et al., 2021). More surprisingly, the probiotics Bifidobacterium and Akkermansia occurred from absent to present in the intestine of ASD mice after LPN-1 intervention. As far as why it did not reach a significant increase, we speculate the time of one-month intervention is a bit short and the intestinal flora structure has not yet been achieved much well. Therefore, our subsequent animal experiments as well as clinical experiments will increase the intervention time of LPN-1 to make it reach the best condition.

In contrast, there was no Sutterella in the LPN-1 group. Sutterella was one of the most important sources of lipopolysaccharide LPS, which could affect intestinal permeability and lead to an increase in plasma LPS concentration, triggering chronic low-grade inflammation in the organism. The relative abundance of Sutterella was higher in the intestine of children with ASD compared to normal children (Kang et al., 2017). A study shows that Sutterella was the predominant flora in ileal and cecum biopsies of children with autistic children with gastrointestinal dysfunction (AUT-GI) (Williams et al., 2012). In animal experiments, again with results similar to human studies, it was shown that the abundance of Sutterella in the colon of the offspring of autistic mice was significantly higher than that of normal mice (Sharon et al., 2019). Therefore, our findings suggested that the intake of probiotic LPN-1 not only increased the abundance of probiotics, but also reduced harmful bacteria, improved the structure of intestinal flora, and facilitates its healthy development.

Our results suggested that probiotics may improve ASD by affecting gut flora, however it was inconsistent with the results of another study which, after correlating fecal macrogenomic and phenotypic data from children with ASD at a mean age of 8.7 years, concluded that it was not differences in gut flora that caused ASD, but the dietary preferences of children with ASD that caused the differences in gut flora (Yap et al., 2021). This discrepancy between our study and the results of that study, may be due to the fact that the data collection time of that study mostly spanned a critical period of neurodevelopment [before the age of three is an essential stage of human brain development (Cody et al., 2017)], and that the symptoms of these children were generally mild and perhaps not representative of the typical autistic population, not to mention denying the driving role of the flora. Of course, our ongoing experiments are proposed to elucidate how the probiotic LPN-1 improves autistic symptoms through the gut-brain axis (e.g., enterobacterial metabolites, intestinal permeability, blood–brain barrier, etc.), and we hope that our research can scientifically and objectively guide the public’s perception of the relationship between autism and intestinal flora. However, there are some limitations in this study as well. We examined the effect of LPN-1 in ASD mice, but not in normal mice. The combination of LPN-1 with other probiotics or therapeutic drugs and the duration of effective treatment deserved further study. Therefore, much studies in the prevention of neurological diseases like ASD by combining probiotics with other drugs are needed. In addition, our study was conducted only in adult c57BL/6 male ASD mice, and female ASD mice were not included. Results may also be different in mice from other disease backgrounds, other age groups and other strains, like juvenile mice with unstable and immature microbiome structures. Probiotics act slowly and require a long-term continuous intervention to achieve a stable intervention, whereas in our study we only intervened for 4 weeks after the weaning period. For the sake of animal welfare, the mice in our experiments were not housed singly in a single cage and the final conclusions may need to be treated with caution.



5. Conclusion

We demonstrated that LPN-1 improved autism-like social phobic and depressive behavior in mice from a poly (I: C)-induced maternal immune activation model. The vital role of LPN-1 in increasing probiotic bacteria, including Allobaculum and Oscillospira, and decreasing the harmful ones of Sutterella in the gut microbiota was also highlighted, indicating the efficacy of LPN-1 intervention in the animal model. Further research on how LPN-1 affects neurologically related autism-like behavior via the gut-brain axis is under process. This study may provide new insight into the development of psychobiotics to ameliorate the autism-associated neurological disorders.
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Lactic acid bacteria are generally regarded as alternatives to antibiotics in livestock and poultry farming, especially Lactobacillus strains, which are safe and have probiotic potential. Although Lactobacillus salivarius has long been proposed to be a probiotic, the understanding of the roles of this species is still in its infancy. Here, a strain of L. salivarius CGMCC20700 isolated from the intestinal mucosa of Yunnan black-bone chicken broilers was investigated in the context of its safety and probiotic characteristics by whole-genome sequencing in parallel with phenotypic analysis. Whole-genome sequencing results showed that L. salivarius CGMCC20700 has a single scaffold of 1,737,577 bp with an average guanine-to-cytosine (GC) ratio of 33.51% and 1,757 protein-coding genes. The annotation of Clusters of Orthologous Groups (COG) classified the predicted proteins from the assembled genome as possessing cellular, metabolic, and information-related functions. Sequences related to risk assessment, such as antibiotic resistance and virulence genes, were identified, and the strain was further confirmed as safe according to the results of antibiotic resistance, hemolytic, and acute oral toxicology tests. Two gene clusters of antibacterial compounds and broad-spectrum antimicrobial activity were identified using genome mining tools and antibacterial spectrum tests. Stress resistance genes, active stressor removal genes, and adhesion related genes that were identified and examined with various phenotypic assays (such as stress tolerance tests in acids and bile salts and auto aggregation and hydrophobicity assays). The strain showed a high survival rate in the presence of bile salts and under acidic conditions and exhibited significant auto aggregation capacity and hydrophobicity. Overall, L. salivarius CGMCC20700 demonstrated excellent safety and probiotic potential at both the genomic and physiological levels and can be considered an appropriate candidate probiotic for livestock and poultry farming.
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Introduction

For decades, antibiotics have been widely used in livestock and poultry farming-related fields and are commonly used to prevent or treat bacterial infections and as antimicrobial growth promoters (Al-Khalaifa et al., 2019). The United Nations Food and Agriculture Organization (FAO) reported that the total amount of antibiotics used in farming processes such as poultry, animal husbandry, and aquaculture is alarming (Pierce et al., 2020). The global usage of antibiotics in food animals reached 93,309 ton in 2017 and was projected to increase by 11.5% to 104,079 tons by 2030 (Tiseo et al., 2020). However, the widespread use of antibiotics has created problems, including animal gut microbiome disorders, the development of antibiotic resistance, and environmental issues (Al-Khalaifa et al., 2019; Ramirez et al., 2020; Tiseo et al., 2020). For instance, previous studies have shown that vancomycin treatment in mice can promote the proliferation of pathogenic gram-negative bacteria, leading to an imbalance in the gut microbiome (Yamaguchi et al., 2020). In a study of Enterococcus in fecal samples from broilers fed antibiotics, VanA transposons were found to be transported from animals to humans (Van et al., 2002). Many countries have now promulgated laws to ban the nontherapeutic use of antibiotics in poultry and livestock farming processes, including the European Union, United States of America, and China (FDA, 2009; Ricke et al., 2020). Therefore, there is an urgent need to find effective alternatives to antibiotics for application in the livestock and poultry industries.

Probiotics are defined by the WHO/FAO as “live microorganisms,” which can provide health benefits to the host when given in sufficient amounts (García-Hernández et al., 2016; Kai et al., 2020). For example, dietary supplementation with Lactobacillus fermentum in a mouse model of colitis was proven to initiate signaling pathways involved in epithelial barrier protection (Paveljšek et al., 2018). Similarly, supplementation with Lactobacillus rhamnosus GG and Lactobacillus casei IMAU60214 triggered innate immune responses and improved the phagocytic and bactericidal activities of human macrophages (Rocha-Ramírez et al., 2017). Moreover, many probiotics have been shown to have positive effects in livestock and poultry farming processes (Cerezuela et al., 2012; Hiremath and Pragasam, 2022). Bacillus subtilis feeding for 2 weeks enhanced the serum IgM level and leukocyte phagocytosis activity in gilthead seabream (Cerezuela et al., 2012). Lacticaseibacillus paracasei NSMJ56 feeding for 10 days increased the abundance of CD4+ T cells in the small intestinal lamina propria and gut microbial diversity in early-age broiler chickens (Joo et al., 2022). Therefore, this evidence indicates that probiotics can serve as functional microbiological resources for use as alternatives to antibiotics.

Lactobacillus salivarius, an important member of lactic acid bacteria (LAB), is widely distributed in traditional fermented food and animal gastrointestinal tracts, particularly in the avian intestine (Chiu et al., 2017; Li H. W. et al., 2021). Previous studies have shown that L. salivarius strains, as potential probiotic strains, possess inhibitory activity against intestinal pathogens and regulate the balance of the intestinal microbiome due to the production of many selectively stimulating metabolites, as well as antimicrobial compounds, antioxidants, and organic acids (Chen et al., 2022; Xu et al., 2022). For instance, in broilers, L. salivarius Erya conferred resistance to Salmonella pullorum infection and alleviated the negative effects of aflatoxin B1, while adding L. salivarius Erya also improved growth performance, liver function, and meat quality (Chen et al., 2022); in laying hens, L. salivarius CML352 was considered a suitable probiotic with positive effects on intestinal health and performance (Xu et al., 2022). These scattered examples indicate that L. salivarius is possibly a probiotic species. However, in recent years, a growing body of research has revealed that the functions of probiotics are highly strain specific and that their biological effects should be individually evaluated (Tanizawa et al., 2015; Li et al., 2020). Particularly, for newly isolated probiotics, it is necessary to analyze and evaluate the related characteristics of their probiotic function at the gene level to explore more potential biological functions and information (Tanizawa et al., 2015; Saroj and Gupta, 2020).

Although many whole genome sequences of LAB probiotics have been reported, their whole genome participation and in vivo probiotic effects are still poorly understood (Goel et al., 2020; Qureshi et al., 2020; Saroj and Gupta, 2020). In our previous study, a strain of L. salivarius CGMCC20700 with significant antibacterial ability was isolated from the intestinal mucosa of Yunnan black-bone chicken broilers and confirmed to produce active antimicrobial substances as a novel bacteriocin (Li H. W. et al., 2021). However, the safety level, probiotic capabilities, and practical potential for this strain to be used as an alternative to antibiotics remain unknown. Therefore, the aim of this study was to evaluate the safety and potential probiotic characteristics of L. salivarius CGMCC20700 using a series of in vitro tests. Additionally, the whole genome sequence was analyzed to provide a deeper understanding and insight into the full breadth of its biological capabilities for an assessment of safety and probiotic-associated capacity.



Materials and methods


Bacterial strains and growth conditions

Lactobacillus salivarius CGMCC20700 was isolated from the intestinal mucosa of Yunnan black-bone chickens (Gallus gallus) and is deposited at the China General Microbiological Culture Collection Center (CGMCC). The strain was cultured in de Man Rogosa Sharpe (MRS) medium (Solarbio, Beijing, China) at 37°C for 24 h in anaerobic jars for routine use, as previously reported (Li H. W. et al., 2021).



Identification of Lactobacillus salivarius CGMCC20700

The morphology and phylogenetics of L. salivarius CGMCC20700 were assessed as previously reported (Fu et al., 2022; Jiang et al., 2022a). Briefly, L. salivarius CGMCC20700 was cultured on MRS solid medium plates at 37°C for 24 h, the colonies on the plates were observed, Gram staining was conducted, and the bacterial cell morphology was observed by a scanning electron microscope (S-3000 N, Hitachi) (Jiang et al., 2022a). Finally, the genotypic identification of L. salivarius CGMCC20700 was conducted by comparison of its 16S rRNA sequence analysis with the sequences deposited in the National Center Biotechnology Information (NCBI) database using the Basic Local Alignment Search Tool (BLAST). The phylogenetic tree was reconstructed using MEGA6 software with the neighbor-joining method (Tamura et al., 2011).



Whole genome sequencing, assembly, and annotation

Whole-genome sequencing, assembly and annotation of L. salivarius CGMCC20700 were conducted by Beijing Genomics Institute (Shenzhen, China). Briefly, L. salivarius CGMCC20700 was cultured to exponential phase and collected by centrifugation at 8000 × g for 5 min, and the total DNA of bacterial cells was extracted using a DNA Purification kit (Solarbio, Beijing, China). Subsequently, whole-genome sequencing was carried out using a combination of the second-generation BGISEQ platform and the third-generation PacBio platform sequencing technology (Huada Gene Co., Ltd., Shenzhen, China) (Dai et al., 2021; Gao et al., 2021). The assembly of the completed sequence was performed by using GATK v. v1.6–13 and SMRT Analysis v. v2.2.0 software to assemble the main complete and continuous contigs. After single-base correction, loop judgment and other analyzes based on the obtained contigs, we generated credible complete map sequences. The genome annotation of L. salivarius CGMCC20700 was performed using the Prokaryotic Genome Annotation Pipeline (PGAP) algorithm of the National Center for Biotechnological Information (NCBI) (Kai et al., 2020; Vyacheslav et al., 2020). Then, GeneMark software (V4.17)1 was adopted for the prediction of protein-coding RNA in the whole genome. The prediction of sRNA, rRNA, and tRNA was determined using the cmsearch program V1.1rc4, RNAmmer 1.2 and tRNAscan-SE V1.3.1. The CRISPR regions were identified using CRISPR digger V1.0, and plasmid information was obtained using an online tool with Plasmid Finder. The Cluster of Orthologous Groups of Proteins (COG) database was used for general function annotation. The genome sequences of L. salivarius CGMCC20700 have been submitted to GenBank under accession number CP101685.



Safety assessment of Lactobacillus salivarius CGMCC20700


Identification of safety-related genes

Safety-related genes were identified to evaluate the potential safety at the genomic level of L. salivarius CGMCC20700, as previously reported (Fu et al., 2022; Wu et al., 2022). Putative virulence genes of L. salivarius CGMCC20700 were analyzed by comparison with the VFDB. Antibiotic resistance genes of L. salivarius CGMCC20700 were identified using the ARDB.



Antibiotic resistance analysis

Antibiotic resistance was evaluated by adopting the method from a previous study (Zheng et al., 2021). Briefly, susceptibility to the following 13 antibiotics was assessed using filter paper disks infused with the following: 30 μg each of ceftazidime, cefuroxime, cefazolin, vancomycin, and tetracycline; 10 μg each of penicillin, streptomycin, gentamicin, and amoxicillin; 100 μg of ampicillin; and 15 μg of erythromycin (Shanghai Yibaiju Economic and Trade Co., Ltd., Shanghai, China). A volume of 100 μl of L. salivarius CGMCC20700 cultures (107 CFU/mL) was spread on MRS solid medium plates, and the antibiotic-infused paper disks were adhered to the surface of MRS medium and cultured at 37°C for 24 h. The inhibition zones (mm) were measured using a Vernier caliper. According to the guidelines of the Institute of Clinical and Laboratory Standards Institute (CLSI), the drug resistance susceptibility was determined as follows: S = sensitive (zone diameter ≥ 17 mm); I = intermediate (zone diameter 12 to 17 mm); R = resistant (zone diameter ≤ 1.2 cm).



Hemolytic activity analysis

The hemolytic activity assays were performed by adopting the method from Zheng et al. (2021). Briefly, L. salivarius CGMCC20700 and Escherichia coli CMCC(B)44102 cultures were crossed, streaked on Columbia blood agar containing fresh sheep blood (Shanghai Yibaiju Economic and Trade Co., Ltd., Shanghai, China) and incubated at 37°C for 24 h. Hemolytic activity was determined according to the following rules: if the colony (strain) showed a grass-green ring on the plate, the strain was identified as α-hemolytic; if the colony showed a completely clear hemolytic ring on the plate, the strain was identified as β-hemolytic; and if no changes were observed, the colony was identified as nonhemolytic.



Broiler acute toxicity assay

An acute toxicity assay was conducted to assess the safety of L. salivarius CGMCC20700 in broilers. Briefly, L. salivarius CGMCC20700 cultures (107 CFU/mL) were harvested by centrifugation (8,000 × g, 5 min), washed several times with sterile water, mixed well with freeze-dried protection solutions (10% trehalose and 10% skim milk) and then freeze-dried to the desired concentration (1× 1010 CFU/g). Twenty healthy broilers (half male, 3 days old) were provided by Kunming Yuankang Food Agriculture and Animal Husbandry Co., Ltd. The freeze-dried L. salivarius CGMCC20700 powders were prepared with sterile water to a concentration of 2 g/mL, and a 20 mL/kg body weight dose was gavaged two times a day at 4-h intervals after a 6-h fast. The diet composition and housing conditions for broiler feeding were followed as presented in our previous study (Jiang et al., 2022b). The experiment lasted for 14 days, and internal tissues and organs were immediately observed and evaluated by the naked eye after exposure.




Assessment of probiotic properties


Analysis of antimicrobial compounds in the genome

Antimicrobial genes were identified to confirm the antimicrobial ability of L. salivarius CGMCC20700, as previously reported (Goel et al., 2020; Zheng et al., 2021). The presence of gene clusters of nonribosomally synthesized secondary metabolites (NRPS) was evaluated using AntiSMASH 5.2 The potential bacteriocin synthesis gene clusters were identified using the BAGEL4 webserver.3



Assessment of antimicrobial spectrum

The antimicrobial activity of L. salivarius CGMCC20700 against six common pathogen indicator strains was determined as previously reported (Jiang et al., 2022a). Briefly, all indicator strains (as shown in Table 1) were precultured in Luria-Bertani (LB) liquid medium (Solarbio, Beijing, China) at 37°C for 12 h. Later, the antimicrobial activity of the L. salivarius CGMCC20700 cell-free supernatant (200 μL) against each indicator strain (107 CFU/mL) was determined by the Oxford cup double-plate method. The inhibition zone was measured using a Vernier caliper. MRS broth medium was used as a control.



TABLE 1 General genome features of the Lactobacillus salivarius CGMCC20700 genome.
[image: Table1]



Identification of probiotic-related genes in the genome

Probiotic genes were identified to evaluate the potential probiotic functions of L. salivarius CGMCC20700, as previously reported (Goel et al., 2020; Zheng et al., 2021). Briefly, different probiotic genes were obtained using BLASTP in the NCBI database and compared with known probiotic genes. Subsequently, the genes of L. salivarius CGMCC20700 were classified into functions related to stress resistance, DNA and protein protection and repair, active removal of stressors, antipathogenic effects, immunomodulation, and adhesion ability.



Bile salt and acid tolerance assay

The bile salt and acid tolerance assay were performed by adopting the method described by Li X. Y. et al. (2021). Briefly, for bile salt tolerance tests, different concentrations (0.3, 0.6, and 0.9% (w/v)) of bile salts (Sangon Biotech, Shanghai, China) were added to MRS broth medium; for acid resistance tests, MRS broth medium was adjusted to different pH values (pH 2.0, 3.0 and 4.0) using 2 mol/mL HCl. Subsequently, L. salivarius CGMCC20700 cultures (107 CFU/mL) were added to MRS broth medium and cultured at 37°C for 4 h and 5 h, respectively. After incubation, 100 μL of each bacterial suspension was separately coated on MRS solid plates by the serial dilution method and inverted incubation at 37°C for 24 h. The viable counts of 30 ~ 300 colonies were counted, and bile salt tolerance was determined by calculating the ratio (%) of viable cells compared to the control without bile salt survival rates (%).



Auto aggregation capacity assay

The auto aggregate capability was determined according to the method described by Qureshi et al. (2020). Briefly, L. salivarius CGMCC20700 was added to MRS broth medium, and after culturing at 37°C for 12 h, the cells were collected by centrifugation at 8000 × g for 10 min, washed twice with PBS (pH 7.0), and resuspended to OD600 = 0.6. The initial absorbance value (Ab0) was measured. Then, the absorbance of 1 mL of bacterial suspension from each Eppendorf (EP) tube was measured as the OD600 value (Abt) of the supernatant after allowing it to stand at 37°C for 2–3 h. The percentage of auto aggregation was as follows: [image: image].



Cell surface hydrophobicity

The hydrophobicity of bacteria was determined according to the method described by Qureshi et al. (2020), with slight modifications. Briefly, L. salivarius CGMCC20700 was cultured in MRS broth at 37°C for 12 h and then centrifuged at 8000 × g for 10 min to collect the cells. The pellet was washed twice with PBS buffer, and the cells were resuspended in PBS to a cell OD600 = 0.7. The initial absorbance (Abi) was recorded. Afterward, the bacterial suspension was mixed with xylene (3:1) and incubated at 37°C for 10 min. The mixture was left standing at 37°C for 1 h, the aqueous phase was separated, and its absorbance (Abf) was measured at 600 nm. Surface hydrophobicity was calculated according to the following formula: [image: image]




Statistical analysis

All experiments were conducted in triplicate, and each sample was evaluated in triplicate. The results are presented as the mean ± standard deviation (SD). Statistical significance was determined by one-way analysis of variance (ANOVA) in SPSS 22.0 statistical software (IBM Software Inc., NY, United States). p values <0.05 were considered indicative of a significant difference.




Results


Identification of Lactobacillus salivarius CGMCC20700

The results of morphological identification showed that the L. salivarius CGMCC20700 strain had colonies with a round, medium-sized, raised, whitish, moist, entire edge (Figure 1A). The L. salivarius CGMCC20700 strain is gram-positive (Figure 1B) and arranged in short rods without spores or flagella under SEM observation (Figures 1C,D). Based on 16S rRNA analysis, the L. salivarius CGMCC20700 strain showed ≥99% similarity with the L. salivarius 3,158 strain. The phylogenetic tree was constructed using the neighbor-joining method in MEGA 6 software (Figure 1E).

[image: Figure 1]

FIGURE 1
 Morphological identification and phylogenetic tree of Lactobacillus salivarius CGMCC20700. (A) Colony observation, (B) Observation of Gram staining, (C,D) SEM observation, and (E) phylogenetic tree. All sequences originated from Lactobacillus strains, and other Lactobacillus species were used as outgroups. The numbers at the nodes indicate the bootstrap values of neighbor joining analyzes with 1,000 replicates.




Genome properties of Lactobacillus salivarius CGMCC20700

Whole-genome sequencing of L. salivarius CGMCC20700 showed that its genome size was 1.92 Mb with a single, circular chromosome with a GC content of 33.51% and two circular plasmids named plasmid1 (169,139 bp) and plasmid2 (22,823 bp) (Figure 2), which matched the results reported by Chiu et al. (2017). A total of 1,757 protein-coding sequences, 78 tRNA genes, 22 rRNA genes and 5 sRNA genes were identified, as shown in Table 1. Based on the COG database, 1,450 protein-coding genes were assigned to families comprising 22 functional categories into four types, including cellular, metabolism, information, and assembled genome. COG classification showed that L. salivarius CGMCC20700 was involved in the following aspects: (1) translation/ribosomal structure and biogenesis, (2) amino acid transport and metabolism, (3) carbohydrate transport and metabolism, (4) energy production and conversion, (5) coenzyme transport and metabolism, and (6) secondary metabolite biosynthesis, transport, and catabolism (Figure 3).

[image: Figure 2]

FIGURE 2
 Circular genome map of L. salivarius CGMCC20700.


[image: Figure 3]

FIGURE 3
 Distribution of genes across COG functional categories in the genome of L. salivarius CGMCC20700.




Safety analysis of Lactobacillus salivarius CGMCC20700


Identification of antibiotic resistance and toxicological factors

The genes related to antibiotic resistance and toxin production in the L. salivarius CGMCC20700 genome were identified according to the VFDB and ARDB databases, respectively. Based on the ARDB, 10 genes associated with antibiotic resistance were identified, and only three resistance genes with more than 90% similarity were covered, including tetracycline (tetm, tetl) and macrolide (ermc) resistance-related genes (Supplementary Table S1). Meanwhile, a total of 83 putative virulence factor genes were identified based on the VFDB database. The similarity of most putative virulence factor genes with VFDB was less than 80% (Supplementary Table S2). Furthermore, L. salivarius CGMCC20700 was sensitive to the antibiotics tested, as shown in Table 2, and was found to be sensitive only to vancomycin and erythromycin. The positive control bacteria (E. coli CMCC(B)44102) showed significant inhibition zones, which were identified as β hemolysis, while the L. salivarius CGMCC20700 strain did not show any hemolytic activity (Figure 4).



TABLE 2 Antibiotic resistance of L. salivarius CGMCC20700.
[image: Table2]
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FIGURE 4
 Hemolysis ability of L. salivarius CGMCC20700. The positive control Escherichia coli CMCC(B)44102 produced an obvious zone of β-hemolysis (left); CGMCC20700 showed γ-hemolysis (right).




Broiler acute toxicity test

The broilers were fed 20 g/kg body weight L. salivarius CGMCC20700 solution every day. The weight of broilers gradually increased during 14 days of observation, and no poisoning or mortality was found, as shown in Table 3. After the experiment, the broilers were dissected, and no internal tissue and organ lesions were observed by the naked eye.



TABLE 3 Results of the acute oral toxicity test.
[image: Table3]




Assessment of probiotic properties


Antimicrobial compound genes

The AntiSMASH 5.0 and BAGEL 4.0 databases were used to identify putative genes in the L. salivarius CGMCC20700 genome involved in antimicrobial compound production. In the two databases, two genes associated with T3PKS and enterococcin A were identified by antiSMASH and BAGEL4, respectively (Figure 5). Meanwhile, the cell-free supernatant of L. salivarius CGMCC20700 showed significant antibacterial activity against selected common pathogenic bacteria, both Gram-positive and Gram-negative, compared with the control (p < 0.01), particularly against Staphylococcus aureus ATCC2592, Staphylococcus sciuri ATCC 29059 and Salmonella enteritidis CMCC (B) 50,335, with an inhibitory zone reaching up to 24 mm (Table 4).

[image: Figure 5]

FIGURE 5
 Predicted biosynthetic gene clusters encoding antibacterial compounds in the L. salivarius CGMCC20700 genome. The gene clusters encoding T3PKS (A) and enteroccin A (B) are represented by arrows with different colors corresponding to the operons of different functions.




TABLE 4 Antibacterial spectrum of L. salivarius CGMCC20700.
[image: Table4]



Identification of probiotic genes

The genes related to probiotic properties were identified by annotation in the whole genome of L. salivarius CGMCC20700, as shown in Table 5. Of these, genes responsible for stress resistance included dltA, dltD and dnaK; genes responsible for DNA and protein protection and repair included folC, aclp L and msr B; genes responsible for the active removal of stressors included rfbB and bsh; genes responsible for immunomodulation included dlt B and dlt D; and genes responsible for anti-pathogenic effects included Lux S. Genes responsible for adhesion ability included Mucin22 and fbp. In addition to the adhesive ability-related gene Mucin22, the similarity of all other genes related to probiotic properties was over 98%.



TABLE 5 Probiotic characteristics of L. salivarius CGMCC20700-related annotated genes.
[image: Table5]



Bile salt and acid tolerance

The treatment results of CGMCC20700 at different concentrations of acid-resistant and bile salts are shown in Table 6. When treated with bile salt concentrations of 0.3, 0.6 and 0.9% for 4 h, the survival rate of L. salivarius CGMCC20700 significantly decreased to 62.64, 33.76, and 26.01%, respectively, compared with the control (p < 0.05). At pH values of 2, 3 and 4 for 5 h, the survival rate of L. salivarius CGMCC20700 decreased to 57.91% (p < 0.05), 83.91% (p < 0.05) and 92.24%, respectively, compared with the control.



TABLE 6 Tolerance of L. salivarius CGMCC20700 to pH and bile salts.
[image: Table6]



Auto aggregation and hydrophobic capability

According to the results, the aggregation rate of the L. salivarius CGMCC20700 strain was 57.12 ± 1.23%. The hydrophobicity of the L. salivarius CGMCC20700 strain was determined, and the hydrophobicity index was 61.16 ± 1.19%.





Discussion

Probiotics are considered biotherapeutic agents owing to their potential to bestow various health benefits (Al-Khalaifa et al., 2019). Numerous studies have shown that probiotics may adhere and survive in the gastrointestinal tract of humans and animals and contribute to maintaining a microecological balance of the gut microbiome, promoting digestive and metabolic processes, and modulating the immune response, thereby enhancing host immunity and improving human and animal health (Kai et al., 2020; Zheng et al., 2021). However, since the effectiveness of probiotics is species or strain dependent, they should meet a series of specific characteristics, such as safety, functional and beneficial characteristics (Li et al., 2020; Wu et al., 2022). Thus, in this study, we focused on the safety and potential probiotic properties of L. salivarius CGMCC20700 using a series of in vitro tests combined with whole-genome sequencing to reveal their potential biological functions.

The development of new strain resources and evaluation of the safety of strains is necessary to obtain the most effective probiotics (Kai et al., 2020; Wu et al., 2022). It has been reported that candidate probiotics should not transport antibiotic resistance genes for hosts (García-Hernández et al., 2016; Goel et al., 2020). However, previous studies have found that LAB strains may develop resistance to tetracycline, 4-quinolones, rifampicin, and macrolides due to ribosome protection, antibiotic efflux and associated efflux pump formation (Ma et al., 2021; Fu et al., 2022). In this study, the ARDB and a variety of antibiotic susceptibility tests found that the strain contained macrolide and tetracycline antibiotic genes and was sensitive to tetracycline and erythromycin, showing antibiotic resistance similar to or lower than that of other known probiotic strains (Zheng et al., 2021; Fu et al., 2022). For instance, E. lactis JDM1 was resistant to erythromycin, quinupristin-dalfopristin 1R and furantoin and contained six highly similar resistance genes, efmA, aac and msrC (Fu et al., 2022); Lactobacillus paracasei CY2 is resistant to four types of antibiotics, kanamycin, gentamicin, and vancomycin (Zheng et al., 2021). Furthermore, the presence of virulence factors and hemolytic activity are important indicators of potentially beneficial strains (Goel et al., 2020; Kai et al., 2020). The ARDB database and hemolytic tests revealed that L. salivarius CGMCC20700 lacked highly similar virulence factor genes and showed nonhemolytic activity, which implied that the strains were not toxic. In particular, Lactobacillus virulence determinants that were confirmed by previous studies include cytohemolysin (cyl), aggregates (AS), and gelatinases (Kai et al., 2020; Vyacheslav et al., 2020); however, none of these were identified in L. salivarius CGMCC20700. Additionally, no harmful effects were found on the growth performance and overall health of broilers after feeding a L. salivarius CGMCC20700 supplementary diet. Thus, these results comprehensively indicated that L. salivarius CGMCC20700 has good safety for use in livestock and poultry farming.

Antimicrobial activity is one of the most important criteria for selecting new probiotic strains because probiotics can maintain intestinal homeostasis by inhibiting the growth of intestinal pathogenic bacteria (Grosu-Tudor et al., 2014). Due to the convenience of whole-genome sequencing and the diversity of genome mining tools, it is possible to predict a strain’s capability for producing antimicrobial compounds (Fu et al., 2022; Wu et al., 2022). In this study, AntiSMASH 5.0 and BAGEL 4.0 prediction results showed that two putative genes associated with antimicrobial compounds, T3PKS and enteroccin A, were identified in the L. salivarius CGMCC20700 genome. Previous studies have shown that LAB are known to have a well-developed secretion system that can produce a variety of metabolites, including antimicrobial peptides synthesized by ribosomes (RiPPs), nonribosomal synthetic peptides (NRPs) and polyketides (PKs) (Weber et al., 2015). This evidence showed that L. salivarius CGMCC20700 was capable of producing a variety of antibacterial compounds to help livestock and poultry against pathogenic infections. Additionally, the cell-free supernatant of L. salivarius CGMCC20700 showed high antibacterial activity against uncommon types of pathogens, and the maximum inhibition circle size was up to 26 mm, which further demonstrated the antibacterial compounds produced by L. salivarius CGMCC20700 with excellent broad-spectrum antibacterial activity. Thus, these results demonstrated that L. salivarius CGMCC20700 could effectively influence the balance of the intestinal flora and occupy a good competitive position.

Moreover, tolerance to bile salts and acidic conditions are two key characteristics when assessing beneficial traits, as the presence of bile salts and highly acidic conditions constitute the greatest barriers to the survival of Lactobacillus in the animal host gastrointestinal tract (Kai et al., 2020; Vyacheslav et al., 2020). Previous studies have shown that the dltA, dltD and rfbB genes mainly contribute to acid tolerance and the survival of bacteria in acidic environments; the rfbB gene encodes dTDP-glucose 4,6-dehydratase activity and plays an important role in the response of bacteria to low-pH conditions (Behera et al., 2018; Goel et al., 2020). In this study, L. salivarius CGMCC20700 genomic analysis showed that all the above bile salt and acid tolerance-related genes were obtained and that the similarity of these genes was over 90%, implying that L. salivarius CGMCC20700 had good bile salt and acid tolerance. Similarly, after treatment with 0.90% bile salts for 4 h and pH = 2 for 5 h, the survival rate of L. salivarius CGMCC20700 was maintained at 26.01 and 57.91%, respectively, demonstrating higher tolerance efficacy compared to the other partial probiotic LAB strains. For instance, Lactobacillus plantarum CY2 and Lactobacillus paracasei CY3 isolated from yak milk were only maintained at 20.10 and 12.38%, respectively, after treatment with 0.5% bile salts for 4 h, and L. paracasei CY3 was only maintained at 36.09% after treatment at pH 2 for 3 h (Zheng et al., 2021). Thus, these findings confirmed that L. salivarius CGMCC20700 can survive typical animal gastrointestinal tract conditions.

Additionally, self-agglomeration and hydrophobicity are also important characteristics for the efficient colonization of probiotics in the animal gut (Goel et al., 2020; Qureshi et al., 2020). In this study, the self-agglomeration and hydrophobicity of L. salivarius CGMCC20700 were 57.12 and 61.16%, respectively. Furthermore, an anti-pathogenic effect and adhesion ability with related genes were also identified in the L. salivarius CGMCC20700 genome, which associated functional genes involved Lux S, Mucin22 and fbp. Generally, Mucin22 and fbp genes are responsible for adhesion ability to the intestinal epithelial layer, likely excluding the adhesion of pathogenic species (Garcia-Gonzalez et al., 2018). Additionally, the genome of L. salivarius CGMCC20700 also contains dltB and dltD genes, and these genes are involved in human immunity and anti-inflammatory processes (Elbanna et al., 2018; Galdeano et al., 2019; Goel et al., 2020). Collectively, the combined in vitro probiotic characterization and genetic analysis showed that L. salivarius CGMCC20700 has good potential as a probiotic with resistance to intestinal and gastric fluids, adherence to intestinal epithelial tissues and robust immunomodulatory and anti-inflammatory effects. Notably, the probiotic potential of L. salivarius CGMCC20700 needs to be systematically investigated in further experiments, both at the cellular level and in vivo in animal experiments.



Conclusion

In the present study, we identified a L. salivarius CGMCC20700 strain and investigated its safety and probiotic properties. The genome screenings indicated the absence of active antibiotic resistance genes and virulence factor genes. Hemolytic assays, acute oral toxicology, and antibiotic resistance tests further confirmed its safety. The detection of antimicrobial gene clusters, adhesion-related genes and stressor-reducing genes, such as extreme acids and bile salts, and the simulation of gastric and intestinal fluid stresses revealed potential probiotic properties. Additionally, L. salivarius CGMCC20700 is highly self-agglomerative and hydrophobic, and in silico analysis demonstrated the genes responsible for adhesion, immunity, and anti-inflammation. Collectively, this study provides experimental evidence that L. salivarius CGMCC20700 can serve as an effective probiotic candidate to replace antibiotic applications in livestock and poultry farming.
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Background: Liver cirrhosis is commonly accompanied by intestinal dysbiosis and metabolic defects. Many clinical trials have shown microbiota-targeting strategies represent promising interventions for managing cirrhosis and its complications. However, the influences of the intestinal metagenomes and metabolic profiles of patients have not been fully elucidated.

Methods: We administered lactulose, Clostridium butyricum, and Bifidobacterium longum infantis as a synbiotic and used shotgun metagenomics and non-targeted metabolomics to characterize the results.

Results: Patients treated with the synbiotic for 12 weeks had lower dysbiosis index (DI) scores than placebo-treated patients and patients at baseline (NIP group). We identified 48 bacterial taxa enriched in the various groups, 66 differentially expressed genes, 18 differentially expressed virulence factor genes, 10 differentially expressed carbohydrate-active enzyme genes, and 173 metabolites present at differing concentrations in the Synbiotic versus Placebo group, and the Synbiotic versus NIP group. And Bifidobacteria species, especially B. longum, showed positive associations with many differentially expressed genes in synbiotic-treated patients. Metabolites pathway enrichment analysis showed that synbiotic significantly affected purine metabolism and aminoacyl-tRNA biosynthesis. And the purine metabolism and aminoacyl-tRNA biosynthesis were no longer significant differences in the Synbiotic group versus the healthy controls group. In conclusion, although littles influence on clinical parameters in the early intervention, the synbiotic showed a potential benefit to patients by ameliorating intestinal dysbiosis and metabolic defects; and the DI of intestinal microbiota is useful for the evaluation of the effect of clinical microbiota-targeting strategies on cirrhotic patients.

Clinical Trial Registration: https://www.clinicaltrials.gov, identifiers NCT05687409.

KEYWORDS
 cirrhosis, synbiotics, shotgun metagenomics, untargeted metabolomics, Bifidobacterium longum


Introduction

Liver cirrhosis is a chronic, diffuse, progressive liver disease characterized by necroinflammatory and fibrogenetic processes, which result in the structural deterioration of liver tissue, ultimately leading to liver failure (Li et al., 2021). This is always accompanied by serious complications, such as ascites, variceal bleeding, hyperuricemia, and hyperammonemia (Tonon and Piano, 2022; Wang et al., 2022). Intestinal microbiome dysbiosis is closely associated with liver cirrhosis (Milosevic et al., 2019). Mounting evidence shows that dysbiosis in patients with cirrhosis is characterized by lower abundance of bacteria that produce short-chain fatty acids and greater abundance of opportunistic pathogens (Chen et al., 2011; Qin et al., 2014; Ghosh and Jesudian, 2019). Intestinal microbiota dysbiosis is accompanied by metabolic defects in patients with liver cirrhosis that cause hepatic inflammatory injury (Frost et al., 2021; Madatali Abuwani et al., 2021).

Accumulating evidence suggests that targeting the microbiota using probiotics, prebiotics, and synbiotics may represent promising interventions for managing cirrhosis and its complications (Horvath et al., 2020). Notably, a case report showed that the reconstitution of balance in the intestinal microbiome can slow liver cirrhosis progression (Pere Ginès et al., 2021). Additionally, Clostridium butyricum combined with rosuvastatin ameliorates imbalances in the intestinal microbiota, liver fibrosis, and liver functional defects in patients with NAFLD (Zhu et al., 2022). Studies have also shown that Bifidobacterium longum infantis has health-promoting effects, such as reductions of pro-inflammatory cytokine concentration in intestinal epithelial cells (Ehrlich et al., 2020; Wang et al., 2022) and Caco-2 cells (Alvarez-Mercado et al., 2022). One study effectively applied lactulose with or without rifaximin to prevent hepatic encephalopathy (Rahimi et al., 2021), which was verified by a multi-center randomized, double blind, placebo-controlled trial (de Wit et al., 2020). However, the effects of fecal microbiota-targeting therapies in patients with liver cirrhosis have not been thoroughly investigated.

In the present study, we used synbiotic (lactulose in combination with C. butyricum and B. longum infantis, administered orally) supplementation as a microbiota-targeting strategy in patients with cirrhosis; and performed comprehensive shotgun metagenomic analysis of the intestinal microbiome and non-targeted metabolomic analysis of fasting serum. In this way, we aimed to identify how synbiotics affect microbial composition and function to influence the host metabolome, and to determine whether synbiotic supplementation benefits cirrhotic patients.



Materials and methods


Study design

A 12-week randomized, placebo-controlled trial was performed in accordance with the ethics guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University (reference number: 2013–159). Adults with histologically confirmed stable cirrhosis and BMI < 25 kg m−2 were enrolled and assigned to receive boxes labeled A or B: one for the synbiotic, including a 10-g packet of lactulose oral solution and three capsules of probiotics (each containing >4.2 × 106 CFU C. butyricum and > 4.2 × 105 CFU B. longum infantis), and the other for placebo (a 10-g packet of glucose oral solution and three capsules of starch). Participants randomly chose these boxes and orally administered the contents three times daily after meals.

Participants were examined on two occasions: at baseline and 12 weeks later, and provided blood, urine, and fecal samples. We evaluated the changes in the fecal microbiome and serum metabolite concentrations between these dates. Additionally, participants were asked to keep a daily diary that included a record of their personal medication, fecal form, and any side effects of the interventions. All participants continued their antiviral therapy, and were blinded to their group allocation for the trial’s duration. Healthy volunteers were included as controls, and provided samples at baseline.



Patients and healthy controls

Adult outpatients meeting the Chinese Medical Association (CMA) criteria for HBV-related compensated cirrhosis were recruited at the First Affiliated Hospital, School of Medicine, Zhejiang University. The inclusion and exclusion criteria are presented in Supplementary File 1. The healthy control (HC) group comprised participants matched according to the age, sex, and BMI of the LC group, who were free of chronic disease and not taking medication, including proton pump inhibitors. They were screened, enrolled, and underwent routine examination within 12 weeks. All participants provided written informed consent to participate, underwent a complete physical examination, and shared the results with the study physicians.



Sample collection

Fecal, mid-flow urine, and fasting blood samples were collected from each participant. The fecal samples were divided into 200-mg aliquots, frozen rapidly in liquid nitrogen, and stored at −80°C until DNA extraction. Blood samples were collected in three tubes (two tubes without additives and one containing EDTA), which were delivered immediately to the clinical diagnostics laboratory for routine testing, along with the urine samples. The rest of serum samples were divided into 150-μl aliquots and stored at −80°C until Liquid chromatography-mass spectrometry (LC–MS) analysis. Participants with cirrhosis had fecal, mid-flow urine, and peripheral blood samples collected twice, once at enrollment and again after 12 weeks of taking synbiotic or placebo. The healthy controls provided their samples only once, at the initial interview.



Fecal microbiome analysis

Fecal DNA was extracted from fecal pellets using a Qiagen DNeasy PowerSoil Kit (ref. no.12888, Germany), according to the manufacturer’s instructions. The details of DNA fragmentation and purification and sequencing library construction were same to our previous study (Lu et al., 2021), and are presented in Supplementary File 1. Sequencing was performed on an Illumina HiSeq X Ten platform (Illumina) using HiSeq X Reagent kit v2.5 (Illumina, United States), according to the manufacturer’s instructions. 150-bp paired-end reads were generated, and the raw sequencing data were submitted to the China National GeneBank DataBase (CNGBdb: https://db.cngb.org/) with the accession number CNP0003275. Details of procedures from data quality control, the quality-filtered reads co-assembly, to gene annotation and quantification were also same to our previous publication (Lu et al., 2021), and here presented in Supplementary File 1. The predicted genes were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Aoki and Kanehisa, 2005), the carbohydrate active enzyme (CAZyme) database (Huang et al., 2018), Comprehensive Antibiotic Research Database (CARD) (Alcock et al., 2020), the Virulence Factors of Pathogenic Bacteria (VFPB) database (Liu et al., 2019), and the Gut Phage Database (GPD; http://ftp.ebi.ac.uk/pub/databases/metagenomics/genome_sets/gut_phage_database/) (Unterer et al., 2021). Dysbiosis index was used to calculate the degree of microbiota dysbiosis (see Additional file 1 for calculation details; Casén et al., 2015). Additionally, Linear Discriminant Analysis-Effect Size (LEFSe) (Zhang et al., 2022) was used to identify taxa present in differing numbers between groups. A Sankey diagram was used to visualize discriminatory microbial genes and taxa in Pavian software in R1 as a modular Shiny app (Breitwieser and Salzberg, 2020).



Liquid chromatography-mass spectrometry (LC–MS)-based non-targeted metabolomic profiling

Serum samples (150 μl) were thawed at 4°C, ice-cold H2O (100 μl) and methanol/acetonitrile (CAN) (400 μl, 1:1, v/v) were added. The mixture was vortexed for 30 s and centrifuged for 20 min at 14,000g and 4°C to remove the protein. The supernatants were dried in a vacuum centrifuge and the residues were re-dissolved in 200 μl of 30% ACN (vol/vol) and transferred to insert-equipped vials (4°C) for analysis by LC–MS. Metabolites were quantitatively analyzed using a Thermo Fisher Q Exactive LC/MS system (United States) at a flow rate of 0.3 ml/min. The solvent system was A: 0.1% formic acid in water and B: 0.1% formic acid/ACN/isopropanol. The column temperature was 40°C and the injection volume was 2 μl. The details of the gradient elution and ESI source parameters are presented in Supplementary File 1. Samples were randomized to reduce the systematic error associated with instrumental drift. Quality control (QC) samples, comprising pooled serum samples from 80 participants, were injected before the first study sample, and then regularly (every eight injections) throughout the entire process, to monitor system stability and filter analytical variation. Details of the procedures from raw MS data processing, reference database-dependent ingredient definition, and calculation of metabolic concentrations were presented in Supplementary File 1. Unidentified features were excluded. For metabolites that missed in ≤25% of samples, the missing values were imputed using each metabolite’s minimum value following normalization, as previously described (Hoffman et al., 2017). The metabolite concentrations were log-transformed and Pareto-scaled within the cohort. VIP values were obtained using Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA), which included score and permutation plot generation using the R package MetaboAnalystR (Chong and Xia, 2018).



Statistical analysis


Clinical data

Statistical analysis was performed using GraphPad Prism 5 (GraphPad, San Diego, CA, United States). Data were presented as mean ± standard error of the mean (SEM). The normality of the data was tested using the Kolmogorov–Smirnov test, and normally distributed continuous data were analyzed using the two-tail paired t-test, whereas non-normally distributed continuous data were analyzed using the Kruskal–Wallis test. Categorical data were analyzed using the χ2 test or Fisher’s exact test.



Microbiome data

A gene abundance table was created for rarefaction and normalization using the MetaOMineR R package.2 RPKM transformations and imputation of missing values with the minimum observed values for each microbial feature were processed. A Kruskal–Wallis and post-hoc Dunn test were performed to analyze differences in the bacterial profile and DI among the synbiotic-treated, placebo-treated, and HC participants, and the baseline data. Differentially expressed genes were identified using the DESeq2 package with a cut-off threshold of an adjusted p of <0.05.



Metabolic data

Metabolites that discriminated between groups were identified using a VIP ≥ 1. To identify differences in individual metabolite concentrations in participants between baseline and the 12-week timepoint, the Placebo and Synbiotic, and Synbiotic and HC group concentrations were evaluated as z-scores (centered at 0 and standardized) after log2-transformation. p < 0.05 or a BH-adjusted p < 0.05 was considered to represent statistical significance. Significantly enriched KEGG pathways were identified for the differentially expressed genes using an FDR multiple testing-corrected p of <0.05. Significantly enriched KEGG pathways were identified for the differentially expressed genes using an FDR multiple testing-corrected p of <0.05. Spearman’s correlation analysis of the discriminatory microbial diversities, based on relative abundances of microbial species, and relative concentrations of metabolites was performed using R (corr.test function in the psych package). A Benjamini–Hochberg correction was applied, and MGS with at least one significant correlation at the threshold of p < 0.05 are represented, as previously described (Shannon et al., 2003).

Figures were created using the ggplot2 and DEseq2 packages (Xu et al., 2021).





Results


Participant characteristics

Eighty outpatients with cirrhosis were initially enrolled, of which 23 failed to provide fecal samples at the examination and 7 dropped out during the study for personal reasons. Therefore, 50 participants completed the study. Samples that did not pass QC were re-tested, and ultimately, samples from 29 synbiotic-treated, 21 placebo-treated, 57 pre-treated, and 30 healthy participants were analyzed. The characteristics of these participants are summarized in Table 1. No significant differences existed in the sex, age, or BMI among the groups. The serum AST and ALT activities, and TB and PLT concentrations of the participants were abnormal. However, 12 weeks of synbiotic treatment did not improve these parameters versus the placebo-treated group (all p > 0.05). Additionally, the MELD scores of the participants after 12 weeks did not differ from those at baseline. During the interventions, no participants experienced abdominal pain, bloating, diarrhea, or other problems.



TABLE 1 Characteristics of participants in the study.
[image: Table1]



Differences in the composition of the intestinal microbiota

First, we assessed the effects of the synbiotic on the gut dysbiosis. We found that before treatment, participants with cirrhosis (NIP group) had higher DI scores than the healthy individuals (both those constituting the normobiotic reference model and those participating in the present study), and participants that underwent the 12-week synbiotic intervention showed significantly lower DIs than the NIP and Placebo groups (Kruskal–Wallis test, p = 0.0061 and p = 0.016, respectively; Figures 1A–C), but the Placebo group participants showed no change during the study.
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FIGURE 1
 Alterations in the microbiota during synbiotic treatment. (A) Comparison of the DI scores of the patient and healthy control groups. (B) PCA for the construction of a normobiotic microbiota profile (model) to calculate the confidence ranges for the values of Hotelling’s T-square and Q statistics. (C) Hotelling’s T-square and Q statistics for calculating DI. Symbol “[image: inline1]” indicates the 50 intestinal microbiota from healthy individuals in our center database, which had already been deposited in the European Bioinformatics Institute European Nucleotide Archive (ERP005860) as part of our previous study, and were age and sex-matched to the present participants (Qin et al., 2014). Symbol “[image: inline1]” indicates the 30 intestinal microbiotas from healthy controls in the present study for the H_test. Symbol “[image: inline1]” indicates the intestinal microbiota of patients with cirrhosis at baseline. Symbol “[image: inline1]” indicates the intestinal microbiota of patients with cirrhosis after 12 weeks of placebo supplementation. Symbol “[image: inline1]” indicates the intestinal microbiota of patients with cirrhosis after 12 weeks of synbiotic (lactulose, Clostridium butyricum and Bifidobacterium longum infantis) supplementation. (D) Linear discriminant analysis (LDA) effect size (LEfSe) results, based on the species that were differentially represented among the four groups. (E) Results of the analysis of the differentially abundant species using the Kruskal–Wallis test with the Bonferroni correction. The boxplots indicate the median and 25th to 75th percentiles. The p-values for each comparison are shown in Supplementary Table 1. *p < 0.05, **p < 0.01, and ***p < 0.001 for the HC group versus the NIP group, the Placebo group versus the Synbiotic group, and the Synbiotic group versus the NIP group. Red bar: Synbiotic group; yellow bar: Placebo group; blue bar: NIP group, purple bar: HC group. Further details of the comparisons are shown in Supplementary Table 1.


To assess the effects of synbiotic on the composition and abundance of the intestinal microbiota, LEfSe was performed on data for the Synbiotic, Placebo, NIP, and HC groups. Of 1,329 species identified, 47 were discriminatory for particular groups, with LDA scores (log10) >2 and p < 0.05 (Figure 1D). The fecal microbiome of the Synbiotic group was characterized by a preponderance of Bifidobacterium longum, B. breve, B. pseudocatenulatum, Veillonella parvula, V. atypica, Sutterella_sp_KLE1602, S. wadsworthensis, Phascolarctobacterium succinatutens, and Flavonifractor plautii, while that of the Placebo group was characterized by a high abundance of Prevotella hominis, Klebsiella pneumoniae, Roseburia inulinivorans, B. dentium, Paeniclostridium sordellii, Eubacterium ventriosum, and Ligilactobacillus salivarius (all LDA scores (log10) >3 and p < 0.05; Figure. 1D). In contrast, the fecal microbiome of the HC group was dominated by Prevotella copri, Phocaeicola plebeius, Clostridium_sp_1001270H-150608_G6, Ruminococcus_sp__1001270H_150608_F2, R. bromii, and Methanobrevibacter smithii (all LDA scores (log10) >3 and p < 0.05; Figure 1D), and that of the NIP group was dominated by Erysipelatoclostridium ramosum, R. torques, and Butyricicoccus pullicaecorum (all LDA scores (log10) >2 and p < 0.05; Figure 1D). Additionally, the Synbiotic group was characterized by larger populations of B. breve, B. longum, B. pseudocatenulatum, C. butyricum, and L. mucosae; and smaller populations of K. pneumoniae and Anaerobutyricum hallii than the Placebo and NIP groups (Figure 1E; p-values are shown in Supplementary Table 1).



Effects of the intervention on gene expression in the intestinal microbiota

We next determined the effect of the synbiotic on the richness and Shannon’s Diversity Index of the microbial genes using the KEGG, CAZy, ARDB, and VFDB databases. First, we assessed the alpha microbial gene diversity using the richness and Shannon metrics, and found no significant differences between the Synbiotic group and the Placebo group, and the Synbiotic group and the NIP group, except with respect to CAZyme genes in the Synbiotic group versus the Placebo group (p < 0.05; Supplementary Figures 1A–H). Significant differences in the richness and Shannon index of CAZyme genes were also found in the Synbiotic group versus the Placebo group (p < 0.05; Supplementary Figures 1B,F). However, heatmap analysis also showed differences in the abundance of discriminatory genes, including KEGG genes, CAZy genes, ARGs, and VFs, among the four groups (Supplementary Figures 1I–L; Supplementary Dataset 1).

Next, discriminatory gene expression that significantly differed between the Synbiotic and Placebo groups was compared between the Synbiotic and NIP groups, the Synbiotic and HC groups, the NIP and HC groups, and the Placebo and NIP groups; and the relationships of these genes with bacterial taxa that were enriched in each group were then assessed. First, of the 382 KEGG genes that were differentially expressed between the Synbiotic and Placebo groups (p < 0.05; Supplementary Dataset 2A), multiple comparisons revealed that synbiotic supplementation significantly increased the expression of 56 genes involved in the following categories: signaling and cellular process, ABC transporters, two-component system, genetic information processing, transcription factors and RNA biogenesis, carbohydrate metabolism, lipid and glycerophospholipid metabolism, peptidoglycan and teichoic acid metabolism, protein and amino acid metabolism, cofactors and vitamin metabolism, and other metabolism associated with DNA/RNA (typically log2FC > 2; p < 0.05). Additionally, it reduced the expression of 10 KEGG genes (typically log2FC < −2; p < 0.05) versus the NIP group, but these genes showed no differences in expression between the Placebo and NIP groups, except with respect to TMSB10 (K13785) (Figures 2A,B). The Sankey diagram showed that Bifidobacteria (B. breve, B. longum, B. animalis, and B. pseudocatenulatum), C. butyricum, Lactobacillus species (L. salivarius, L. johnsonii, and L. mucosae), and Veillonella species (V. atypica, V. parvula, and V. tobetsuensis), which were enriched in the Synbiotic group, were responsible for the higher relative abundance of these differentially expressed genes, of which those involved in lipid pathways, amino acid and vitamin metabolism, signaling and cellular processes, and carbohydrate metabolism (Figure 2C) are of the most interest.
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FIGURE 2
 Alterations in microbial KEGG genes during the synbiotic intervention. The mean relative abundance (A) and associated p-values (B) for selected differentially expressed genes in the Placebo group versus the Synbiotic group and in the Synbiotic group versus the NIP group. (C) Correlations between differentially expressed genes and bacterial species. The boxes on the left side represent selected differentially expressed genes and the boxes on the right side represent selected discriminatory species identified using LEfSe analysis. The lines between the boxes represent the changes in each group. Red: Synbiotic group: yellow: Placebo group; blue: NIP group; and purple: HC group. Details of the comparisons in the heatmaps are shown in Supplementary Dataset 2A.


Second, of the 12 differentially expressed CAZyme genes in the Synbiotic versus the Placebo group (p < 0.05; Supplementary Dataset 2B), multiple comparisons showed that synbiotic supplementation significantly increased the expression of 10 CAZyme genes (GH43_22, GH5_44, GH13_30, GH101, GH43_27, GH170, GH85, GH121, CBM22, and GH5_18; all p < 0.05) and reduced that of PL9_2 and GH113 (p < 0.05) versus the NIP group, but these genes showed no differences in expression between the Placebo and NIP groups (Figure 3A). Additionally, the Sankey diagram showed that Bifidobacteria (B. pseudocatenulatum, B. breve, B. animalis, and B. longum), and especially B. longum, contributed to increases in the relative abundances of most of the differentially expressed CAZyme genes (Figure 3B).
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FIGURE 3
 Alterations in microbial carbohydrate-active enzyme (CAZYme) genes (A,B), antibiotic resistance genes (ARGs) (C,D) and virulence factor genes (VFGs) (E,F) during the synbiotic intervention. (A,C,E) Mean relative abundances and associated p-values for the selected differentially expressed genes in the Placebo group versus the Synbiotic group and in the Synbiotic group versus the NIP group. (B,D,F) Correlations between differentially expressed genes and bacterial species. The boxes on the left side represent the selected differentially expressed genes and the boxes on the right side represent the selected discriminatory species identified using LEfSe analysis. The lines between the boxes represent the changes in each group. Red: Synbiotic group; yellow: Placebo group; blue: NIP group; purple: HC group. Details of the comparisons in the heatmaps are shown in Supplementary Datasets 2B–D.


Third, three differentially expressed ARGs were identified in the Synbiotic versus Placebo groups (p < 0.05, Supplementary Dataset 2C), the expression of which was significantly lower after 12 weeks of synbiotic supplementation (p < 0.05) when compared with the NIP group, but 12 weeks of placebo administration had no effect (Figure 3C). Additionally, R. inulinivorans, which was enriched in the Placebo group, contributed to the alteration in the relative abundance of vanR (Figure 3D).

Fourth, of the 67 differentially expressed VF genes in the Synbiotic versus the Placebo group (p < 0.05, Supplementary Dataset 2D), multiple comparisons showed that synbiotic supplementation significantly increased the expression of nine VF genes (san_1517, rv0440, leuD, relA, lysA, ster_1222, ster_1223, rgpD, and regX3; typically log2FC < −2, all p < 0.05) and reduced that of nine VF genes (wbaP, bcfE, kox_22400, pmfA, pmfD, cdiB, abk1_0086, efd32_2102, and hmuU; typically log2FC < −2, p < 0.05) versus the NIP group, but there were no differences in the expression of these genes between the Placebo and NIP groups (Figure 3E). The Sankey diagram showed that Bifidobacteria (B. pseudocatenulatum, B. breve, B. animalis, and B. longum), and especially B. longum, contributed to the higher the relative abundances of ster_1222 (capsule), ster_1223 (capsule), rgpD (capsule), relA ((p)ppGpp synthesis and hydrolysis), lysA (peptidoglycan component), and regX3 (two-component sensory transduction protein) in the Synbiotic group (Figure 3F).



Effects of the intervention on the intestinal phageome profile

Patients with cirrhosis showed significantly greater alpha diversity of their intestinal phageome than the HC group, but no significant differences in the Shannon or richness indices, whether in the Placebo or Synbiotic groups; Supplementary Figures 2A,B). However, the total abundance of the phageome was lower in the Synbiotic group than in the Placebo or NIP groups (Supplementary Figure 2C). We performed a heatmap analysis to identify differences in low-abundance phages between the groups, and identified seven that were present in differing quantities in the Synbiotic and Placebo groups, but only two, Klebsiella_phage_ST11_OXA245phi3.2 and Streptococcus_satellite_phage_Javan 652, between the Synbiotic and NIP groups (Figure 4A; Supplementary Table 2). Among the phages which differential in the Synbiotic versus Placebo groups, differences in the abundance of four phages (s__Salmonella_phage_SSU5, s__Enterobacter_phage_LAU1, s__Klebsiella_phage_020009, and s__Bacteriophage_sp. which) were associated with the enrichment of the bacterial species in the Placebo group, and the difference in the abundance of s__Escherichia_phage_phi467 was associated with the enrichment of bacterial species in the Synbiotic group (Figure 4B). We also found that s__CrAssphage_ES_ALL_000190F, a member of the CrAss-like phages, was associated with the bacterial taxa that were enriched in the HC group (Figure 4B). We also performed a Streptococcus_satellite-bacterium association analysis based on the relative abundance of Streptococcus_satellite and the bacterial species enriched in each group, and found different interactions between Streptococcus_satellite and fecal bacterial commensals in the Synbiotic group versus the Placebo or HC group (Supplementary Figures 2D–F).
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FIGURE 4
 Alterations in the phageome during the synbiotic intervention. (A) The mean relative abundances and associated p-values for the selected differentially abundant phages. Further details are shown in Supplementary Table 2. (B) Networks connecting these phages and the selected discriminatory species identified using LEfSe analysis. Red: species enriched in the Synbiotic group; yellow: species enriched in the Placebo group; blue: species enriched in the NIP group; purple: species enriched in the HC group. Red line: positive correlation; blue line: negative correlation.




Effects of the intervention on the fasting serum metabolome

We next analyzed fasting serum samples to determine whether synbiotic administration altered the metabolomes of participants by performing a non-targeted analysis of all the data acquired. We found differing concentrations of 173 metabolites in the Synbiotic versus the Placebo and NIP groups (Supplementary Table 3; p < 0.05). Of these, we show 71 metabolites, including 56 oligopeptides, 7 lipids and lipid-like molecules, 7 Amino acid metabolites and derivatives, and butyric acid in Figure 5A. In addition, pathway enrichment analysis based on commercial databases, including KEGG and MetaboAnalyst, showed that purine metabolism, aminoacyl-tRNA biosynthesis, cyano-amino acid metabolism, pyrimidine metabolism, and glucosinolate biosynthesis were differentially represented in the Placebo and Synbiotic groups (Figure 5B), but these five pathways did not significantly differ in their representation in the Synbiotic group versus the HC group (Figure 5C). Interestingly, A. muciniphila, P. stercorea, and six other bacterial species that were enriched in the HC group, and especially A. equolifaciens, showed significant negative associations with many oligopeptides, and the bacterial species enriched in the Synbiotic group showed significant positive associations with nearly half of the other differentially represented metabolites (Figure 6).
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FIGURE 5
 Alterations in the morning fasting serum metabolite concentrations during the synbiotic intervention. (A) Mean relative abundance and associated p-values for the selected differentially abundant metabolites in the Placebo group versus the Synbiotic group and in the Synbiotic group versus the NIP group. Metabolites in red were enriched in the aminoacyl-tRNA biosynthesis pathway, metabolites in blue were enriched in the purine metabolism pathway (including L-glutamine, in red). Details of the comparisons are shown in Supplementary Table 3 (metabolites in green were enriched in the histidine metabolism pathway). (B,C) Pathway enrichment analysis of the differentially abundant metabolites in the Placebo group versus the Synbiotic group (B) and in the Synbiotic group versus the HC group (C). Each bubble represents a metabolic pathway, the position on the abscissa and the size of the bubble represents the impact of the pathway, and the position on the ordinate and the color of the bubble represent the degree of enrichment.
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FIGURE 6
 Heatmap showing the partial Spearman’s correlation coefficients for the relationships among the selected differentially abundant metabolites and the selected discriminatory species identified using LEfSe analysis. Red: positive correlations, blue: negative correlations.





Discussion

In the present study, we explored the relationships of differentially represented microbial genes and metabolites with the differentially enriched bacterial species in each group. First, we found that synbiotic-treated participants were characterized by high abundance of B. longum, B. breve, B. pseudocatenulatum, C. butyrium, and L. mucosae; and low abundance of K. pneumoniae and A. hallii. Second, we found that patients that underwent 12 weeks of synbiotic supplementation had lower DIs than at baseline or placebo-treated patients. Third, we identified differentially expressed KEGG genes, 18 differentially expressed VF-related genes, 10 differentially expressed CAZyme genes, and 3 differentially expressed ARGs, and 173 metabolites that were present at differing concentrations in the Synbiotic group versus the Placebo or NIP groups. Fourth, we found that Bifidobacteria species, and especially B. longum, contributed to the differential expression of these genes, and except for ARGs. Fifth, purine metabolism and aminoacyl-tRNA biosynthesis, which are associated with the hyperuricemia and hyperammonemia of cirrhosis, were significant pathways in the Placebo group versus the Synbiotic group, but not in the Synbiotic group versus the HC group. Taken together, these findings imply that a core set of metagenomic and metabolomic alterations might explain the short-term effects of microbiota-targeting strategies on the dysbiosis associated with cirrhosis, and might help determine whether patients with cirrhosis would benefit from synbiotic supplementation.

The progression of liver diseases is commonly accompanied by dysbiosis of the intestinal microbiota, including increases in the abundances of opportunistic pathogens, such as Enterobacteriaceae, and decreases in the abundances of health-promoting bacteria, such as Bifidobacteria and some butyric acid-producing bacteria (Qin et al., 2014; Ren et al., 2019). Intestinal dysbiosis is key in the pathophysiology of liver diseases and the development of complications of cirrhosis (Tilg et al., 2016; Huang et al., 2020). Emerging evidence suggests that intestinal dysbiosis probably contributes to the fibrotic/cirrhotic process and the subsequent decompensation of liver cirrhosis, and particularly to hepatic encephalopathy (Tilg et al., 2022). A substantial clinical trial conducted during recent years provided evidence of the effects of probiotics/prebiotics/synbiotics to reduce the translocation of microbial products and inflammation, resulting in hepatic injury (Sharpton et al., 2019; Vidot et al., 2019). In the present study, we did not identify significant effects of synbiotic (10 g lactulose, 1.26 × 107 CFU Clostridium butyricum, and 1.26 × 106 CFU Bifidobacterium longum infantis) on clinical parameters or the α-diversity of the intestinal microbiome. However, the DI index and gene heatmap analysis results showed changes in the composition and function of the intestinal microbiota, suggesting that short-term synbiotic administration ameliorates intestinal dysbiosis; increases the abundance of Bifidobacteria; increases the expression of CAZy genes; and increases the representation of several metabolic pathways, including carbohydrate metabolism, protein and amino acid metabolism, lipid and glycerophospholipid metabolism, ABC transporters, and signaling pathways. DI is an index that can evaluate the degree to which an individual’s microbiome deviates from that of a healthy cohort (Casén et al., 2015), and may be useful for the evaluation of clinical microbiota-targeting strategies. Here, the DIs of scores of patients with cirrhosis at baseline were higher than those of healthy individuals (including those comprising the normobiotic reference model and the HC group in the present study), which suggested that the abundances of most of the intestinal microbial species characterizing cirrhosis deviated from that characteristic of normobiosis. The DIs of patients in the Synbiotic group were significantly lower than those at baseline or those of the Placebo group. Thus, after 12 weeks of treatment, the synbiotic-treated patients showed less intestinal dysbiosis than the placebo-treated patients, which implies that synbiotics are effective at ameliorating intestinal dysbiosis in patients with cirrhosis.

Microbiota-targeting strategies that rebalance the intestinal microbiota have been beneficial for patients with cirrhosis (Liu et al., 2004; Fukui, 2017). Specifically, lactulose promotes the growth of Bifidobacteria and Lactobacillus (Bouhnik et al., 2004), and these lactate-producing bacteria promote the growth of Veillonella species, which generate propionic acid (Ng and Hamilton, 1971). Consistent findings were made in the present study, because Bifidobacteria, Lactobacillus, and Veillonella were found to be enriched in the Synbiotic group. In addition, Sankey diagram analysis showed that B. longum, B. breve, and B. pseudocatenulatum contribute to the identified differences in gene expression. The B. longum genome contains more than 60 glycosylhydrolase (GH) gene families (Li et al., 2021), and in the present study, nine differentially expressed GH family genes were identified in the Synbiotic group versus the Placebo and NIP groups that were positively associated with the bacterial species, in addition to 57 differentially expressed KEGG genes and 6 differentially expressed VF genes. This latter group comprised relA (encoding a GTP diphosphokinase), regX3 (a sensory transduction protein RegX3), ster_1223 (a DTDP-4-dehydrorhamnose 3,5-epimerase family protein), ster_1222 (DTDP-glucose 4,6-dehydratase), lysA (probably encoding diaminopimelate decarboxylase), and rgpD (aminoacyl-tRNA synthetases), which are involved in signaling and cellular processes, and rhamnose and glucose metabolism, and we speculate that these VF genes play essential roles in the colonization and growth of Bifidobacteria.

We did not identify an association between B. longum and the differentially represented ARGs and phage genes, implying that B. longum is not likely to explain the differential abundances of these genes. Phages and bacteria generally undergo dynamic co-evolutionary interactions, such that alterations in each typically occur together (Jariah and Hakim, 2019). However, ecological interactions between bacteria and phages are expressed in a number of ways; for example, the presence of additional bacterial species can constrain bacteria-phage co-evolution (Blazanin and Turner, 2021). Notably, CrAssphage_ES_ALL_000190F, a CrAss-like bacteriophage that is predicted to infect Bacteroidetes hosts in the human gut microbiomes (Jonge et al., 2019), was more abundant in the metagenomes of healthy controls than in those of participants with cirrhosis, but showed no difference between the Synbiotic and Placebo groups. Of note, the networks between Streptococcus_satellite phages and bacteria represented in the intestinal metagenomic profiles of synbiotic-treated participants differed. Therefore, a trend toward a less abundant phageome and the interaction between bacteria and Streptococcus_satellite may be of interest in the study of therapeutic interventions.

The intestinal microbiota affects host metabolic homeostasis, and changes in the serum metabolite profile accompany changes in the intestinal microbiota (Kato et al., 2018). Non-targeted metabolomic profiling helps us understand how the effects of a synbiotic on the microbiota of patients with cirrhosis also affects host metabolism. We identified a number of metabolites that were present at differing concentrations, including oligopeptides, lipids and lipid-like molecules, amino acid metabolites and their derivatives, phenylglucuronide, and butyric acid. Synbiotic-treated patients showed lower fasting serum concentrations of oligopeptides and higher concentrations of lipid-like molecules than placebo-treated patients, suggesting that synbiotics may modify metabolism by increasing host protein synthesis and utilization and lipopolysaccharide (LPS) degradation. Hyperammonemia is associated with liver disease, and especially with acute or chronic liver injury (Wang et al., 2022). The aminoacyl-tRNA synthetases constitute an essential and universal family of enzymes that plays a critical role in protein synthesis (Rubio Gomez and Ibba, 2020). Patients with liver cirrhosis demonstrate a metabolic disorder that is characterized by lower protein synthesis and greater protein degradation. Therefore, liver cirrhosis is frequently accompanied by disease-related malnutrition and sarcopenia because of disease- and inflammation-induced metabolic defects (Meyer et al., 2020). Cirrhosis represents a state of anabolic resistance (Bellar et al., 2020), and nutritional supplementation is of limited value because higher serum concentrations of amino acids aggravate hyperammonemia because of the conversion of amino acids to acetyl CoA (Dasarathy, 2016). Additionally, excessive serum concentrations of uric acid, the end-product of purine metabolism in humans (Su et al., 2020), increases the risk of advanced fibrosis in patients without type 2 diabetes (Wang et al., 2022). Notably, purine metabolism and aminoacyl-tRNA biosynthesis were no longer significant differences remained in the Synbiotic group versus the HC group. We speculate that the synbiotic used in the present study has therapeutic potential, and may represent a promising means of preventing hyperuricemia and hyperammonemia in patients with cirrhosis. Additionally, the synbiotic supplementation also increased the butyric acid concentration in peripheral blood, which is considered beneficial to immune homeostasis in the other clinical trial (Cao et al., 2022).

Although these findings imply that synbiotics are beneficial for patients with cirrhosis, further large human studies and animal experiments should be conducted to determine whether and how synbiotics affect key pathways. Furthermore, linear polysaccharides (lipid-like molecules) reduce the production of inflammatory cytokines induced by LPS (Kobylkevich et al., 2021), and LPS degradation also ameliorates LPS-induced inflammation in patients. In the present study, we also found differences in the fasting serum concentrations of some polyhydroxyaldehydes and ketones (carbohydrates), organic oxygen compounds, and organoheterocyclic compounds between the groups that might be related to the differences in the expression of bacterial KEGG genes involved in carbohydrate metabolism, glycan metabolism, and cofactors and vitamin metabolism.

We acknowledge several limitations of the present study. First, this was a cross-sectional study, in which we compared the fecal microbiota and metabolite concentrations of several group, and therefore causal effects cannot be ascribed. Further experiments in animals and cell culture are necessary to elucidate the mechanistic links between the discriminatory microbes and the metabolites identified. Second, the long follow-up period influenced the compliance of the participants with respect to the intervention. We excluded several participants who did not take their assigned materials more than 10 times, which reduced the number and prolonged the length of the study period as a whole. Third, detailed information regarding the metabolic pathways or other roles of the oligopeptides identified were not available in the public dataset used; therefore, we could not draw conclusions regarding the relationships between synbiotic consumption and low fasting serum concentrations of oligopeptides in patients with cirrhosis. Despite these limitations, the results of the present study not only show effects of a synbiotic on the gut microbiota, but also emphasize the potential utility of analyzing the DI index of the microbiome to evaluate the efficacy of microbiota-targeting therapies.
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Induced molting enables laying hens to relax, restore energy and prolong the laying hen cycle, resolving problems such as poor egg quality and minimizing economic losses caused by rising global feeding costs. However, traditional molting methods may disrupt gut microflora and promote potential pathogens infections. This study used a customized additive with a mixture of probiotics and vitamins to induce molting and examine the cecal microbiota post molting. A total of two hundred 377 day-of-ISA Brown laying hens were randomly assigned to four groups: non-molt with basal diet (C), 12-day feeding restriction (FR) in earlier-molting (B), feed again to 27.12% egg production in middle-molting (A) and reach second peak of egg production over 81.36% in post-molting (D). Sequencing 16S rRNA to analyze cecal microbial composition revealed that there is no significant change in bacterial community abundance post-molting. In contrast to group C, the number of potentially harmful bacteria such as E. coli and Enterococcus was not found to increase in groups B, A, or D. This additive keeps cecal microbiota diversity and community richness steady. In cecal contents, hens in group B had lower Lactobacillus, Lachnospiraceae and Prevotellaceae (vsC, A, and D), no significant differences were found between post-molting and the non-molting. Furthermore, cecal microbiota and other chemicals (antibodies, hormones, and enzymes, etc.) strongly affect immunological function and health. Most biochemical indicators are significantly positively correlated with Prevotellaceae, Ruminococcaceae and Subdoligranulum, while negatively with Phascolarctobacterium and Desulfovibrio. In conclusion, the additive of probiotics and vitamins improved the cecal microbiota composition, no increase in the associated pathogenic microbial community due to traditional molting methods, and enhances hepatic lipid metabolism and adaptive immunological function, supporting their application and induced molting technology in the poultry breeding industry.

KEYWORDS
 cecal microbiota, probiotic, vitamin, induced molting, laying hen


Introduction

Around 14 months of age, laying hens begin a 4-month natural molting process, which causes a decline in egg production and quality (Decuypere and Verheyen, 1986). Worldwide, laying hens’ lifespans and farmers’ incomes are improved through the practice of induced molting. Artificially induced molting is the most popular method, as it minimizes the need for feeding. This technique allows layers to cease production and molt intensively within 2 months, which improves production performance and egg quality, and prolongs the economic utilization period of laying hens. Hens have been rejuvenated via inducing molting around the world. Almost 75% of American layers use induced molting for flock replacement since the early 2000s (Holt, 2003). China began artificially molting laying chickens in the early 2000s. Most commercial egg producers started induced molting in early 2014 as egg prices climbed. Induced molting increases production, but gut health risks may follow. Intestinal microbiota is now considered a “second genome” due to developments in DNA sequencing technology. As we all know gut microflora regulates the health of animals and is associated with the development of various diseases (Spor et al., 2011). The impact of forced molting on the gut microflora has been of great interest.

It was discovered while investigating the fecal microbiota of old laying hens post molting via the fasting method that Lactobacillus was less and harmful bacteria like E. coli was more, hens are more susceptible to Salmonella Enteritidis (SE) (Holt, 2003; Han et al., 2019). Inducing molting with an alfalfa diet instead of fasting dramatically reduced SE colonization of cecal contents, liver, spleen, and ovaries in hens (Woodward et al., 2005). Low-calcium molting diets sustain intestinal lactic acid production to prevent SE colonization (Ricke et al., 2004). Furthermore, plant extracts such as portulaca olerace extract, chrysanthemum polysaccharides and resveratrol, etc. modulate the composition of the microbiota under pathological conditions, increasing the abundance of Lactobacillus, and Bifidobacterium in the cecum, while decreasing the colonization of opportunistic pathogens such as E. coli, Enterococcus, and Prevotella (Zhao X.H. et al., 2013; Tao et al., 2017). Supplemental resveratrol boosts short-chain fatty acid-producing bacteria while decreases LPS-producing bacteria. Reduced levels of Bacteroides and Alistipes and increased levels of Lactobacillus are all signs that resveratrol has helped reestablish a balance to the gut microbiota (Ding et al., 2021). Particularly, prebiotics like mannan oligosaccharide will also promote L. acidophilus colonization and inhibit the colonization of SE, E. coli and Staphylococcus aureus with therapeutic doses (Swapnil et al., 2021).

The Food and Drug Administration (FDA) and the Chinese Ministry of Agriculture both recognize the bacteria Bacillus subtilis (B. subtilis), Lactobacillus acidophilus (L. acidophilus), Lactobacillus plantarum (L. plantarum) and Saccharomyces cerevisiae (S. cerevisiae) as secure and efficient feed additives. Lowering cholesterol and increasing IgA, IgG, and IgM levels, respectively, are two ways in which B. subtilis and L. acidophilus decrease the risk of intestinal infections (Brisbin et al., 2011; Upadhaya et al., 2017; Wang et al., 2018). B. subtilis improves intestinal microecology and reduces Salmonella infection in broilers by boosting the growth of beneficial bacteria like lactic acid bacteria and inhibiting the colonization of harmful bacteria like E. coli. In addition, both Lactobacillus, Acidophilus and Lactobacillus plantarum also have the effect of inhibiting inflammation caused by Salmonella (Hillman et al., 1995; Penha Filho et al., 2015; Peng et al., 2016; Mazkour et al., 2019; Khochamit et al., 2020). Due to its strong intestine colonization, S. cerevisiae is employed in poultry breeding to promote beneficial bacteria and absorb harmful bacteria. S. cerevisiae reduces SE and E. coli and increases Lactobacillus in broiler intestines, which improves digestion and metabolism (Yalçın et al., 2013; Khalid et al., 2021; Siddik et al., 2022). Probiotics boost beneficial bacteria colonization and reduce harmful bacteria adherence to the intestinal epithelium to prevent illness.

Multivitamins have also been demonstrated to have a positive impact on intestinal microflora. Vitamin D supplementation alters the composition and richness of the intestinal microflora by decreasing Veillonellaceae and Oscillospiraceae, while increasing beneficial bacteria such Bacteroidetes and Bifidobacteria (Bellerba et al., 2021). Vitamin A dramatically raised Bacteroides/bacteroidetes ratio. Vitamin A deficiency increased Enterococci, while its addition increased Lactobacillus in mice’s intestines, affecting early viral infection (Lv et al., 2016; Liu et al., 2017). Vitamin C also helps the organism fight infection and eliminate risky microorganisms (Carr and Maggini, 2017). Vitamin D intake decreases Veillonellaceae and Oscillospiraceae and increases Bacteroidetes and Bifidobacteria in the gut microbiota (Singh et al., 2020). Vitamin E relieves stress and prevents Salmonella enteritidis infection in laying hens (Liu et al., 2019).

In addition, as is well known, the health status of an individual can be evaluated by a variety of specific biochemical indicators, and the occurrence of disease also leads to changes in the gut microflora. ALP and AST activities have been used as indicators to evaluate liver injury. Studies have shown that liver fibrosis and NASH lead to elevated serum AST and ALP, meanwhile that cecal microflora dysbiosis was associated with the severity of liver fibrosis and NASH (Hamid et al., 2019). TC, TG, LDL-C, HDL and cholesterol are biomarkers of blood lipid metabolism. Overnutrition reduces the transport efficiency of vLDL during liver fat deposition, increases the contents of LDL and plasma cholesterol, which affecting normal liver function and leading to the decline of egg production (Wu X.L. et al., 2021).

The latest study discovered that FLS alters cecal microflora with the relative abundance of Collinsella, Turicibacter, and Enterococcus decreased while Bacteroides, Butyricicoccus, and Clostridium increased (Liu et al., 2023). The gut microbiome during pregnancy and post-parturition was significantly altered in black rhino, which was also correlated with with progestagen concentration (Antwis et al., 2019). However when ovarian function disrupted, FSH and LH levels rise dramatically, whereas E2 levels decreased significantly, accompanied by an increase in Bacteroidetes, Butyricimonas, Lachnobacterium, and Sutterella, which these alterations of the gut microbiome were closely associated to the levels of FSH, LH, and E2 (Wu J. et al., 2021). Intestinal IgG and IgA levels are able to reflect individual’s pathogen resistance. Studies have shown that intestinal microbes increased immunoglobulin production, limited the colonization and adhesion of pathogens to the mucosa, and therefore protect against enteric infections (Sanidad et al., 2022). Therefore, assessing the potential of the cecal microbiome as a biomarker by studying the correlation between gut microflora and biochemical indicators will also provide a basis for early diagnosis and disease prevention in aged laying hens.

Probiotics and vitamins have been demonstrated to improve the gut microbiota of both broilers and laying hens, yet their application during the molting process has not been reported. In considering the previously mentioned benefits of probiotics and vitamins, we anticipated that administering this addition to induced-molting laying hens would have a similarly positive effect on microecological balance and the hens themselves. This experiment examines the effect of probiotics and vitamins on the diversity and composition of the cecal microflora in laying hens, as well as the correlation between the cecal microflora and various biochemical indicators, to provide a new additive option and theoretical support for the widespread use of induced molting.



Materials and methods


Laying hens and housing

200 ISA Brown laying hens, 377 days old, were purchased from a commercial farm in Weinan (Shanxi, China), which were randomly divided into four groups. Ladder cages held four chickens each (45 cm × 45 cm × 45 cm). Keep natural light.



Dietary supplementation and experimental protocol

Normal feeding was provided for 7 days before the start of the experiment, and with the approval of the Northwest A&F University’s Animal Care and Utilization Committee. The proprietary molting technology of Hongyan was utilized in the induced molting procedures (Table 1).



TABLE 1 Flow table of the induced molting process.
[image: Table1]

One-way, fully randomized experimental design. Four groups: the control group (C) is non-molt with basal diet (Table 2), 12-day FR in earlier-molting (B), feed again to 27.12% egg production in middle-molting (A), and reach second peak of egg production over 81.36% in post-molting (D). Five chickens per treatment replicated 10 times. The three experimental groups began the molting operation in turn, collecting cecal samples at 425 days of age. Bacterial community changes in cecal contents of five samples from four groups were examined.



TABLE 2 Composition and nutrient contents of the basal diet.
[image: Table2]

In the molting process, the specialized additive including B. subtilis (2.0 × 107 cfu/mL), L. acidophilus (1.5 × 107 cfu/mL), L. plantarum (1.0 × 107 cfu/mL), S. cerevisiae (2.0 × 107 cfu/mL) and multivitamins (Vitamin A 700,000 IU/L, Vitamin C 5,000 mg/L, Vitamin D 200,000 IU/L, Vitamin E 1,000 mg/L, Vitamin B1 1,800 mg/kg, Vitamin B2 3,000 mg/kg, Vitamin B6 3,000 mg/kg) were added to drinking water and feed.

Aseptically collected 1.0 g cecal contents at four phases. All samples were flash-frozen in liquid nitrogen and stored at −80°C for further analysis. After 2 hours at 4°C, wing vein blood samples were kept overnight at 37°C. The serum then was centrifuged at 1,200×g for 10 min and kept at −20°C until analysis.



Serum biochemical parameters

IgA, IgG, and IgM levels were measured by ELISA kits (BEIJING SINO-UK, China). The plasma biochemical indexes, including glutamic pyruvic transaminase (ALT), glutamic oxaloacetic transaminase (AST), total protein (TP), albumin (ALB), globulin (GLB), total cholesterol (TC), triglyceride (TG), alkaline phosphatase (ALP), low density lipoprotein (LDL) and high density lipoprotein (HDL), measured by the Mindray BS-420 automatic biochemical analyzer (Mindray company, China) and DR-200BS Microplate reader (HIWELL-DIATEK, China).Very low density lipoprotein (vLDL), estrogen (E2), progesterone (P), luteinizing hormone (LH), follicle stimulating hormone (FSH) and oxytocin(PRL) were all detected using ELISA kits (BEIJING SINO-UK, China).



DNA extraction and 16 rRNA gene sequencing

Each sample’s DNA was extracted as previously mentioned. The NanoDrop2000 Spectrophotometer (Thermo Scientific Inc., United States) measured the extracted DNA’s concentration and purity, and agarose gel electrophoresis determined its integrity (Biowest, Spain).

Miseq sequencing the bacterial community. Create bacterial amplicon libraries using adapter primers 338F: (ACTCCTACGGGAGGCAGCAG) and 806R: (GGACTACHVGGGTWTCTAAT) for the V3-V4 regions of the 16S rRNA gene. After amplifying DNA with high-fidelity Taq polymerase (Invitrogen, USA), three equivalent PCR reactions per sample were mixed and then purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA). The PCR settings were initial denaturation at 95°C for 3 min, 35 cycles consisting of 30 s at 95°C, 30 s at 55°C, and 45 s at 70°C, with a final extension by 10 min at 72°C. The AxyPrep DNA Gel Extraction Kit was used to purify the PCR results (Axygen Biosciences, Union City, CA, United States). Each sample involves three PCR rounds, then the three repeated PCR products were mixed and identified using 2% agarose gel electrophoresis. Using QuantiFluorTM Fluorescence, PCR products were detected, quantified, and mixed according to each sample’s sequencing needs. Sequencing was performed using an Illumina MiSeq PE300 platform (Majorbio Co. Ltd., Shanghai, China).



Sequence analysis

Quality control of the original sequence was performed using Fastp software, and merged by FLASH software. After quality control splicing, the DADA2 plug-in in the Qiime2 process was used to minimize the noise of the optimized sequence using the default parameters. ASV (Amplicon Sequence Variant) encoding sequence and abundance data were obtained.

To reduce the impact of sequencing depth on alpha and beta diversity data analysis, 20,034 sample sequences were subsampled. Each sample’s Good’scoverage remained at 99.09%. The taxonomy of ASVs was examined using the Naivebayes classifier in Qiime2, which was based on the Sliva rRNA gene database (v 138). Mothur v1.30.1 calculated rarefaction curves and alpha diversity indicators from ASV data. ASVs, Chao1 richness and Shannon index were among these indicators.



Statistical analysis

Majorbio Cloud analyzed the following data. Principal coordinate analysis (PCoA) was performed to compare and contrast the composition of the microbial communities in different samples. Discover bacterial taxa with substantial phylum-to-genus-level abundance differences using LEfSe analysis (LDA > 3.0, p < 0.05). Redundancy analysis (RDA) was used to select species for Spearman correlation network plot analysis to explore how clinical indicators affect the cecal bacterial population of laying hens.




Results


16S rRNA sequencing information

The MiSeq platform was used for 16S rRNA gene sequencing. Following quality control, we obtained 1,018,542 readings with an average length of 418 bp for all samples. The number of 16S rRNA sequences retrieved ranged from 20,034 to 28,087 per sample. After subsampling the samples, a total of 2,398 bacterial ASVs were identified.



Bacterial community richness and diversity


Bacterial community α-diversity

Comparing bacterial community relative abundances (Chao1) and diversity (Shannon) index values for each group (Figure 1). The Chao1 and Shannon index indicated that the bacterial community abundances and diversity in group B is less than those in group D (p < 0.05), other groups exhibited no statistical difference (Supplementary Figure S1). The results showed that FR could reduce the abundance and diversity of microflora, with the feeding resumption to the end of molting, the abundance and diversity of microflora gradually recovered and increased.
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FIGURE 1
 Estimated values of bacterial community relative abundances of Chao1 index (A) and Shannon diversity index (B).




Bacterial community β-diversity

To address the differences in cecal microbial community composition between samples in different groups of molting, the PCoA based on Unweighted UniFrac distances shows that the group B separates from other groups, group C, A, and D tend to cluster together (Figure 2A) (p < 0.05). However, when β-diversity was assessed using Weighted UniFrac distances, which emphasize the seperation of group B, but without distinction among other three groups (Figure 2B) (p > 0.05). These findings showed significant changes of the cecal microbial communities in group B (FR), but prominent similarities of the microbial communities between the group C and group A and D in terms of the most abundant and dominant bacteria.

[image: Figure 2]

FIGURE 2
 PCoA of bacterial in the cecal content. Bacterial community composition was calculated using (A) unweighted Unifrac (p = 0.019) and (B) weighted Unifrac (p = 0.624) across the groups C, B, A, and D (n = 5). The two axes (PC1 and PC2) explain 44.98% and 60.84% of the variation in bacterial species observed in cecal contents, respectively.





Analysis of community species compositions

In order to explore the similarity and difference of community composition at the species level of the four groups, the heatmap plots was performed to cluster the top 30 species in terms of relative abundance in Figure 3. There were no significant changes in the dominant strains of Bacteroides and Rikenellaceae. FR reduced the relative abundance of Prevotellaceae, Clostridia, Faecalibacterium and Lachnospiraceae; and increased Olsenella, Alistipes and Ruminococcus. Phascolarctobacterium and Faecalibacterium decreased after 12 days of FR and post-molting, whereas Oscillospiraceae, Alistipes, Bacilli and Desulfovibrio increased. Overall, induced molting has an effect on the composition of cecal microflora.

[image: Figure 3]

FIGURE 3
 Bacterial community heatmap in cecal contents. The abundance of various species is indicated by the different color gradients in the two-dimensional structure. The horizontal axis represents the group, and the vertical axis represents one genus per row. The heatmap clusters high and low abundance species into blocks based on color variation and similarity, demonstrating similarity and variation between groups.




Differences in bacterial community composition


Bacterial composition at the phylum level

ASV categorization is able to determine the exact percentages of each group at each level. At the phylum level, the Bacteroides and Firmicutes phyla were the most prevalent in the cecal (Figure 4A), accounting for more than 90% of total sequences. There was a slight increase in the amount of Actinobacteria in group B, but otherwise no significant change from groups A, C or D.

[image: Figure 4]

FIGURE 4
 Taxonomic composition of the cecal microbiota at the phylum (A) and genus (B) level. Values are expressed as mean values. At the phylum and genus level, only taxa that represent more than 1% of the population in at least one group are listed.




Bacterial composition at the genus level

The 30 most abundant genera are listed (Figure 4B). The dominant species in the bacterial community were generally consistent with the four groups, but species abundance varied. Bacteroides, Rikenellaceae, Lactobacillus and Lachnospiraceae dominated all samples.

Group B had the lowest relative abundance (percentage) of Lactobacillus Lachnospiraceae and Prevotellaceae in dominating species, and the most of Christensenellaceae, Oscillospirceae and Alistipes. However, groups C, A and D had similar bacterial abundances.



Bacterial composition difference at the specie level

A comparative analysis of the abundance of the top 10 species in the four groups in multiple (Figure 5A) and a comparison of the two groups (Figures 5B–E) revealed that the abundance of unclassified_f Lachnospiraceae in group B was much lower than other three groups. Comparing the two groups, Prevotellaceae_UCG-001 in group B was significantly lower than in group A, although the differences between other species were not statistically significant. FR causes temporary changes in the cecal microflora that recovers with the feeding resumption.

[image: Figure 5]

FIGURE 5
 Analysis of variability in species abundance between groups. The Kruskal-Wallis H-test and the Wilcoxon rank sum test were used, respectively, and p-values were corrected using the “FDR” correction method. The use of an asterisk denotes statistically significant differences between groups. Comparison of the relative abundance of top 10 species in the four groups (A), between-group variations C and D (B), B and D (C), B and A (D), C and B (E).




Differential microbiota compositions of LEfSe analysis

LEfSe multilevel species discrimination method was used to analyze the cecal microbiota. Although there was no statistically difference in β-diversity between the four groups (p > 0.05), species with different relative abundances were present as shown in the LEfSe analytical cladogram (Figure 6).

[image: Figure 6]

FIGURE 6
 Cladogram reveals the phylogenetic distribution (A). Linear discriminatory analyses (LEfSe) of four groups of bacterial taxa (LDA > 3.0) (B). Different color nodes represent microbial taxa that are significantly enriched in the corresponding groups and influence group differences. Light yellow nodes represent microbial taxa that are not significantly different across groups. The abbreviations class (C), order (o), family (f), genus (g) and species are used (s). Longer bars indicate a greater influence of microbiota in the LefSe bar.


According to LEfSe, a total of 21 species differed in relative abundance between the four groups from the phylum to the genus level (LDA > 3.0, p < 0.05). LDA discriminant analysis reveals that Clostridia (from order to specie), Prevotellaceae (the genus and its specie), and Shuttleworthia (the genus and its specie) were significantly enriched in group A (p < 0.05). In group B, only g_Flavonifractor, c_Gammaproteobacteria, and s_Collinsella were detected to be significantly enriched (p < 0.05). In group C, six groups of bacteria were significantly enriched, namely g_Oscillibacter (the genus and its specie), Eubacterium (the family and its genus), Faecalibacterium (the genus and its specie), Lachnospiraceae (the genus and its specie), Selenomonadaceae (the genus and its specie), and Coriobacteriaceae (the genus and its specie). In group D, fewer microbes were significantly enriched, namely Ruminococcus (from genus to species) and Frisingicoccus (from genus to species).




Correlation between the microbial community and serum biochemical indicators

Molting changes microbial community structures and immunity, reproductive hormones and metabolism characteristics. Measurements of immunity, reproductive hormones and heptic lipid metabolism-related indicators are shown in Tables 3–5, respectively. Blood levels of IgA, IgG and IgM were higher for group D than other groups. Among them, the levels of IgA and IgM post-molt were significantly higher than non-molt. Levels of P and E2 were higher for group D than other groups, FSH was lower than group C.



TABLE 3 Immunity-related indicators of laying hens in group C, B, A, and D1.
[image: Table3]



TABLE 4 Reproductive hormones-related indicators of laying hens in group C, B, A, and D1.
[image: Table4]



TABLE 5 Heptic lipid metabolism-related indicators of laying hens in group C, B, A, and D1.
[image: Table5]

Levels of AST, ALT, TP, ALB, TC, LDL-C, and HDL-C indicated a decreasing and then increasing trend, these indicators were much lower for group B than group C. Compared to group C, ALT significantly decreased, LDL-C and vLDL-C greatly increased for group D. Overall, the moulting process is associated with changes in antibodies, hormones, and other indicators, indicating alterations in immunity, physiological regulation, and lipid metabolism.

Therefore, this study investigated whether microbial community structure and immunity, reproductive hormones and lipid metabolism characteristics are related. The RDA investigated the link between serum biochemical indicators and microbial communities (Figure 7). Microbial community composition correlated positively with IgG (p = 0.003), IgM (p = 0.043), E2 (p = 0.023), LH (p = 0.005), FSH (p = 0.023), PRL (p = 0.046), ALT (p = 0.034), ALP (p = 0.005), TP (p = 0.039), ALB (p = 0.003), TC (p = 0.001), TG (p = 0.026), HDL (p = 0.01), LDL (p = 0.002) and vLDL (p = 0.003).
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FIGURE 7
 Redundancy analysis (RDA) of sample distribution (shapes) and serum biochemical indicators (arrows). Correlation of the microbial community with IgA, IgG, and IgM (A); P, E2, LH, FSH, and PRL (B); AST, ALT, ALP, TP, ALB, and GLB (C); TC, TG, HDL, LDL, and vLDL (D). The values of axes 1 and 2 indicate the percentages depicted by the corresponding axes, reflecting the degree of correlation.


To completely analyze the relationship between immunity, reproductive hormones and lipid metabolism-related indicators, and cecal-associated microbiota, the Spearman correlation coefficient was calculated to generate the correlation matrix. As shown in Figure 8, we observed that most biochemical indicators (IgA, IgG, IgM, TC, HDL, LDL, vLDL, and AST) were positively correlated with Prevotellaceae UCG-001, norank_f__Ruminococcaceae, Subdoligranulum (p < 0.05), Phascolarctobacterium and Desulfovibrio were negatively correlated with IgG, LH, FSH, PRL, TG, TC, ALP, etc. (p < 0.05). Prevotellaceae UCG-001 and Romboutsia were positively correlated with LH, FSH, and PRL (p < 0.05). Furthermore, Bacteroides, Rikenellaceae_RC9_gut_group and unclassified_f__Oscillospiraceae were all negatively but not significantly correlated. Cumulatively, our results suggest that cecal microbiota was associated with reproductive hormones, lipid metabolism-related indicators and immunoglobulins during the molt.
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FIGURE 8
 The analysis of Spearman’s rank correlation between biochemical indicators and cecal microbiotas. The correlation coefficients are colored, and the right color card of the heatmap is a color partition of different values (p < 0.05, 0.01, 0.001 is marked as ∗, ∗∗, ∗∗∗ in black color, respectively). Spearman’s correlation analysis of cecal microbiota with IgA, IgG and IgM levels (A); with P, E2, LH, FSH, and PRL levels (B); with TC, TG, HDL, LDL and vLDL levels (C); with TP, ALB, GLB, AST, ALT and ALP levels (D).





Discussion


No significant changes in microbial diversity and abundance post-molting

Short laying cycle and poor egg quality have always been the main problems worldwide in laying hens in the late phase. It is well known that forced molting can prolong egg production cycle and improve production performance, but the traditional forced molting method will cause intestinal microflora disturbance and promote potential pathogen infection. Therefore, the effect of the new induced molt method of laying hens on the cecal microflora in this experiment is worthy of exploration. Intestinal microecology imbalance caused by traditional forced molting stress may increase the incidence of bacterial infections (Han et al., 2019). First, we use the new induced molt method with the additive of probiotics and vitamins to induce molting and revealed that FR reduced the abundance and diversity of microflora; with the feeding resumption, the abundance and diversity of microflora post-molting gradually increased, and there was no significant difference from that of the non-molting group.

In current experiment, Bacteroidetes and Firmicutes, two major bacterial phyla, accounted for over 90% of the cecal microbes of molting hens, confirming prior findings (Oakley et al., 2014; Han et al., 2019), although the abundance of Firmicutes (nearly 40% on average) lower than the data (47.5%) reported before (Qi et al., 2019).

The abundance of Bacteroidetes was higher than the reported value (11%) (Zhao L. et al., 2013). FR for 12 days (Group B) increased the abundance of the phyla Actinobacteria (4.25%) (p < 0.05), accompanied by weight loss (Pallotto et al., 2018). Actinobacteria may be therefore negatively associated with feed intake. Furthermore, the abundance of Actinobacteria (the phylum includes Bifidobacterium) and Akkermansia was associated with vitamin A addition (Huda et al., 2019). In this study, Actinobacteria quickly revert to normal levels with the feed intake and the addition of vitamin A, minimizing FR-induced potential microbiome imbalance.

At the genus level, Bacteroides (22.38% relative abundance), Rikenellaceae_RC9_gut_group (11.69% relative abundance) predominated the cecal microbiome, similar to previous research (Artdita et al., 2021). As the current study demonstrated, Unclassified_o_Bacteroides, Lactobacillus and unclassified Lachnospiraceae were also more prevalent in the cecal microbiome of laying hens (Sergeant et al., 2014).



The additive of probiotics and vitamins balance FR-induced microflora

In general, feed intake level has a considerable effect on nutrient digestion, which may reduce host feed efficiency and perhaps alter the gut microbiota composition (Ortigues and Doreau, 1995). Therefore, any dietary supplement applied to improve hen’s performance will alter the gut microbiota, thereby altering the microbe-host interactions.

In group B, unweighted PCoA reveals a community composition change (p < 0.05) and only the unclassified_f__Lachnospiraceae had a significant decline in abundance for the top 15 species. Thus, FR altered bacterial community diversity, but there was no significant difference in bacterial community composition after resumimg feeding post-molting and non-molting, with feeding resumption and the addition of probiotics and vitamins. Lachnospiraceae levels were higher in non-alcoholic fatty liver patients and may contribute to fatty liver progression (Shen et al., 2017). Whereas in this study, Lachnospiraceae decreased, suggesting FR may benefit to fatty liver.

Studies have found that the abundance of lactobacilli in excreta bacterial community decreased post-molting of laying hens (Han et al., 2019). In our study, there was no difference in the abundance of lactobacilli post-molting compared with non-molted laying hens. It may be related to the probiotics and vitamins used in the present study. It has been reported that the L. plantarum significantly increased the amount of Lactobacillus on fecal microbial composition (Qiao et al., 2019). The number of Lactobacillus spp. and Bifidobacterium spp. increased in diets supplemented with B. subtilis and L. acidophilus (Chen et al., 2022).

S. cerevisiae supplementation improves intestinal barrier function overall by increasing the number of lactic acid bacteria in the feces (Yamabhai et al., 2016), significantly raising IgG, reducing the presence of SE and attenuating E. coli-induced intestinal damage (Mountzouris et al., 2015; Wang et al., 2016; Sampath et al., 2021).

B. subtilis significantly reduced the minimum viable count of E. coli, coliforms and staphylococci in the intestinal of laying hens, while L. acidophilus reduced the number of Clostridium spp. (Forte et al., 2016). Adding B. subtilis alone did not improve the amount of probiotics in rabbits (Phuoc and Jamikorn, 2017), implying that we should focus on the combined utilization of multiple probiotics in the poultry farming process. The interaction of probiotics, including Lactobacillus, Lactobacillus acidophilus, Bifidobacterium and S. cerevisiae, will boost the number of beneficial bacteria and reduce the amount of potentially harmful or pathogenic bacteria such E. coli, Enterococcus, Streptococcus, and Clostridium. This trial also found no rise in potential pathogens bacteria post-molting, which is believed to be closely related to the addition of multiple probiotics, and these findings support the application of multiple probiotics during molting in laying hens.

Vitamin supplementation promotes intestinal beneficial bacteria, which improves the performance and quality of egg production in aged hens (Gan et al., 2020a). Several studies report that vitamin A and D deficiency alters the microbiota diversity and Firmicutes/Bacteroides ratio, thereby affecting host immunity and metabolic (Chen et al., 2020; Singh et al., 2022). Evidence has demonstrated that Vitamin C addition enhances the shape of intestinal villi, boosts the diversity and richness of the microorganisms in the cecal, and reduces Bacteroidetes/Firmicutes ratio and Enterobacteriaceae. The intake of vitamin C significantly raises the amount of enteric sIgA in laying hens and lessens SE damage to broilers (Gan et al., 2020b). The current findings are the first to indicate that adding a variety of probiotics and vitamins during molting prevented cecal microbiota imbalance.

Probiotics and vitamins improved the composition of the gut microbiota while inhibiting the growth of potentially harmful bacteria such as SE and E. coli during the molting. Hence, novel additives may help balance cecal microflora and improve intestinal health in aged laying hens post-molting.



Correlation between bacterial community structure with immunity, reproductive hormones and hepatic lipid metabolism


With immunity

Intestinal immunity is crucial for preventing illness and maintaining overall health (Dupont et al., 2020). The three most abundant immunoglobulins are IgM, IgA, and IgG, which serve as early defense, mucosal immune and continuous antigen attack, respectively.

Brown algae was reported to improve serum IgG concentrations in rats, as well as Prevotella and Subdoligranulum abundance (Kim et al., 2018). Spearman’s rank correlation analysis in this trial showed that Prevotella, Ruminococcaceae and Subdoligranulum were all significantly and positively correlated with IgG and IgA. Dietary supplementation with L. acidophilus and B. subtilis increase the levels of IgG and IgA and the diversity of gut microbiota in laying hens (Chen et al., 2022). In addition, adding S. cerevisiae to the goat diet increased the relative abundance of Ruminococcus with significantly raised IgG and IgA level (Emu et al., 2021), suggesting that these probiotic strains may increase immunoglobulin levels by altering the composition of the gut microflora, which in turn may improve immune function.



With reproductive hormones

The metabolism, immunity and behavior of the host are all impacted by the microbes and hormones (Qi et al., 2021). Changes in the gut microbiota affects ovarian follicle and oocyte maturation, which is closely related to FSH and LH (Franasiak and Scott, 2015). Additionally, oestrogen also changes intestinal microbiota (Plottel and Blaser, 2011). Further investigations have demonstrated that alterations in gut microflora are associated with considerably higher serum LH and FSH levels in postmenopausal women and that certain probiotic supplements reduce serum LH and increase serum FSH (Chakravarti et al., 1976; Li et al., 2022). Prevotellaceae UCG-001 and Romboutsia are strongly associated with LH, FSH and PRL (Figure 8), nevertheless, further investigation is needed to ascertain the relationship between various microflora and reproductive hormones. Future research may focus on early intervention using special microflora to prevent health problems associated with hormonal changes, whether in laying hen or human.



With hepatic lipid metabolism

Gut and liver are the two main organs involved in lipid and lipoprotein metabolism. Abnormalities in lipid metabolism may be caused by decreased liver function with elevated TG or LDL-C. Gut microflora can modulate lipid and lipoprotein metabolism, thereby reducing blood lipoprotein abnormalities (Yu et al., 2019). Some reports suggested that serum biochemical indicators of hepatic lipid metabolism are linked to gut microbiota changes. Firstly, Ruminococcus_gauvreauii_group, Lachnoclostridium, Blautia, Allobaculum and Holdemanella were significantly positive correlated with TG, TC, and LDL (Tang et al., 2018). In rats, L. plantarum lowered TG, TC, and LDL while increasing lipid levels. TG, TC, and LDL were positively correlated with Blautia, Clostridium, and Roseburia (Li et al., 2020). These data confirm the role of gut microbiota’s role in lipid metabolism.

Secondly, Eubacterium coprostanoligenes have been proved to improve dyslipidemia by influencing TC, HDL, and body weight (Wei et al., 2021). According to the Heatmap results (Figure 8), Bacteroides, Rikenellaceae_RC9_gut_group and unclassified_f__Oscillospiraceae were negative correlation with TC, HDL, LDL, and vLDL. This study lays the groundwork for further research on the role of gut microbiota in lipid reduction in laying hens.

Hepatic steatosis suddenly decreases egg output and quality, and fatty liver haemorrhage syndrome (FLHS) kills thousands commercial laying hens (Liu et al., 2022). Coriobacteriaceae was discovered to be relatively common in NAFLH and associated illnesses, with significantly higher AST levels (Tamura et al., 2021). Firmicuts and Actinbacteria were positively correlated with AST and ALP (Hamid et al., 2019). In our research, ALB, AST, and ALT were positively correlated with Prevotellaceae_UCG-001, norank_f__Ruminococcaceae and unclassified_f__Prevotellaceae. Overall, these findings point to a correlation between the gut microbiota and biomarkers associated with clinical liver disease. However, it is too early to confirm how the gut microbiota of hens be modified by external interventions to reduce the risk of liver disease. Further investigations are required to ascertain the role of particular microorganisms play in improving lipid metabolism in layers to counteract performance losses in the late laying phase.





Conclusion

The additive of probiotics and vitamins administered during induced molting improves the diversity and composition of the cecal microecology, prevents microecological imbalance and increase in conditioned pathogenic bacteria caused by starvation-forced molting, and enhances immunity, reproductive hormone secretion and hepatic lipid metabolism post-molting. We believe that these findings will contribute to the widespread application of probiotic and vitamin additives in the molting of laying hens.
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Depression is a common psychological disease, which has become one of the main factors affecting human health. It has a serious impact on individuals, families, and society. With the prevalence of COVID-19, the incidence of depression has further increased worldwide. It has been confirmed that probiotics play a role in preventing and treating depression. Especially, Bifidobacterium is the most widely used probiotic and has positive effects on the treatment of depression. The mechanisms underlying its antidepressant effects might include anti-inflammation and regulation of tryptophan metabolism, 5-hydroxytryptamine synthesis, and the hypothalamus-pituitary–adrenal axis. In this mini-review, the relationship between Bifidobacterium and depression was summarized. It is hoped that Bifidobacterium-related preparations would play a positive role in the prevention and treatment of depression in the future.
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1. Introduction

Depression is a heterogeneous mental disorder, which seriously affects the daily life of patients. The clinical symptoms (such as feelings of sadness or emptiness) of depression may last for months, years, or even the whole life. Studies have shown that depressive symptoms are involved in the occurrence and development of various diseases, such as diabetes (Stuart and Baune, 2012; Moulton et al., 2015), cardiovascular diseases (Vance et al., 2019; Bucciarelli et al., 2020), and obesity (Mannan et al., 2016a,b). Some patients with severe depression may even have suicidal behaviors (Ribeiro et al., 2018; Liu et al., 2022). According to the statistics of the World Health Organization, about 1 billion people worldwide are suffering from mental disorders (World Health Organization, 2022). During the COVID-19 epidemic, the number of people suffering from depression and anxiety has increased by more than 25% globally, and mental health has become one of the main factors causing the global burden of disease (World Health Organization, 2023). The pressure of epidemic prevention and control has brought serious challenges to the diagnosis and treatment of depression. However, the pathogenesis of depression remains unclear. The etiology of depression may be the result of the interaction between multiple factors, including genetic factors, environmental factors, and body heterogeneity. Pan et al. (2022) have the OGDHL (oxoglutarate dehydrogenase) rs2293239 (p.Asn725Ser) as one of the main genetic factors for family depression through multigroup analysis. The insulting experiences from social peers and childhood traumatic experiences are high-risk factors for the occurrence of depression (Wang et al., 2023). The introduction of effective environmental interventions such as green vegetation and water sources into living environments such as campuses and communities have become potential protective factors against depression (Yang et al., 2022). In addition, female gender, low income, poor parental relationships, singleness, smoking and alcohol abuse, dietary structure, gut microbiota, and other heterogeneous factors have been reported to be related to depression (Milaneschi et al., 2011; van Sprang et al., 2023). Although the cure rate of depression treatment has improved during the past 40 years, the prevalence rate has not declined (Ormel et al., 2019). It is worth noting that the age of depression cases has become younger. It is shown that the prevalence of depression among adolescents aged 10–24 years has increased sharply in the past decade, and women are more vulnerable to depression (Collishaw, 2015). Moreover, the susceptibility of female adolescents seems to increase as they grow up (Oldehinkel and Bouma, 2011; Platt et al., 2021).

Studies have shown that adult mental disorders originate from the neurodevelopmental stage of early life and peak in middle and late adolescence (Howes and Murray, 2014; Gałecki and Talarowska, 2018). Adolescence is a period of critical transformation in life. The mental disorders that occur during this period would cause extensive and lasting damage in future interpersonal communication, education, and occupation. Based on the evidence that the age of patients with depression has become younger, early detection and prevention of this mental disease becomes increasingly important. Meanwhile, it is necessary to develop new treatment methods to solve this medical problem.

Because of their key role in the regulation of the central nervous system, the gut microbiota is called the human “second brain” (Ridaura and Belkaid, 2015). More and more studies have shown that there is a gut-brain axis between intestinal microorganisms and the central nervous system (Rutsch et al., 2020; Doifode et al., 2021). Many mechanisms are involved in the gut-brain axis, including the vagus nerve, microbial metabolism, hormones, and immune regulation, thus affecting cognitive function and emotion (Heijtz et al., 2011; Foster and McVey Neufeld, 2013; Sandhu et al., 2017). Several studies have found that gut microbiota can affect brain function to improve depressive symptoms (Bravo et al., 2011; Hsiao et al., 2013).

The gut microbiota of depressed patients is disordered and is significantly different from that of healthy people (Barandouzi et al., 2020). The gut microbiota disorder has also been shown in animal models (Wong et al., 2016). Targeted regulation of gut microbiota has become a new strategy for the prevention and treatment of depression. At present, the probiotic preparations of Bifidobacterium and Lactobacillus have been commonly used to improve the symptoms of depression (Ng et al., 2018). Among them, the Bifidobacterium preparation has been confirmed to have a positive impact on the improvement of depression symptoms, and the relevant products have been used as effective adjunctive agents for the clinical treatment of depression. For example, the patients with mild to moderate depressive symptoms accompanied by irritable bowel syndrome (IBS) who were treated with Bifidobacterium longum NCC3001 had significantly improved depressive symptoms and quality of life scores compared with the placebo group, as well as improved responses to multiple brain regions (including the amygdala and the marginal frontal lobe) to negative emotional stimuli (Pinto-Sanchez et al., 2017).

In this mini-review, the current knowledge about the relationship between Bifidobacterium and depression has been introduced, including the relationship between depression and Bifidobacterium, and the possible antidepressant mechanism. In addition, the research progress in the treatment of depression with Bifidobacterium preparations or Bifidobacterium combination preparations in use and development has also been summarized (Table 1). Finally, we emphasize that the Bifidobacterium-related drug preparations may be used as a new adjuvant therapy to prevent the occurrence and development of depression.



TABLE 1 Summary of the application of Bifidobacterium-related preparations in the intervention of depression.
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2. Depression and gut microbiota

Gut microbiota is composed of 1014 to 1015 bacterial cells, and distributed in more than 1000 species (Li et al., 2014). There is a strong correlation between depression and the imbalance of gut microbiota. A previous study has found that the abundance of Bifidobacteria and Lactobacilli in patients with major depressive disorder (MDD) was significantly decreased (Aizawa et al., 2016). Another study has found that the abundance of Bacteroides, Proteobacteria, and Actinomycetes in MDD patients was significantly increased, while the abundance of Bacterobacter was significantly decreased. Compared with the control group, the abundance of Lachnospiraceae and Ruminococcaceae families, within the phylum Firmicutes, is decreased in the A-MDD group (HAMDS score ≥ 20) (Jiang et al., 2015). In addition, although most studies reported that the bacteria in patients with depression belong to Chlamydomonas at the family and genus level, there is no consensus on the abundance of Chlamydomonas (Barandouzi et al., 2020). Although the change of gut microbiota in patients with depression may lead to different results due to individual differences, the disorder of gut microbiota is certain.

The microbiota of MDD patients have been transplanted into germ-free mice, which then showed depressive behavior (Zheng et al., 2016). In addition, the density of microglia in the ventral hippocampus of healthy rats was increased after treatment with the microbiota of rats with depressive behavior, and the expression of interleukin-1β (IL-1β) was also increased, showing obvious depressive behavior compared with the control group (Pearson-Leary et al., 2020). Similarly, transplanting the fecal microbiota of patients with depression to rats lacking microbiota can also induce depression and anxiety-like behavior in recipient animals, and alter the tryptophan metabolism (Kelly et al., 2016). Studies have shown that fecal microbiota transplantation (FMT) can improve the depressive symptoms of patients with IBS, functional diarrhea, and functional constipation (Kurokawa et al., 2018; Lin et al., 2021). Oral administration of FMT capsules can improve the depression and anxiety scores of IBS patients complicated with diarrhea and psychological disorders (Guo et al., 2021). In addition, FMT can improve stool patterns and depressive symptoms by increasing the diversity of gut microbiota in IBS patients (Mizuno et al., 2017). The above evidence indicates that the gut microbiota is closely related to the occurrence and development of depression. Based on existing evidence, improving depressive symptoms by regulating the gut microbiota may provide a new idea for the prevention and treatment of depression. However, due to the complex pathogenesis of depression, whether the imbalance of gut microbiota is the cause of depression remains to be further explored.



3. Biological characteristics of Bifidobacterium

In 2001, scientists from the Food and Agriculture Organization and the World Health Organization of the United Nations revised the definition of probiotics at an expert consultation as follows: when given at a sufficient amount, probiotics will be beneficial to the health of the host. Since then, this definition has been most widely accepted in the world (Hill et al., 2014). Studies have confirmed that probiotics play a certain role in the treatment of IBS (Ford et al., 2014; Didari et al., 2015), inflammatory bowel disease (Hegazy and El-Bedewy, 2010; Park et al., 2022), constipation (Barichella et al., 2016; Tan et al., 2020), respiratory infection (Li et al., 2019; Mai et al., 2021), and emotional disorders (Steenbergen et al., 2015; Tran et al., 2019). It is noteworthy that Bifidobacteria have beneficial effects on depression (Dinan et al., 2013; Aizawa et al., 2016).

Bifidobacterium is a typical intestinal bacterium, belonging to Actinobacillus and Bifidobacteriaceae. It is a kind of inactive, spore-producing, and gas-producing Gram-positive bacterium (Bottacini et al., 2014). It is considered to be the most important bacterial group in the intestinal microbial community of vaginal delivery and breastfed infants (Turroni et al., 2012). Bifidobacteria are the first batch of microbial colonizers in the intestines of newborns, and thus play a key role in their physiological development, including the maturation of the immune system and food catabolism (Hidalgo-Cantabrana et al., 2017). Shortly after birth, up to 90% of the bacteria found in the gastrointestinal tract of infants are Bifidobacteria (Harmsen et al., 2000). In adults, they still account for 3–5% of the total intestinal microbial community (Harmsen et al., 2002). Among them, Bifidobacterium longum, Bifidobacterium adolescentis, Bifidobacterium breve, Bifidobacterium pseudo streptococcus, and Bifidobacterium pseudolongum are dominant, and therefore these species have been considered to be the widely existing Bifidobacterium species (Turroni et al., 2009).



4. Antidepressant effects and mechanisms of Bifidobacterium

Increasing evidence has shown that probiotics containing Bifidobacteria may have the potential to prevent and treat various mental and psychological diseases, such as depression and anxiety (Cheng et al., 2019). Steenbergen et al. (2015) conducted a three-blind randomized placebo-controlled trial, in which healthy subjects were daily treated with lyophilized probiotics powder containing Bifidobacteria (2.5 × 109 CFU). Before and after the intervention, the subjects were evaluated with the revised Leiden Depression Sensitivity Scale (LEIDS-r), Becker Depression Scale II (BDI-II), and Becker Anxiety Scale (BAI). The results have shown that the intake of probiotics for 4 weeks would significantly reduce the overall cognitive response to depression, especially aggressive and reflective thinking, and the results first confirmed that, the 4-week intervention of multi-species probiotics had a positive impact on the cognitive response of the natural sadness mood changes in healthy individuals. Other studies have shown that after treatment with Bifidobacterium infantis, the maternally isolated rats would show a reversed immune function, reversed norepinephrine concentration in the brain, and finally reversed depressive behavior (Desbonnet et al., 2010). Pinto-Sanchez et al. (2017) used 1.0 × 1010 CFU Bifidobacterium longum NC3001 to treat adult IBS patients with mild and moderate depression for 6 weeks, and the results have shown that after the intervention, the depression score of the experimental group was significantly lower than the control group. In addition, the results of functional magnetic resonance imaging showed that Bifidobacterium longum NC3001 reduced the response of multiple brain regions (mainly including the amygdala and frontal limbic regions) to fear stimuli, and the decreased activation of the amygdala frontal limbic complex was related to the decreased depression score. These findings suggest that Bifidobacterium has a positive role in depression treatment. A large number of studies (Han et al., 2020; Tian et al., 2022) have confirmed that Bifidobacteria can be used to treat depressive symptoms, but the underlying mechanisms have not been completely elucidated, which may be related to reducing the abundance of pathogenic bacteria, exerting the anti-inflammatory effects, improving the permeability of intestinal barrier, regulating the tryptophan levels, affecting 5-hydroxytryptamine (5-HT) synthesis, and regulating hypothalamus-pituitary–adrenal (HPA) axis (Figure 1).
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FIGURE 1
 The antidepressant mechanisms of Bifidobacterium.



4.1. Anti-inflammatory mechanisms

Inflammation exacerbation is one of the characteristics of a series of diseases, including cardiovascular disease, diabetes, metabolic syndrome, rheumatoid arthritis, asthma, multiple sclerosis, and chronic pain, each of which would increase the risk of depression (Dantzer et al., 2008; Slavich and Irwin, 2014). Cytokines induce depressive symptoms by affecting different emotion-related processes. Elevated inflammatory signals would cause neurotransmitter metabolism disorders, damage nerve health, and disrupt brain regulation and signal mechanisms in behavior and emotion (Johnson et al., 2021). Some studies (Stewart et al., 2009; Matheny et al., 2011; Jin et al., 2020) have shown that compared with individuals with less frequency of depressive symptoms, individuals with more frequency of depressive symptoms would produce more interleukin-6 (IL-6) after being stimulated, showing that the level of IL-6 is significantly increased after stimulation (Fagundes et al., 2013). In the stress model, increased IL-1β in the brain induced depressive behavior, while the IL-1 receptor gene knockout mice did not exhibit depressive behavior after chronic social failure stress (CSDS) exposure (McKim et al., 2018). Mice exposed to CSDS for 10 consecutive days showed changes in intestinal microbial composition and IL-1β expression in the brain and had increased depressive behavior. Intervention with heat-sterilized Bifidobacterium breve M-16V could reduce the abundance levels of bacteria to prevent CSDS-induced depression and IL-1β expression (Kosuge et al., 2021). Desbonnet et al. (2008) have pointed out that Bifidobacterium infantis 35624 containing 1 × 1010 live bacterial cells can reduce the proinflammatory cytokines IL-6, IFN-γ, and TNF-α in SD rats after treatment for 14 days. In a randomized, double-blind, placebo-controlled parallel study, people with subclinical depressive symptoms were given the probiotics NVP-1704 containing 0.5 × 109 CFU Bifidobacterium adolescentis NK98, and after treatment, the depressive symptoms of this group were significantly improved, with significantly reduced serum level of IL-6. Human gut microbiota is closely related to the production of pro-inflammatory cytokines (such as IL-6).

Depression can promote intestinal permeability, that is, greater inflammation induces endotoxin translocation, which could be described as intestinal leakage (Maes et al., 2008). Exposure to pro-inflammatory cytokines such as TNF-α will reduce the function of the epithelial barrier, which may lead to the translocation of bacterial components into the blood, and the permeability of the intestinal barrier may be involved (Arseneault-Bréard et al., 2012). The intestinal epithelium forms a barrier between the external environment and lumen contents, in which the tight junction complex plays an important regulatory role (Cario, 2008). This ensures the impermeability of the intestinal barrier and effectively avoids the translocation of intraluminal antigens, toxins, and inflammatory compounds (Goyer et al., 2016; Paradis et al., 2021). It has been reported that intervention with Bifidobacterium infantis conditioned medium in mice significantly reduced their colon permeability, while the long-term use alleviated the inflammatory response in IL-10 deficient mice, restored colon permeability to a normal level, and reduced the secretion of interferon in the colon (Ewaschuk et al., 2008). The imbalance of gut microbiota, such as the decrease of Bifidobacterium and Lactobacillus, and the increase of pathogenic bacteria, can stimulate the secretion of pro-inflammatory cytokines by increasing the intestinal epithelial permeability, while Lactobacillus and Bifidobacterium can down-regulate the secretion of pro-inflammatory cytokines. Therefore, inhibiting the secretion levels of IL-6 may be the reason why NVP-1704 plays a therapeutic role (Lee et al., 2021). The combination of Bifidobacterium longum R0175 and Lactobacillus helveticus R0052 can regulate depressive behavior after myocardial infarction in rats, including loss of pleasure (the sucrose preference test) and behavioral despair (the forced swimming test), and significantly reduce plasma IL-1β concentration, restoring the integrity of rat intestinal barrier (Arseneault-Bréard et al., 2012). Okubo et al. (2019) have shown that after treatment with 5.0 × 1010 Bifidobacterium breve A-1 for 4 consecutive weeks, the total scores of the anxiety and depression scale in schizophrenic patients were significantly improved than the baseline. Moreover, the expression levels of IL-22 and TNF-related activation-induced cytokines, which play key roles in the intestinal epithelial barrier function, were significantly up-regulated. The authors speculate that the effect of Bifidobacterium breve A-1 on anxiety and depression may be related to the enhancement of intestinal epithelial barrier function. The above findings suggest that Bifidobacterium may have antidepressant effects by reducing the secretion of inflammatory factors and restoring the function of the intestinal epithelial barrier.



4.2. Regulating tryptophan levels and affecting 5-HT synthesis

The 5-HT is a widely studied neurotransmitter widely distributed in the nervous system and is responsible for a variety of physiological processes, such as mood, sleep, intestinal movement, and vasoconstriction (Chen et al., 2021). There is a close relationship between 5-HT and depression (Boku et al., 2018), but it is still unclear whether dysfunction in the synthesis and release of 5-HT is a direct cause of depression. Recently, Erritzoe et al. reported that the 5-HT release was decreased in patients with the major depressive syndrome, which provides clear evidence for the presence of 5-HT neurotransmission dysfunction in patients with depression (Erritzoe et al., 2022). In a mouse model of stress-induced depression, the levels of 5-HT in the prefrontal cortex and hippocampus were downregulated (Zhang et al., 2018). After intervention with antidepressants, the depressive behaviors of mild stress mice (Li et al., 2018) and postpartum depression rats (Jia et al., 2017) would be significantly alleviated, accompanied by a reversal of the downregulation of 5-HT levels in the prefrontal cortex. Thus, the synthesis and release of 5-HT play important roles in the occurrence and development of depression.

Tryptophan, an essential amino acid obtained from food, is a precursor for 5-HT biosynthesis in vivo, and therefore the level of tryptophan directly affects the synthesis of 5-HT (Alcaino et al., 2018). More than 90% of 5-HT is synthesized in the intestinal tract, where tryptophan is first converted into 5-hydroxytryptophan under the action of tryptophan hydroxylase 1 (TPH1), and then into 5-HT under the action of aromatic amino acid decarboxylase (Visser et al., 2011; Maffei, 2020). The tryptophan and 5-Hydroxy-l-tryptophan (5-HTP) in the gut can pass through the blood–brain barrier and enter the brain. Tryptophan hydroxylase 2 expressed in neurons in the raphe nucleus of the brain stem can convert tryptophan into 5-HTP. The 5-HTP can be converted into 5-HT under the action of aromatic L-amino acid decarboxylase. Clinically, the plasma tryptophan level in patients with depression is decreased (Messaoud et al., 2019), and supplementation with tryptophan can improve their depressive symptoms (Gonzalez et al., 2021). Interestingly, the intestinal microbiota can regulate 5-HT by changing the level of tryptophan. For example, Bifidobacterium longum infant E41 and Bifidobacterium breve M2CF22M7 can improve the microbial imbalance induced by chronic unpredictable mild stress in mice, and regulate the expression of TPH1 in RIN14B cells and the secretion of 5-HTP, significantly reducing the depressive behavior of mice in the forced swimming tests, sucrose preference tests, and hypotensive tests (Tian et al., 2019). The levels of metabolites (including tryptophan, 5-HTP, and 5-HT) in the olfactory bulb of chronic mill stress mice show a downward trend (Chen et al., 2022). Bifidobacterium can achieve antidepressant effects by regulating tryptophan. Bifidobacterium breve CCFM1025 has been shown to exert antidepressant effects by upregulating related substances including tryptophan, 5-HTP, and 5-HT (Chen et al., 2022). Taken together, Bifidobacteria may affect the synthesis of 5-HT by regulating the level of tryptophan.



4.3. Regulating the hypothalamus-pituitary–adrenal (HPA) axis

The change of the HPA axis in depression may reflect the influence of stress and regulate the performance of depressive symptoms (Peng et al., 2015). Stress activates the HPA axis and finally stimulates the adrenal cortex to release glucocorticoids (i.e., human cortisol and animal cortisol) in response to the stimulation of adrenocorticotropic hormone from the anterior pituitary. The increased glucocorticoids in circulation inhibit the secretion of corticotropin-releasing hormone (CRH) and vasopressin in the hypothalamus, establishing a negative feedback loop. On the other hand, stress-induced intestinal ecological imbalance aggravates intestinal inflammation and permeability and stimulates the release of pro-inflammatory cytokines, thus further activating the HPA axis (Johnson et al., 2021). The intervention of the probiotics mixture containing Bifidobacterium W23 in high-fat diet model rats can significantly reduce the depressive behavior in the forced swimming test, and reduce the transcription level of factors involved in the regulation of the HPA axis (CRH-R1, CRH-R2, and MR) in the hippocampus. Therefore, the antidepressant effects of Bifidobacterium may be affected by the HPA axis (Abildgaard et al., 2017). In the mouse model suffering from chronic stress, the combination of Bifidobacterium longum R0175 and Lactobacillus R0052 would significantly improve depressive behavior, reduce the level of corticosterone, and restore the intestinal barrier. The decrease in cortisol level is related to the reduction of HPA axis hyperactivity (Ait-Belgnaoui et al., 2014). The above findings show that Bifidobacterium can improve depressive behavior by regulating the HPA axis.




5. Conclusion and future directions

Based on the above evidence, we conclude that Bifidobacterium has certain antidepressant effects. However, there are certain differences in the clinical research results, which may be caused by different basic diseases of the study participants and differences in research programs. Depression has a serious impact on the health and quality of life of patients, and effective interventions are urgently needed for disease prevention and treatment. These interventions should be of low cost and have low side effects. In recent years, the intervention with probiotics has been confirmed to regulate intestinal micro-ecology and further improve the disease symptoms, suggesting the potential of probiotic-customized products as a new treatment strategy. This mini-review summarized the evidence of Bifidobacterium in the treatment of depression in recent years. Bifidobacterium, as a kind of probiotic, could bring positive prevention and treatment efficacy for depression in both model animals and human beings. Bifidobacterium can exert its antidepressant role through the anti-inflammatory effects and regulating tryptophan metabolism, 5-HT synthesis, and the HPA axis. Our findings may provide evidence for Bifidobacterium-related drug preparations as adjuvant therapy for the prevention and treatment of depression. In the future, the biological mechanism of the antidepressant effects of Bifidobacterium still needs to be further clarified.
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The beneficial effects of lactic acid bacteria are well known and recognized as functional foods that are health benefits for companion animals. This study, for the first time, reports the probiotic properties, safety, and whole-genome sequence of Pediococcus acidilactici GLP06 isolated from feces of beagles. In this study, candidate probiotic bacteria P. acidilactici GLP02 and GLP06 were morphologically characterized and tested for their antimicrobial capacity, tolerance to different conditions (low pH, bile salts, an artificial gastrointestinal model, and high temperature), antibiotic sensitivity, hemolytic activity, cell surface hydrophobicity, autoaggregation activity, and adhesion to Caco-2 cells. P. acidilactici GLP06 showed better probiotic potential. Therefore, P. acidilactici GLP06 was evaluated for in vivo safety in mice and whole-genome sequencing. The results showed, that the supplemented MG06 group (1010 cfu/mL), GLP06 was not only nontoxic to mice, but also promoted the development of the immune system, improved resistance to oxidative stress, and increased the diversity of intestinal microorganisms and the abundance of Lactobacillus. Whole-genome sequencing showed that P. acidilactici GLP06 was 2,014,515 bp and contained 1,976 coding sequences, accounting for 86.12% of the genome, with no drug resistance genes and eight CRISPR sequences. In conclusion, the newly isolated canine-derived P. acidilactici GLP06 had good probiotic potential, was nontoxic to mice and promoted the development of immune organs, improved the biodiversity of the intestinal flora, and had no risk of drug-resistant gene transfer, indicating that P. acidilactici GLP06 can be used as a potential probiotic for the prevention and treatment of gastrointestinal diseases in companion animals.
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1. Introduction

Probiotics are defined as “living microorganisms that, when consumed in sufficient quantities, have beneficial effects on the health of the host” (FAO/WHO, 2002; Indian Council of Medical Research Task Force, Co-ordinating Unit ICMR, Co-ordinating Unit DBT, 2011; Guarner et al., 2012). Probiotics have been shown to, affect downstream pathways directly or indirectly, inhibit or activate key signaling pathways such as nuclear factor kappa-B (NFκB) and mitogen-activated protein kinase (MAPK) (Thomas and Versalovic, 2010), enhancing mucosal immune barriers (Jones et al., 2015), and treating abdominal diseases (Preidis and Versalovic, 2009). Lactic acid bacteria (LAB) are known for their safety and are one of the most common types of probiotic microorganisms (Bourdichon et al., 2012). P. acidilactici is a type of LAB and belongs to the Pediococcus genus. It has been reported to have good probiotic effects, such as reducing constipation and regulating the intestinal flora in mice (Qiao et al., 2021); reducing blood glucose levels and improving pancreatic β-cell function in diabetic rats (Qiao et al., 2021; Widodo et al., 2023); and improving nutrient digestibility and antioxidant capacity in weaned piglets (Dowarah et al., 2018).

The probiotic properties of microorganisms are closely related to host specificity. Therefore, the bacterial species should be derived from the host gut to be successfully used as a probiotic. Unfortunately, most probiotics for companion animals are not initially derived from the canine or feline gastrointestinal tract (GIT) microbiota. Therefore, screening and evaluating strains with more beneficial biochemical potential is still needed. However, the canine and feline GIT are rich in microorganisms with probiotic potential.

Therefore, this study aimed to isolate and identify strains with probiotic potential from beagle feces and to evaluate the probiotic properties of the strains. At the same time, whole-genome sequencing of the strains and mouse dosing tests were conducted to evaluate the safety of the strains. The results of this study will help in the evaluation of microorganisms that could be used as potential strains in the treatment of gastrointestinal disease syndromes to improve companion animal health and welfare.



2. Materials and methods


2.1. Sampling

Fecal samples were obtained from three healthy adult female beagles from the Jimo Livestock Experimental Farm in Qingdao, China; the test animals had not received antibiotics or probiotics for 2 months prior to sample collection. Samples were collected from the rectum using sterile swabs, quickly placed in sterile test tubes containing 10 mL of Man, Rogosa and Sharpe (MRS) (Haibo, China) and transported under refrigeration to the Animal Nutrition Laboratory of Qingdao Agricultural University.



2.2. Isolation and screening of LAB

The collected samples were mixed with a vortex mixer (Scilogex, United States) for 5 min, serially diluted (10−1 to 10−9), and 0.1 mL of each of the 10−3 to 10−7 dilutions was applied to MRS agar containing calcium carbonate. Individual colonies with soluble calcium circles were selected for passaging on MRS agar and incubated for 48 h at 37°C. After three passages, the isolates were stored frozen in 50% (w/v) sterile glycerol at −80°C. Supplementary Figure S1 shows the morphological and gram staining results of GLP02 and GLP06.

To identify the isolates, genomic DNA was extracted using a DNA extraction kit (Tsingke, China). Polymerase chain reaction (PCR) amplification was performed using the primers 16S-27F (5’-AGAGTTTGATCCTGGCTCAG-3′) and 16S-1492R (5’-TACGGCTACCTTGTTACGACTT-3′) under the following conditions: pre-denaturation at 94°C for 5 min, denaturation at 94°C for 45 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s for 30 cycles, then extension at 72°C for 10 min. The PCR products were identified by 1.0% agarose gel electrophoresis, and the target bands were recovered with a gel recovery kit (Solarbio, China) and sent to Tsingke Biological Technology for sequencing. A phylogenetic tree was constructed using Mega 11.0 software to determine the evolutionary relationships of the isolated strains.



2.3. Functional characteristics


2.3.1. Preparation of cell-free supernatant and bacterial suspension

Selected pure isolates of LAB were inoculated into MRS broth (2% v/v), incubated for 18 h at 37°C, centrifuged at 10,000 rpm for 10 min at 4°C, and the cell-free supernatant (CFS) was collected.

The harvested cells were washed three times with PBS (pH7.0) and adjusted to approximately 1 × 109 CFU/mL to obtain a bacterial suspension (BS).



2.3.2. Antimicrobial ability

GLP02 and GLP06 were inoculated into MRS broth and incubated at 37°C for 18 h. The cells were removed by centrifugation at 10,000 rpm for 10 min at 4°C, and the bacterial precipitate (BP) resuspended in PBS (pH7.0). Furthermore, indicator bacteria (E. coli ATCC25922; Salmonella ATCC14028; Staphylococcus aureus ATCC25923; Listeria monocytogenes ATCC119115; Pseudomonas aeruginosa ATCC27853) were inoculated into Lysogeny broth (LB, Haibo, China), incubated at 37°C for 18 h, and the cellular density adjusted to approximately 1 × 108 CFU/mL.

Indicator bacteria were spread on LB agar (Haibo, China) with 6 mm holes punched with Oxford cups: 100 μL of BS, CFS, BP, CFS pH7.0, and MRS broth were put inside each well. Finally, the samples were incubated at 37°C for 48 h, and the plates were observed for inhibition circle diameter (IZD) (Argyri et al., 2013; Fontana et al., 2015). Each test was repeated in triplicate.



2.3.3. Growth and acid-producing ability

An inoculum of 2.0% (v/v) of each strain was cultured in MRS broth, incubated at 37°C for 48 h. At 1, 2, 3, 5, 7, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, and 48 h, the absorbance OD600 and pH of the MRS were measured and used to plot the growth and acid-production curves.



2.3.4. Growth curves at different pH

The isolated strains were added at 2% (v/v) inoculum to MRS liquid at initial pH 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 and incubated at 37°C. The OD600 absorbance was measured at 3, 6, 9, 12, 18, 24, 30, 36, and 42 h, respectively, and the growth curves were plotted.



2.3.5. Tolerance to gastrointestinal conditions


2.3.5.1. Acid and bile salt resistance

The cultures were inoculated into MRS broth, incubated at 37°C for 18 h, washed twice with PBS (pH7.0), and resuspended in PBS (pH2.5) at 37°C for 3 h. Samples were collected at 0 and 3 h after incubation and analyzed for cell counts (Yu et al., 2020).

The cultures were inoculated into MRS broth, incubated at 37°C for 18 h, washed twice with PBS (pH7.0), and resuspended in 0.3 and 0.5% bile salts (Solarbio, China) at 37°C for 4 h. At 0 and 4 h after incubation, samples were collected and CFU counts were determined.



2.3.5.2. Resistance to artificial gastrointestinal models

Samples of the strains were collected during the stable growth period, centrifuged at 10,000 rpm for 10 min at 4°C, washed twice with PBS (pH7.0), resuspended in gastric juice, and incubated at 37°C for 1.5 h. Following this, they were centrifuged again, washed twice with PBS (pH7.0), and resuspended in intestinal fluid at 37°C for 2 h (Zárate et al., 2000). Each test was repeated in triplicate. Survivability was calculated using the formula:

[image: image]

(1) Tinitial1 and Ttreatment1 are the numbers of surviving bacteria (log CFU/mL) before and after treatment, respectively.




2.3.6. Tolerance to high temperature

The strains were incubated overnight and placed in water baths at temperatures of 50°C, 60°C, 70°C, 80°C, and 90°C for 5 min (Chen et al., 2020). Survivability was calculated using the formula:

[image: image]

(2) Tinitial2 and Ttreatment2 are the numbers of viable bacteria at 0 min and 5 min, respectively (log CFU/mL).



2.3.7. Safety assessment of the isolated strains


2.3.7.1. Hemolytic activity

The cultures were incubated overnight (18 h), streaked onto blood agar containing 5% (v/v) sheep blood (Oxoid, Germany) and incubated for 48 h at 37°C (Reuben et al., 2019). Staphylococcus aureus (ATCC25923) served as a positive control.



2.3.7.2. Antibiotic susceptibility

Based on recommendations for evaluating the safety of probiotics, 21 antibiotics were selected for testing in the form of 6 mm paper tablets (BIO-KONT, China): penicillin, oxacillin, ampicillin, piperacillin, imipenem, vancomycin, streptomycin, gentamicin, amikacin, kanamycin, tetracycline, chloramphenicol, minocycline, doxycycline, cotrimoxazole, azithromycin, erythromycin, clindamycin, norfloxacin, ciprofloxacin, and levofloxacin.

Colonies of the isolates were inoculated into PBS (pH7.0) to obtain 0.5 McFarland turbid cultures. Antibiotic-containing paper sheets were dispensed onto MRS agar medium coated with 0.5 McFarland and cultivated for 48 h at 37°C (Mancini et al., 2020). The IZD (including the disk diameter) was measured, and isolates were categorized as sensitive (≥ 21 mm), intermediate (16–20 mm), or resistant (≤ 15 mm) (Abbasiliasi et al., 2012).




2.3.8. Cell surface hydrophobicity

The strains were collected during the stable growth period, centrifuged at 10,000 rpm for 10 min at 4°C, washed three times with PBS (pH7.0), and resuspended in PBS (pH7.0) to an OD600 of about 0.25 ± 0.05 (A1) in order to standardize. Subsequently, an equal volume of xylene and chloroform was added and mixed by vortexing for 90 s (Collado et al., 2008). The aqueous phase was removed after 3 h of incubation at 37°C and its absorbance at 600 nm was measured (A2). The cell surface hydrophobicity was calculated using the formula:

[image: image]

(3) A1 and A2 are the absorbances at 0 h and 3 h, respectively.



2.3.9. Autoaggregation activity

An overnight culture was washed three times with PBS (pH7.0), the OD600 was measured (A3) and the sample mixed for 15 s by vortexing (Hernández-Alcántara et al., 2018). The culture was removed after 8 h of incubation at 37°C and its absorbance at 600 nm was measured (A4). The autoaggregation activity was calculated using the formula:

[image: image]

(4) A3 and A4 are the absorbances at 0 h and 8 h, respectively.



2.3.10. Adhesion to human colon carcinoma (Caco-2) cells

The adhesion ability of LAB strains was evaluated using Caco-2 cells. Caco-2 cells were cultured using minimal essential medium (MEM) supplemented with 20% (v/v) fetal bovine serum (Gibco, United States), 100 μg penicillin, and 100 μg streptomycin (Sigma-Aldrich, United States).

Caco-2 cells with good growth and 90% wall adherence were digested with 0.25% trypsin–EDTA, incubated in 24-well plates at 37°C until the cells grew to a monolayer, washed the cultured cells three times with PBS (pH7.0), and 1 mL of MEM complete culture solution without double antibiotics and serum added. The bacterial solution was washed three times with PBS (pH 7.0). The bacterial solution was resuspended in PBS (pH 7.0) and adjusted to 1 × 107 CFU/mL, and 1 mL of the bacterial suspension added to each well, followed by incubation for 1.5 h at 37°C in the presence of 5% CO2. Following this, 1.0% Triton X-100 solution (Solarbio, China) was added to the bacterial cells for 15 min (Cheon et al., 2020). The cell solution was recovered at 8000 rpm for 10 min, and resuspended in PBS (pH 7.0), and wells without Caco-2 cells to which only bacterial solution was added served as blank controls (A5), and the number of bacteria adhering to Caco-2 cells (A6) was assessed by serially dilution of the bacterial cytosol and incubating at 37°C for 24–48 h.
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(5) A5 and A6 represent the viable bacterial cell number before treatment (log CFU/mL) and after treatment (log CFU/mL), respectively.



2.3.11. In vitro analysis of antioxidant activity


2.3.11.1. The ability to scavenge 2,2-diphenyl-1-picrylhydrazyl radicals

A DPPH reagent test kit (Solarbio, China) was used to measure the DPPH radical scavenging ability of the isolated strains. The absorbance of the resulting solution was measured at 517 nm. Ascorbic acid was used as a positive control. The DPPH radical scavenging rate was calculated as follows:
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(6) Aassay1 is the absorbance of the sample to be tested; Acontrol1 is the absorbance of a mixture of the supernatant of the isolate treatment and anhydrous ethanol; Ablank1 is the absorbance of a mixture of the extract and working solution.



2.3.11.2. The ability to scavenge 3-ethylbenzthiazoline-6-sulfonic acid (ABTS) radicals

The ABTS radical scavenging ability of the isolated strains was measured by an ABTS reagent test kit (Solarbio, China). The absorbance of the resulting solution was measured at 405 nm. Ascorbic acid was used as a positive control. The ABTS radical scavenging rate was also calculated using Formula (6).





2.4. Safety evaluation of the strain in mice


2.4.1. Animal experiments and sample collection

Eighty Kunming mice (4-weeks-old) were randomly divided into four groups, half males and half females. LG06 group (109 CFU/mL), MG06 group (1010 CFU/mL), and HG06 group (1011 CFU/mL) mice were orally administered 0.2 mL of different concentrations of bacterial solution, while CK group mice were given an equal volume of saline. Every 3 days, body weight and food intake were measured, and the health status of the mice was recorded. After 27 days, the mice were fasted for 12 h and anesthetized with 1% sodium pentobarbital (50 mg/kg). Blood was collected from the abdominal aorta, and serum was collected by centrifugation (3,500 rpm, 4°C, 10 min) for analysis. After execution, the mice in each group were dissected and the viscera observed, and organs were collected and weighed. The organ coefficient was calculated as organ weight/body weight ×100 (Li et al., 2019).



2.4.2. Serum biochemical parameters in mice

Liver function, kidney function index, and antioxidant parameters were measured in mouse serum using commercial enzyme linked immunosorbent assay (ELISA) kits (Jiancheng, China). The data were measured by an enzyme marker or biochemical autoanalyzer (Selectra E, The Netherlands).



2.4.3. Gut microbiota in mice

Before the end of the experiment, feces were randomly collected from 10 mice in each group and stored at −80°C. DNA was extracted from the feces samples, and the V3–V4 region of the bacterial 16S rRNA gene was sequenced using the Illumina NovaSeq platform. The sequences were clustered into Operational Taxonomic Units (OTUs) with 97% similarity. All analyzes from clustering to determining α and β diversity were performed using QIIME. The data visualization web address is https://www.chiplot.online/.




2.5. Whole-genome sequencing

The genome was sequenced on the PacBio and Nanopore platforms at Allwegene Technology Co. (Beijing, China) and reads were assembled using Unicycler (Version: 0.5.0,1) (Wick et al., 2017). The genes were analyzed with Clusters of Orthologous Groups (COG) (Tatusov et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2004), UniProt (Apweiler et al., 2004), and Gene Ontology (GO) (Ashburner et al., 2000). Clustered regularly interspersed short palindromic repeats (CRISPR) were identified by MinCED (Version: 0.4.2,2). To confirm the presence of resistance genes, all identified coding sequences (CDS) were compared against the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020).



2.6. Statistical analysis

Data were expressed as mean ± standard deviation (SD) and analyzed using the t-test and one-way and two-way ANOVA in GraphPad Prism 8.0, with significant differences between groups at p < 0.05.




3. Results


3.1. Antimicrobial ability

From all the strains isolated, the two most effective strains, GLP02 and GLP06, were selected for further study. Figure 1 shows the inhibitory ability of GLP02 and GLP06 strains against pathogenic indicator bacteria. The inhibitory effect of CFS GLP06 on E. coli, S. aureus and P. aeruginosa was significantly higher than that of CFS GLP02 (p < 0.05), but its inhibition of L. monocytogenes was significantly lower than that of CFS GLP02 (p < 0.05). BS GLP02 showed significantly more inhibitory ability on Salmonella than GLP06 (p < 0.05), while the inhibition results for other pathogenic bacteria were not significantly different (p > 0.05). Overall, the inhibitory ability of BS was significantly higher than that of CFS (p < 0.05). The results indicated that GLP02 and GLP06 had better inhibition of pathogenic bacteria. Supplementary Figure S2 demonstrates the inhibitory effect of BP, MRS broth and CFS pH 7.0 on pathogenic bacteria.
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FIGURE 1
 The inhibitory effects of isolated strains against pathogenic indicator bacteria. The pathogenic indicator bacteria were (A) E. coli; (B) Salmonella; (C) S. aureus; (D) L. monocytogenes; and (E) P. aeruginosa. In each LB agar plate, (a) was added to the cell-free supernatant of GLP02; (b) was added to the cell-free supernatant of GLP06; (c) was added to the bacterial suspension of GLP02; (d) was added to the bacterial suspension of GLP06.




3.2. Identification of GLP02 and GLP06

To identify the species of the isolates, a molecular phylogenetic analysis was constructed using the 16S sequencing results. The results showed that GLP02 and GLP06 were P. acidilactici (Figure 2). Whole-genome sequencing of GLP06 also showed the same result (Supplementary Table S3).
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FIGURE 2
 Neighbor-joining phylogenetic tree of GLP02 and GLP06.




3.3. Functional characteristics of GLP02 and GLP06


3.3.1. Growth, acid-producing ability, and growth curves at different pHs

The growth of the two strains was slow from 0 to 3 h after inoculation, in the growth stagnation period. After 3 h, the OD600 increased rapidly, indicating the beginning of the logarithmic growth period. After 18 h, the OD600 leveled off and entered a stable period. The trend of pH was generally consistent with the growth curve. GLP02 was stable at approximately 3.67 (Figure 3A), and GLP06 was stable at approximately 3.68 (Figure 3C).
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FIGURE 3
 Growth, acid-producing ability and growth curves at different pH of selected strains. (A) Growth and acid-producing curve of GLP02; (B) Growth curves at different pH of GLP02; (C) Growth and acid-producing curve of GLP06; and (D) Growth curves at different pH of GLP06.


The growth of strains GLP02 (Figure 3B) and GLP06 (Figure 3D) was entirely inhibited at pH ≤3.0. The strains could grow slowly at pH4.0 and normally at pH5.0, pH6.0 and pH7.0. However, there were some differences in the OD600 when reaching the stable phase.



3.3.2. Tolerance to different conditions

Figure 4 displays the survival rates for acid, bile salt resistance, gastrointestinal models, and high temperature. GLP06 (72.17%) showed significantly higher survival rates than GLP02 (63.97%) at pH2.5 (p < 0.0001). The graph shows that there was a slight fall in the survival rates of GLP02 and GLP06 at 0.3% bile salt, although GLP02 (98.84%) showed significantly higher resistance than GLP06 (95.70%, p < 0.001). However, GLP06 (90.22%) showed significantly higher resistance to 0.5% bile salt than GLP02 (87.95%, p < 0.01). The study demonstrated the good viability of GLP02 and GLP06 under both gastric and intestinal conditions, with mean viability rates of 55.32 and 54.83%, respectively. Treatment of P. acidilactici GLP06 at 50, 60, and 70°C for 5 min had little effect on its survival, but after 5 min at 80 and 90°C, the % survival of GLP02 and GLP06 decreased significantly. The higher the temperature above 70°C, the greater the damage to the bacteria, although GLP06 had better resistance than GLP02, as shown in Figure 4.
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FIGURE 4
 Survival rates of isolated strains after exposure to different conditions. (A) Acid and bile salt resistance; (B) Artificial gastric juice, intestinal fluid, and gastrointestinal tract models; and (C) High temperature. Values were displayed as the mean ± SD, **p < 0.01, ***p < 0.001 and ****p < 0.0001 indicate differences between two P. acidilactici strains.




3.3.3. Safety assessment of GLP02 and GLP06


3.3.3.1. Hemolytic activity

GLP02 and GLP06 did not present any hemolysis (called γ-hemolysis) and can be generally accepted as safe; the data are shown Supplementary Figure S4.



3.3.3.2. Antimicrobial susceptibility

To ensure safety, the phenotypic antibiotic susceptibility of GLP06 was investigated against 21 antibiotics. It can be seen from the data in Table 1 that GLP06 was susceptible to piperacillin, imipenem, chloramphenicol, and erythromycin, and showed intermediate susceptibility to clindamycin, doxycycline, and levofloxacin, but was resistant to the rest of the antibiotics. Data for GLP02 are shown in Supplementary Table S5.



TABLE 1 Antibiotic resistance of strain GLP06.
[image: Table1]




3.3.4. Cell surface hydrophobicity and autoaggregation activity

Figures 5A,B show that the two strains had high CSH and autoaggregation. GLP06 (77.54%) had significantly higher % CSH than GLP02 (74.89%, p < 0.001). The autoaggregation of GLP02 (63.97%) was significantly lower than that of GLP06 (79.80%, p < 0.0001).

[image: Figure 5]

FIGURE 5
 Cell surface hydrophobicity, auto aggregation ability, adhesion, and antioxidant activity of P. acidilactici strains. (A) Cell surface hydrophobicity of P. acidilactici strains; (B) Auto aggregation ability of P. acidilactici strains; (C) Adhesion of P. acidilactici strains to Caco-2 cells; (D) DPPH radical scavenging rate of P. acidilactici strains; and (E) ABTS radical scavenging rate of P. acidilactici strains. Values displayed are the mean ± SD, *p < 0.05, ***p < 0.001 and ****p < 0.0001 indicate differences between the two P. acidilactici strains.




3.3.5. Adhesion to Caco-2 cells

The two strains showed a high level of adhesion ability to Caco-2 cells (Figure 5C). GLP06 (81.27%) showed significantly higher % adhesion than GLP02 (74.31%, p < 0.001).



3.3.6. In vitro analysis of antioxidant activity

Figures 5D,E show the antioxidant activity of the two strains. GLP06 had significantly more antioxidant ability for DPPH (p < 0.0001) and ABTS (p < 0.05) than GLP02. The two strains showed high antioxidant ability.




3.4. Safety evaluation of the GLP06 strain in mice


3.4.1. Effect of GLP06 on growth performance and organ coefficients in mice

We evaluated the effects of GLP06 supplementation on body weight and food intake in mice. The body weights of mice supplemented with different concentrations of GLP06 were not significantly different from those of the CK group, and the body weight of mice gradually increased during the trial (Figures 6A,B). In addition, the average daily gain (ADG) and average daily food intake (ADFI) of mice in the MG06 group were significantly higher than that of the CK group (p < 0.01 or p < 0.05; Figures 6C,D).
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FIGURE 6
 Effect of GLP06 supplementation on body weight and food intake in mice. (A) Body weight; and (B) Food intake were measured every 3 days; and (C) Average daily gain and (D) Average daily food intake were calculated at the end of the trial period. Values were displayed as the mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate differences among the four groups, n = 10.


Next, we investigated how GLP06 affected organ coefficients in mice. The organ weights of the heart, liver, spleen, and kidneys were not significantly different from those of the CK group (Supplementary Figures S6A–D). It is worth noting that the thymus organ coefficients were significantly higher than in the CK group (p < 0.01; Figure 7A).
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FIGURE 7
 Effect of GLP06 supplementation on organ coefficients and serum biochemical parameters in mice. (A) Thymus coefficient; (B) Blood urea nitrogen; (C) Superoxide dismutase and (D) Malondialdehyde were determined by use of commercial ELISA kits. Values were displayed as the mean ± SD. *p < 0.05 and **p < 0.01 indicate differences among the four groups, n = 10.




3.4.2. Effect of GLP06 on antioxidant and liver performance in mice

We also investigated how GLP06 affected blood markers in mice. The serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (T-BIL), indirect bilirubin (I-BIL), and direct bilirubin (D-BIL) concentrations of mice supplemented with GLP06 were not statistically significantly different from those of the CK group (Supplementary Figures S7A–E). At the same time, the blood urea nitrogen (BUN) levels in the MG06 group were significantly lower than those of the CK group and LG06 group (p < 0.05 or p < 0.01; Figure 7B).

The superoxide dismutase (SOD) levels of mice in the HG06 and MG06 groups were significantly higher than those of the LG06 and CK groups (p < 0.01; Figure 7C). In addition, the malondialdehyde (MDA) levels of mice in the MG06 group were significantly lower than those of the CK group (p < 0.05; Figure 7D).



3.4.3. Effect of GLP06 on gut microbiota in mice

Alpha diversity can reflect the abundance and diversity of microbial communities. The richness, Chao1, and ACE indices of the intestinal microbes in the HG06 group were significantly higher than those of the other groups (p < 0.05; Figures 8A,B,F), and PD whole tree values in the HG06 and MG06 group were significantly higher than in the CK group (p < 0.05; Figure 8E). In addition, Shannon and Simpson indices in the mice supplemented with GLP06 showed no significant difference from those of the CK group (Figures 8C,D).
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FIGURE 8
 Effects of GLP06 supplementation on alpha diversity of intestinal microflora in mice. Box plot depicting (A) Richness; (B) Chao1; (C) Shannon; (D) Simpson; (E) PD-whole-tree; and (F) ACE of intestinal microflora in mice. *p < 0.05 indicate differences among the four groups, n = 10.


Figure 9A shows the number of common and unique ASV in each group, and the number of ASV increases with the increase of GLP06 concentration. Principal co-ordinates analysis and principal component analysis showed that the MG06 and HG06 groups were more aggregated than the CK group (Figures 9B,C). It is possible, therefore, that higher concentrations (MG06 and HG06) may be required for the probiotics to be effective. In terms of species composition, at the top were Firmicutes, Bacteroidota, Deferribacterota, Desulfobacterota, Campylobacterota, and Actinobacteriota (Figure 9D); the difference in total (Firmicutes plus Bacteroidota) abundance between groups was not significant, but the Firmicutes/Bacteroidota in the LG06 group were significantly higher than those of the MG06 (p < 0.01) and HG06 groups (p < 0.05; Figure 9E). Figure 9F shows the top 10 groups with respect to the abundance of intestinal microbial genera in mice. Figure 9G shows a UNIFRAC heat map: the MG06 and HG06 groups were similar to the CK group except for a few samples (CK-9), but differed from the LG06 group. The main pathways enriched according to KEGG were carbohydrate metabolism, amino acid metabolism, etc. (Figure 9H).
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FIGURE 9
 Effects of GLP06 supplementation on the intestinal microflora of mice. (A) Veen; (B) Principal Co-ordinates Analysis; (C) Principal Component Analysis; (D) Community abundance on phylum level of the top 6; (E) Community abundance on phylum level of Bacteroidota and Firmicutes (F) Community abundance on genus level of the top 10; (G) Based on the UNIFRAC heatmap map and (H) analysis of the top 20 KEGG pathways were presented as bubble plots. *p < 0.05, **p < 0.01 indicate differences among the four groups, n = 10.





3.5. Whole-genome sequencing and bioinformatics processing

To understand the properties of the probiotics and explore the potential of GLP06, we performed whole-genome sequencing. The complete circular genome map of GLP06 is shown in Figure 10A. The complete genome of GLP06 comprises one 2.07 Mbp circular chromosome and one circular plasmid, with guanine and cytosine (G + C) contents of 42.20 and 40.09%, respectively. Table 2 shows the genomic information of GLP06; the genome contains a total of 2077 genes with an average length of 874 bp, and the total length of the gene sequences is 1,814,434 bp, accounting for 85.13% of the total genome length. CRISPR prediction of the genome using MinCED (Version: 0.4.2) showed that the genome of GLP06 contains eight CRISPRs (Supplementary Table S8) and did not predict any drug resistance genes. The KEGG, COG and GO databases were used to analysis the gene functions of P. acidilactici GLP06 (Figures 10B–D).



TABLE 2 General genomic information of the strain GLP06.
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FIGURE 10
 Whole-genome sequencing of GLP06. (A) The complete circular genome map of strain GLP06; the outermost circle of the circle diagram is genomic sequence information; the second circle is guanine and cytosine (G + C) content curve of the genomic sequence; the third circle is guanine and cytosine skew curve of the genomic sequence; the fourth circle is the second-generation sequencing depth and coverage information; the fifth circle is third-generation sequencing depth and coverage information; the sixth circle is the coding sequence and the non-coding RNA regions (rRNA, tRNA) in the reference genome, represented as inner and outer layers, with the outer layer representing positive strands and the inner layer representing negative strands. (B) The COG of proteins functional classification of the GLP06 strain genome; (C) GO analysis of strain GLP06 genome; (D) KEGG pathways enrichment for strain GLP06 genome.





4. Discussion

There has been a growing interest in using microorganisms as probiotics in recent years, with LAB being the most commonly used (El-Naggar, 2004). As it is essential to introduce microorganisms that do not alter the resident microbiota, probiotics should usually be isolated and identified from a homologous host so that they can be better adapted to the GIT and enhance the benefits of probiotic agents (Dunne et al., 2001; Argyri et al., 2013). Early reports on probiotics for companion animals focused on Lactobacillus, Bifidobacterium and Enterococcus (Weese and Martin, 2011; Schmitz and Suchodolski, 2016; Jugan et al., 2017; Sanders et al., 2019). However, there are few studies on canine derived Pediococcus spp. In this study, P. acidilactici GLP06 was isolated and identified from the feces of beagles and evaluated for its probiotic and safety properties. In addition, whole-genome sequencing of the strain was carried out to explore its potential biological functions. This study provided a theoretical basis for using canine derived probiotics as functional pet food.

LAB have been reported to be promising alternatives to antibiotics against pathogens (Özogul and Hamed, 2018). In this study, we selected several pathogenic bacteria reported to be associated with certain gastrointestinal diseases, including gastrointestinal infections, such as E. coli, S. aureus, S. typhimurium, L. monocytogenes and P. aeruginosa (Vesterlund et al., 2006). Among all isolated strains, GLP02 and GLP06 showed the highest zones of inhibition against these pathogens, indicating that the two strains have excellent antibacterial activity. In addition, BS and CFS showed more potent antimicrobial activity than BP. In earlier studies, it was reported that antimicrobial activity was related to competitive exclusion mechanisms in vivo, where probiotics competed with pathogens for attachment sites and nutrients, preventing pathogen colonization (Lee et al., 2014). LAB can produce a variety of antimicrobial metabolites, such as organic acids, bacteriocins, hydrogen peroxide, and inhibitory enzymes, to combat pathogenic bacteria (Hasannejad Bibalan et al., 2017; Cui et al., 2018; Cervantes-Elizarrarás et al., 2019). In this study, the isolates completely lost their inhibitory effect on pathogenic bacteria after the pH of the CFS was adjusted to 7.0 (CFSPH 7.0), implying that the inhibitory effect of the strain may be due to the organic acids produced (Arena et al., 2016). However, further research is needed to investigate the mechanism of this bacterial inhibition.

One of the crucial characteristics in selecting a probiotic strain that is beneficial to the host is resistance to different gastrointestinal conditions, including low pH, bile salts, artificial gastrointestinal fluids (various digestive enzymes), and other conditions (Ferrari Ida et al., 2016). Many studies have evaluated the resistance of P. acidilactici from different sources to gastrointestinal conditions (Barbosa et al., 2015; Noohi et al., 2016). In this study, GLP02 and GLP06 showed reasonable survival rates with regard to resistance to acid, bile salts, and gastrointestinal models. Probiotic products mostly require a spray drying process (high temperature) during processing (Simpson et al., 2005; Tafti et al., 2013). Therefore, screening strains for good thermal stability would have an industrial advantage (De Angelis et al., 2006). In this study, GLP06 showed good tolerance to high temperatures. Hemolysis assays and antibiotic resistance are crucial indicators of the safety of probiotics. Many earlier studies reported that probiotic bacteria did not show hemolytic activity (Bujnakova and Strakova, 2017; Nami et al., 2018; Mangia et al., 2019; Tarrah et al., 2019). In this study, neither strain showed hemolytic activity and this indicated that these bacteria were non-toxic. Therefore, these two strains may be candidates for safe probiotics (Li et al., 2020; Rajput et al., 2022). We also explored the identification of physiological and biochemical properties of GLP02 and GLP06 strains and the results are presented in Supplementary Table S9.

Earlier studies have reported that most probiotic bacteria are resistant to aminoglycoside antibiotics (Temmerman et al., 2003; Zhou et al., 2005), which is consistent with the results of the present study. However, LAB has previously been reported to be sensitive to β-lactam antibiotics (Liasi et al., 2009), which contradicts the current study’s findings. This difference could be due to a faulty cell wall autolysis system (Perreten et al., 2001). Antimicrobial resistance genes are harmful to the host and need to be evaluated in probiotic screening (Llor and Bjerrum, 2014). Ideally, probiotics should be sensitive to at least two antibiotics or not carry intrinsic antimicrobial resistance genes, to reduce the risk of transmission (Borriello et al., 2003; Adetoye et al., 2018). In this study, the target protein sequences were annotated using a blast-based CARD database based on GLP06 whole-genome sequencing data, and no resistance genes were annotated in GLP06, indicating that strain GLP06 is safe as a potential probiotic. The surface hydrophobicity and self-agglutination properties of bacteria facilitate their adhesion to host cell surfaces and penetration into host tissues (Rodrigues and Elimelech, 2009; Heilmann, 2011), which are important indicators for evaluating probiotic function. At the same time, adhesion of a probiotic bacterial strain to the intestinal epithelium must be evaluated (Ouwehand et al., 1999; Saarela et al., 2000); adhesion can reflect the strain’s time in the host and is a prerequisite for subsequent probiotic function (Juntunen et al., 2001). In the present study, a cell line was employed that has been widely used as a model for studying the intestinal barrier in vitro (Dimitrov et al., 2014). In this study, the hydrophobicity, self-agglutination properties, and adhesion to Caco-2 cells of GLP06 were higher than those of GLP02, indicating that GLP06 is more suitable as a potential canine derived probiotic.

Through a series of in vitro tests, GLP06 showed better probiotic potential and was selected for in vivo safety evaluation. Mice are the most commonly used models to study host-microbiome functions and mechanisms because the mouse model allows a high level of control and improved experimental reproducibility (Nguyen et al., 2015). The evaluation showed that supplementation with the isolate had no adverse effects on growth performance or organ index in mice. A simultaneous infusion of 1010 CFU/mL (MG06) of the probiotic improved growth performance. The thymus coefficient, a marker of immune system development (Gao et al., 2018; Nabukeera-Barungi et al., 2019), was significantly increased in the LG06 and MG06 groups. This finding suggests that strain GLP06 may have a healthy and beneficial effect on animals (Li et al., 2020). This experiment used instillation of probiotics in the mice, which could cause irritation or toxicity. Therefore, mice were tested for indicators of liver function (AST, ALT, T-BIL, I-BIL and D-BIL) and kidney function (BUN), as well as indicators of (MDA) and antioxidant capacity (SOD). SOD protects organisms from oxidative damage by converting superoxide radicals into hydrogen peroxide, which is then degraded into water and oxygen (Yao et al., 2005). MDA can induce cellular damage in various ways, and its levels in mice reflect the levels of free radicals produced by lipid peroxidation. Serum SOD levels were significantly increased in the HG06 and MG06 groups, and serum MDA and BUN levels were significantly decreased in the MG06 group. These results indicated that GLP06 supplementation not only had no toxic effects on mice but also played a vital role in promoting immune system development and reducing oxidative stress. The in vitro free radical scavenging assay (DPPH and ABTS) of the GLP06 strain showed the same results.

Although our data suggested that probiotics improved health in mice, we next investigated whether probiotics affect the gut microbiota that may regulate host health. Canine-derived probiotics have been reported to have many beneficial effects on the gastrointestinal microbiomes and immune systems of a variety of species (O’Mahony et al., 2009; Herstad et al., 2022). The richness, Chao1, Shannon, Simpson, PD whole tree, and ACE indices were used to assess species richness and diversity. With the exception of the Shannon and Simpson indices, the diversity indices in the probiotic-fed group tended to be higher than those in the control group and significantly higher in the high-dose addition group; these values suggested that the probiotic-added group had higher levels of bacterial biodiversity and community diversity. At the species composition phylum level, we found an increase in the abundance of Firmicutes in the probiotic-added group and an increase in the combined abundance of Firmicutes and Bacteroidota in the MG06 group, but the differences between the groups were not significant. Interestingly, Firmicutes abundance seemed to be inversely proportional to Bacteroidota abundance, which may indicate that they occupy the same ecological niche (Vázquez-Baeza et al., 2016). At the genus level, Lactobacillus and Muribaculaceae abundance was significantly higher in the MG06 group. The addition of canine-derived LAB increased Lactobacillus abundance, as reported in other studies (Baillon et al., 2004; Gagné et al., 2013). The main fermentation product of Muribaculaceae is propionate, which is associated with intestinal health and extended lifespan in mice (Smith et al., 2021). Studies using culture-free methods have shown that Muribaculaceae specializes in fermentation of complex polysaccharides (Ormerod et al., 2016; Lagkouvardos et al., 2019). Muribaculaceae and Clostridium perfringens are the main mucin monosaccharide foragers, occupying the same ecological niche in the gut. Increased Muribaculaceae will digest N-acetylglucosamine and hinder the colonization of the gut by Clostridium perfringens (Hiraishi et al., 2022). This finding suggests that the GLP06 probiotic may inhibit Clostridium perfringens and increase Muribaculaceae enrichment to improve intestinal health in mice. One study fed Pediococcus pentosaceus CECT 8330 to mice with colitis and found that the strain reduced levels of proinflammatory cytokines (TNF-α, IL-1β, and IL-6), and increased levels of IL-10 and abundance of Muribaculaceae and Lactobacillus; the authors concluded that P. pentosaceus CECT 8330 could be a promising probiotic to reduce intestinal inflammation (Dong et al., 2022). A limitation of the results was that Muribaculaceae was specific to the murine intestine, and experiments in dogs are needed to explore the role of P. acidilactici GLP06. In spite of its limitations, this study added to our understanding of the effect of P. acidilactici GLP06 on host intestinal flora.

In this study, the whole genome of P. acidilactici GLP06 was sequenced to elucidate its potential biological functions. The genome size of P. acidilactici GLP06 isolated in this study was 2,014,515 bp, a medium-sized genome, and these bacteria are usually highly metabolizable, tolerant and well adapted (Ranea et al., 2004). Based on GO, KEGG, and COG annotation results, we identified genes in global and overview maps involved in carbohydrate metabolism, membrane transport, translation, and nucleotide metabolism. Interestingly, the gene analysis revealed many common carbohydrate metabolism-related genes in P. acidilactici strains. We conjecture that the carbohydrate metabolism-related genes of canine-derived strains are closely related to the domestication of canines. Earlier studies reported whole-genome resequencing of dogs and wolves to screen for candidate mutations in genes critical to canine domestication and to provide functional support for increased starch digestion in dogs relative to wolves, a critical step in canine domestication (Axelsson et al., 2013). Dogs have lived with and in a similar environment to humans for long periods after domestication, and the gut microbiomes of canines and humans are relatively similar, with prolonged dietary alterations affecting the composition of the canine gut microflora (Coelho et al., 2018). We hypothesize that the carbohydrate-related genes in the GLP06 genome are the result of long-term evolution and domestication in dogs. We also enriched carbohydrate metabolism in previously predicted results for mouse intestinal flora KEGG, suggesting that strain GLP06 may modulate the host intestinal flora to improve health by regulating carbohydrate metabolism. Furthermore, the genome of GLP06 contains CRISPR, which has been identified in other probiotic studies (Alayande et al., 2020; Pan et al., 2020). CRISPRs can limit the spread of antimicrobial resistance genes and provide the potential for defense against incoming extrachromosomal DNA molecules (Marraffini et al., 2006; Mohanan et al., 2012). This finding suggests that the P. acidilactici GLP06 genome is stable and may be a candidate for companion animal probiotics.



5. Conclusion

In conclusion, in this study, a strain of P. acidilactici GLP06 was isolated from the feces of beagles. It showed good resistance to gastrointestinal pathogenic bacteria, good tolerance to the gastrointestinal environment and heat, resistance to aminoglycoside antibiotics but sensitivity to β-lactam antibiotics (Piperacillin and Imipenem), γ-hemolysis, high cell surface hydrophobicity, strong self-aggregation, and good adhesion to Caco-2 cells, indicating that P. acidilactici GLP06 had excellent probiotic properties and an ideal safety profile. In vivo experiments showed that P. acidilactici GLP06 supplementation not only had no toxic effects on mice but also promoted the development of the immune system, improved resistance to oxidative stress, and increased the diversity of intestinal flora and the abundance of Lactobacillus at suitable concentrations (MG06 group). Whole-genome sequencing showed that P. acidilactici GLP06 had one chromosome and one plasmid containing 1,976 coding sequences, representing 86.12% of the genes, with no resistance genes and eight CRISPR sequences, indicating that the strain’s genome was stable and free from the risk of resistance gene transfer. However, it is necessary to further reveal its specific health benefits through in vivo experiments in dogs. In conclusion, P. acidilactici GLP06 is a promising candidate probiotic with potential future use in the companion animal health and food industries.
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Pharmacological treatment of inflammatory bowel disease (IBD) is inefficient and difficult to discontinue appropriately, and enterobacterial interactions are expected to provide a new target for the treatment of IBD. We collected recent studies on the enterobacterial interactions among the host, enterobacteria, and their metabolite products and discuss potential therapeutic options. Intestinal flora interactions in IBD are affected in the reduced bacterial diversity, impact the immune system and are influenced by multiple factors such as host genetics and diet. Enterobacterial metabolites such as SCFAs, bile acids, and tryptophan also play important roles in enterobacterial interactions, especially in the progression of IBD. Therapeutically, a wide range of sources of probiotics and prebiotics exhibit potential therapeutic benefit in IBD through enterobacterial interactions, and some have gained wide recognition as adjuvant drugs. Different dietary patterns and foods, especially functional foods, are novel therapeutic modalities that distinguish pro-and prebiotics from traditional medications. Combined studies with food science may significantly improve the therapeutic experience of patients with IBD. In this review, we provide a brief overview of the role of enterobacteria and their metabolites in enterobacterial interactions, discuss the advantages and disadvantages of the potential therapeutic options derived from such metabolites, and postulate directions for further research.
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1. Introduction

IBD is a group of autoimmune-related intestinal inflammatory diseases. With worldwide development, the incidence of IBD is increasing worldwide and represents an increasingly heavy burden for society (Kaplan and Windsor, 2021). Current clinical treatment for IBD is inefficient, and patients with good early efficacy must face the dilemma of drug withdrawal (Chapman et al., 2020). More potential therapies are being considered, including antibiotics and biological inhibitors.

The composition and basic functions of enterobacteria have been researched for decades and enterobacteria play an important role in maintaining host homeostasis. Unlike the previously held gut-dominated model of action, the new model of entero-bacterial interactions highlights the important role of both enterobacteria and the intestinal environment and is gaining increasing interest. The intestinal flora is thought to play a key role in triggering IBD, and dysbiosis is strongly associated with IBD. Enterobacterial metabolites play an equally important role in disease incidence, and their disruption is thought to contribute to the pathogenesis of IBD through a variety of immune and pro-inflammatory pathways (Lavelle and Sokol, 2020). In addition, genetic defects associated with IBD and environmental factors can induce the accumulation and invasion of pathogenic bacteria in the intestinal tissues, thus further promoting dysbiosis and inflammation (Lavelle and Sokol, 2020). However, the mechanisms associated with enterobacterial interactions have not been elucidated, and the factors influencing enterobacterial interactions have not been specifically summarized.

The causal relationship between intestinal disorders such as IBD and intestinal flora has been of particular interest outside of specific animal models. However, the relationships remain elusive, and therapeutic tools acting on enterobacterial interactions are limited. Many reports suggest that the composition and balance of the microbiota and its metabolites are altered in IBD (Manichanh et al., 2006; Vich Vila et al., 2018; Lo Presti et al., 2019; Ryvchin et al., 2021; Čipčić Paljetak et al., 2022). In addition, the effect of antibiotic administration in the gut of IBD patients on disease progression is varies widely depending on the population and the type of antibiotic used, suggesting that alterations in the intestinal flora may be associated with disease progression or remission (Hviid et al., 2011; Ledder and Turner, 2018; Breton et al., 2019; Nguyen et al., 2020). Some intestinal flora metabolites are characteristically reduced in the stool of Crohn’s disease (CD) and ulcerative colitis (UC) patients (Marchesi et al., 2007). These studies suggest a possible role for antibiotics in improving the gut microbiota and metabolites in treating IBD but do not suggest a specific viable treatment. For example, the effect of antibiotics on IBD is often heterogeneous, and it is controversial whether the efficacy of different antibiotics in different patients outweighs the side effects of antibiotic use; this controversy is more evident in patients with UC (Ianiro et al., 2016; Ledder and Turner, 2018).

In recent years, various proposals for altering the gut microbiota have been tested to treat IBD, including fecal transplantation to replace the flora and the addition of probiotics with anti-inflammatory properties (Sood et al., 2009; Damman et al., 2012; Jakubczyk et al., 2020). Some of these ideas are well established and have entered clinical use; some probiotics are effective in a mouse model induced by dextran sodium sulfate (DSS) and in patients with mild to moderate UC (Sood et al., 2009; Wang et al., 2018). In this review, we will summarize the roles of enterobacteria and their metabolites in IBD and provide a summary of IBD therapies targeting enterobacteria in recent years.



2. Microbial dysbiosis in IBD

The composition of each microbial community varies significantly between individuals and is highly heterogeneous. Even between identical twins, only 40% of bacteria strains may be shared (Turnbaugh et al., 2010). The microbial community undergoes constant adaptations to the intestinal environment and function, such as the availability of lactic acid bacteria in newborns following delivery to help digest lactose and other substrates that infants cannot digest (Zivkovic et al., 2011). This adaptation is also reflected in the altered microflora of IBD (Ni et al., 2017).


2.1. Changes in intestinal flora in patients with IBD

Many studies have reported significant reductions in enterobacterial biodiversity in intestinal tissue samples from patients with IBD, as evidenced by reductions in the total number of species in the community. Table 1 presents the gut microorganisms that have been reported to play a significant role in enterobacterial interactions in IBD. Sepehri et al. reported that the gut flora in different parts of the intestine of IBD patients exhibited significantly reduced biodiversity compared to healthy individuals; furthermore, these differences were significantly associated with the degree of disease activity (Sepehri et al., 2007). Clostridium subsets in the phylum Firmicutes, such as cluster IV and subcluster XIVa, as well as Lachnospiraceae and Bacteroides were reduced in IBD, whereas parthenogenetic anaerobes, actinomycetes, Aspergillus, and phylum Proteobacteria increased (Frank et al., 2007; Macfarlane et al., 2009; Nishino et al., 2018; Lloyd-Price et al., 2019). The abundance of each group again differed in UC compared to CD patients. For example, the abundance of the phyla Firmicutes and Bacteroidetes increased (Macfarlane et al., 2009; Forbes et al., 2016). Within these phyla, species considered to have damaging effects on the intestinal mucosa, such as Escherichia, the genus Ruminococcus (R. gnavus) and Fusobacterium, became dominant, replacing Clostridium difficile, which protects the intestinal mucosa (Sepehri et al., 2007). Over recent decades, the microflora alterations in IBD patients have been well documented, including changes in phylum Firmicutes and butyric acid-producing bacteria. However, whether most species change in abundance between IBD and healthy populations and between UC and CD patients is widely debated (Macfarlane et al., 2009; Forbes et al., 2016). Previously observed alterations may also be related to selecting samples from different regions and populations. DGGE mapping of the 16S gene suggests that although environmental factors are essential, human genetics is the primary driver of enterobacterial alterations (Zoetendal et al., 2001).



TABLE 1 Reported roles of gut microbes in gut-bacteria interactions.
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2.2. Role of the intestinal flora in IBD through the immune response

The causal relationship between altered intestinal flora diversity and the pathogenesis of IBD has not been elucidated. Most studies have focused on the interaction between microorganisms and IBD through immune responses, with a healthy gut regulating intestinal ecology and building intestinal mucosal barriers through the secretion of antimicrobial peptides, IgA, and mucins (Grigg and Sonnenberg, 2017). It is demonstrated that IL5, IL13, IL17, and IL23 expression is increased and IL-33 expression is reduced in IBD patients (Kobori et al., 2010; Rosen et al., 2017). Among these cytokines, IL-23 is considered to have functional role. Stimulation of colonic leukocytes with IL-23 induced the production of IL-17, which has an association with bacteria-driven innate colitis. One additional evidence is that, it is known that innate immune colitis in Rag−/− mice following infection with Helicobacter hepaticus is IL-23 dependent, and IL-23R expression is controlled by transcription factor ROR-gammat, while Rag−/−Rorc−/− mice failed to develop innate colitis, suggesting that IL-23 has an positive effect on improving IBD (Hue et al., 2006; Buonocore et al., 2010; Ermann et al., 2014; Hall et al., 2017). Elinav et al. demonstrated that NLRP6 deficiency in mouse colonic epithelial cells resulted in reduced IL-18 levels and altered fecal microbiota characterized by expanded representation of the bacterial phyla Bacteroidetes (Prevotellaceae) and TM7, which in turn induces IBD pathogenesis (Elinav et al., 2011). Intestinal microbiota metabolites taurine, histamine, and spermine also shape the host-microbiome interface by co-modulating NLRP6 inflammasome signaling, epithelial IL-18 secretion, and downstream anti-microbial peptide (AMP) profiles, suggesting the dual role of intestinal flora and IBD (Levy et al., 2015).

Nevertheless, downstream mechanisms of a specific inflammatory factor is often unclear for it is influenced by multiple factors; whether alterations in that factor are influenced more by the disease itself or by microorganisms has yet to be explored in depth. For example, IL-33 induces ST2 constitutively expressing in immune cells, allowing IL-33/ST2 axis to act as a bridge between immune system orchestration and tissue injury. Kinchen et al. found that the pro-inflammatory factor IL-33, one of the markers of the S4 subpopulation of intestinal mesenchymal cells, which activates in dysregulation of niche in IBD, exhibits increased expression in the intestinal mucosal tissue of both human and mouse patients with IBD, and induced factors that impaired epithelial proliferation and maturation and contributed to oxidative stress and disease severity in vivo (Kinchen et al., 2018). IL-33 also collaborates with TLRs in promoting pro-inflammatory cytokine responses through the disruption of tolerogenic responses against intestinal bacteria. However, Malik et al. reported that IL-33 levels are reduced in IBD patients. In contrast, increased levels of mucolytic and colitogenic bacteria (e.g., Akkermansia) in IL-33-deficient mice were reported to contribute to the development of colitis by promoting increased levels of IL-1α. IL-33 was therefore suggested to act by inhibiting the development of IBD (Malik et al., 2016). This relationship illustrates the limitations of studies on particular inflammatory factor signaling pathways, and suggests the need to evaluation of “when” and “how” the IL-33/ST2 signaling when exploring novel IL-33-targeting biological agents in the therapeutic armamentarium against IBD in the future (Aggeletopoulou et al., 2022).



2.3. Factors affecting the interaction between intestinal flora and IBD

Most studies have focused on the microbiota as one of multiple IBD triggers rather than studying it as a single influencing factor. Several factors influence the interaction between microorganisms and IBD, including human genetic and nutritional perspectives are generally accepted.


2.3.1. Genetic polymorphisms

Over 250 bacterial species are susceptible to genetic changes in IBD, including Atg16L1, NOD2, NLRP6, and others (Agrawal et al., 2022). Compared to WT mice, cup cells in Atg16L1T300A/T300A mice exhibited reduced mucin secretion due to defective autophagy, whereas the mucin-degrading bacterium Akkermansia, which renews the mucosal layer and protects the intestinal barrier, was significantly less abundant in Atg16L1T300A/T300A mice (Cadwell et al., 2008; Liu et al., 2021). These mice also exhibited a significantly increased abundance of Ruminococcaceae associated with IBD (Liu et al., 2021). Combined deletion of the NOD2 gene and phagocytic NADPH oxidase (CYBB) gene leads to an increased abundance of Mucispirillum schaedleri, which in turn causes TNFα-dependent early spontaneous TH1 enteritis (Ogura et al., 2001; Caruso et al., 2019). One case–control analysis reported that healthy individuals with high genetic risk defined as 11 functional genetic variants including NOD2 and ATG16L1 that was regarded as genes that are directly involved in the bacterial handling in the gut, is significantly associated with a decrease in the genus Roseburia in healthy controls, whose metabolisms has been shown to induce Treg cells, preventing or ameliorating intestinal inflammation. The characteristic alteration of NLRP6 deficiency in mouse colonic epithelial cells is that exposure to DSS worsens colitis, and the resultant increased abundance of phylum Bacteroidetes (Prevotellaceae) can produce DSS-induced colitis by inducing CCL5 in neonatal or adult wild-type mice (Elinav et al., 2011). The development of Crohn’s disease-like ileitis is microbially dependent in TNFdeltaARE mice, and transfer of the microbiota from CD mice with dysregulated intestinal ecology to genetically susceptible sterile recipient mice induces Crohn’s disease-like inflammation, demonstrating a triggering role for the microbiota in the pathogenesis of genetically susceptible IBD patients (Schaubeck et al., 2016). cGAS knockout mice exhibit reduced levels of Desulfovibrio spp., Enterococcus spp. and Escherichia coli compared with DSS-induced IBD model mice; furthermore, cGAS knockout mice are less susceptible to DSS-induced colitis, suggesting a relationship between the cGAS gene in altering intestinal ecology and IBD pathogenesis (Wang Z. et al., 2021). The common feature of these genes is that they can alter intestinal ecology and cause or ameliorate the onset of colitis through the secretion of cytokines or alterations in the intestinal environment; this action is reciprocal, demonstrating the important role of inflammatory factors in entero-bacterial interactions. Notably, these mechanistic studies have been performed only in animal models. There are more genes, even immune-associated genes, may act on the intestinal flora through other pathways. One recent clinical research identified the involvement of IBD-related genes in the regulation of the intestinal microbiota (Hu et al., 2021), indicating a significant difference in the phenotype of the immune-related gene CABIN1 compared to healthy controls, which is associated with an increase in the D-glucaric acid degradation pathway. Interestingly, enterobacteria such as E. coli, a potentially pathogenic bacterium known to be enriched in dysregulated conditions, can use this sugar as a carbon source for growth (Gulick et al., 2001).

Gene-based burden test of microbial quantitative trait loci showed that host genes LEKR1, CYP2D6, GPR151, and TPTE2 in IBD patients could regulate bacterial metabolic pathways, such as inhibition of the hexanol-degrading bacterial superpathway, glucose 6-phosphate glycolytic pathway, and inhibit bacterial biosynthesis of vitamin K, among other bacterial biosynthesis levels (Hu et al., 2021).

COSMC controls the extension of O-glycans beyond a single GalNAc, which has a direct interface with the gut microbiota. To test the hypothesis that Cosmc spatially regulates the gut microbiome, Kudelka et al. deleted COSMC in the mouse intestine, which led to loss of microbial diversity and emergence of a pathobiont in the mucosa of the distal colon, but not in the overlying lumen or in the mucosa of the small intestine, determining that COSMC and the downstream O-glycans spatially regulate the gut microbiome (Kudelka et al., 2020).

Comparing the methylation of different genes across microbiota clusters, researchers observed 33 and 19 significantly hyper-methylated or hypo-methylated sites in cluster, respectively, including hyper-methylated signals in the gene body of NOTCH4, and hypo-methylation in CCDC88B and TAP2 (Ryan et al., 2020). Mechanism of interaction between methylation signals and microbiota alter is not clear as far.



2.3.2. Diet

Diet directly influences the development of IBD, e.g., dextran sodium sulfate (DSS; Wirtz et al., 2017). Similarly, a hypo-methyl diet methyl-deficient diet (MDD) has also been shown to exacerbate DSS-induced IBD (Melhem et al., 2016). The progression of IBD can be influenced by different dietary structures and a variety of nutrients, as described later. A meta-analysis of 12 randomized controlled trials (n = 611) and 4 observational studies (n = 359) noted that vitamin D supplementation in patients with IBD was effective in correcting their vitamin D levels, reducing C-reactive protein levels, and decreasing intestinal inflammatory activity, suggesting a role for vitamin D in the pathogenesis of IBD (Guzman-Prado et al., 2020). Another mechanism of action is that the alpha diversity and abundance of intestinal flora are regulated by diet, particularly in the case of certain strains of bacteria that are closely associated with the development of IBD, which may also be one of the mechanisms of action in IBD. Researchers in food science typically use a single nutrient as a single influencing factor; for example, vitamin A supplementation was found to antagonize the intestinal damaging effects of LPS and protect the intestinal mucosal layer, whereas Akkermansia renews the protective layer of the intestinal mucosa, and its abundance decreases in the intestine of vitamin A-deficient individuals. Investigations into the interaction between a food component as a prebiotic or enterobacterial metabolite and the intestine have also been undertaken, as described later (Vitamin A inhibits the action of LPS on the intestinal epithelial barrier function and tight junction proteins; the role of genotype and diet in shaping gut microbiome in a genetic vitamin A deficient mouse model). Different lines of research focus on producing different guidance for different populations, such as dietitians or gastroenterologists. However, regardless of the line of research, the cause-and-effect relationships and mechanisms underlying the effects of diet on the gut and the effects of diet on the intestinal flora are often difficult to describe and require additional basic experimental evidence.



2.3.3. Other

Experimental stress in animals increases intestinal mucosal permeability and also alters bacterial-host interactions (Mawdsley and Rampton, 2005). One hour sessions of water avoidance stress for 10 consecutive days increased the phagocytic uptake of killed Escherichia coli into follicle associated epithelium in mice (Velin et al., 2004). And as one of the mechanisms that genes take effect on interaction between intestinal flora and IBD, the increase in intestinal permeability associated with the stress response might also allow the gut microbiota to interact with the nervous system; which is so-called microbiota-brain-gut axis (Gracie et al., 2019). Moreover, exosomes derived from infected immune cells also induce a specific anti-microbial immune response through displaying antigen (De Toro et al., 2015). Actually, Exosomal Proteins can regulate intestinal barrier function and intestinal flora, respectively, in different situations. For example DC-derived exosomal heat shock protein 73 (HSP73) and IEC-derived exosomal HSP72 have already been identified that can utilize receptors for both Gram-positive (TLR2) and negative bacteria (TLR4) to stimulate the proinflammatory signal in a CD14-dependent fashion (Asea et al., 2002). On the other hand, ANXA1 is one potent endogenous pro-resolving mediator that released from IECs into the extracellular space, while ANXA1 mimetic peptide, Ac2-26, accelerates the recovery of epithelial barrier function (Leoni et al., 2015).





3. Gut metabolome in IBD

The intestinal metabolome of IBD patients is disturbed, affecting immunity, inflammation and gene expression. These changes manifest as metabolic dysregulation of short-chain fatty acids, bile acids and tryptophan. The following describes the changes in several major metabolites in IBD and their mechanisms (Table 2).



TABLE 2 Primary alterations in gut microbial metabolites and their underlying causal mechanism in IBD.
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3.1. SCFAs

Numerous studies have demonstrated the presence of reduced short-chain fatty acids (SCFAs) in the stool of patients with IBD. In a population-based analysis, acetic acid and butyric acid were found to be significantly lower in IBD patients than in normal subjects (Marchesi et al., 2007). SCFAs are a group of saturated fatty acids containing 2–5 carbon atoms, of which acetic acid (C2), propionic acid (C3), and butyric acid (C4) are the most abundant, accounting for approximately 90% to 95% (Ma et al., 2022). SCFAs are the main products of fermentation of dietary fiber by anaerobic bacteria colonizing the colon and cecum (Venegas et al., 2019). SCFAs are primarily produced by bacteria such as Acinetobacter, Bifidobacterium, and Bacteroides (Bpp.), Bifidobacterium (Dialister spp.), Coproestreeutacus, C. comes, and AnAerostipe spp. (Peng et al., 2022). After analyzing 127 UC and 87 healthy individuals, there was a significant reduction in butyric acid-producing bacteria R. hominis and F. prausnitzii in UC feces (Machiels et al., 2014). Butyrate also increases flora diversity in the treatment of DSS mice, resulting in a decrease in the abundance of fecal anaplasma and an increase in Firmicutes and is increasingly used in the treatment of IBD (Simeoli et al., 2017; Dou et al., 2020) SCFAs have been shown to improve the pathophysiological process of IBD by strengthening the intestinal barrier, suppressing the inflammatory response, modulating the immune response, and influencing intestinal microbes. SCFAs promote the production of the intestinal interepithelial tight junction proteins occludin, zonula occludens (ZO), and claudins, promote intestinal cell proliferation, and increase MUC3 and MUC5B expression, thereby strengthening the epithelial and mucus barriers and reducing intestinal permeability (Gaudier et al., 2004; Venegas et al., 2019; Ma et al., 2022). SCFAs signal primarily through G-protein-mediated signaling pathways, activating G protein receptors (GPCRs) on cell membranes, including GPR41, GPR43, and GPR109a. Activation regulates migration, growth, value-added, differentiation, apoptosis, and cytokine release of immune cells, and GPCRs are present in the membranes of intestinal cells and a variety of immune cells (Kim et al., 2013; Macia et al., 2015). An experiment demonstrates that SCFAs can promote IL-22 production by CD4+ T cells and ILCs through GPR41 and HDAC (histone deacetylase) and are regulated and mediated by HIF1α (Hypoxia Inducible Factor1α), AhR, stat3, and mTOR, which act as inhibitors of inflammation.

Another study reported that the addition of 150 mM acetic acid to drinking water ameliorated intestinal inflammation in DSS (Dextran Sulfate Sodium Salt) mice, resulting in an increase in colon length and a decrease in the disease activity index, where there was no significant therapeutic effect in GPR43 knockout mice, suggesting that acetic acid can regulate colitis through GPR43 (Masui et al., 2013). SCFA binding and subsequent GPR43-induced neutrophil chemotaxis and Treg proliferation. Acetic acid further, downregulates the inflammatory response and improve colonic inflammation in IBD patients (Smith et al., 2013; Furusawa et al., 2014). SCFAs also inhibit HDAC through GPCRs, promote histone acetylation, and regulate gene expression (Tan et al., 2014; Peng et al., 2022). Increased histone acetylation was observed in the inflamed mucosa of both CD patients and TNBS-induced (Trinitro-benzene-sulfonic acid) and DSS-induced mouse intestines, suggesting a possible association between histone acetylation and intestinal inflammation (Tsaprouni et al., 2011). SCFAs inhibited HDAC, reduced TNF expression in monocytes and neutrophils, inhibited the NF-κB pathway, and suppressed the expression of proinflammatory factors such as IL-2, IL-6, and IL-8. In Treg cells, SCFAs promoted FOXP3 expression and inhibited proteasome degradation, thereby suppressing the inflammatory response; in intestinal macrophages, SCFAs inhibited the production of the proinflammatory substances NO, IL-6, and IL-12p4064 (Ma et al., 2022). As previously described, disturbances in intestinal microecology are important factors in the pathogenesis of IBD, and there is growing evidence that studies on the mechanisms of action between SCFAs and intestinal microbes may provide the basis for human cohort studies.

SCFAs are diverse and regulate the pathogenesis of patients with IBD in various ways, including affecting the intestinal barrier, modulating inflammatory and immune responses, and regulating intestinal microecology. However, further mechanisms by which SCFAs affect IBD and the mechanisms of different species are not well understood. The close association of SCFAs with IBD provides a new means of treating IBD; however, current studies have mainly focused on butyrate, and there is a lack of data from studies of multiple SCFAs and safety date. Therefore, further research is urgently needed to elucidate the mechanism of SCFA actions and validate them as a therapeutic tool.



3.2. Bile acids

Cholesterol undergoes a series of enzymatic reactions in the liver and intestine to produce primary bile acids (PBAs) and secondary bile acids (SBAs), which are utilized by the body (Di Vincenzo et al., 2022). In patients with IBD, fecal PBA, bile acids (CA), goose deoxycholic acid (CDCA), and CBA are increased and SBA, deoxycholic acid (DCA), and stone bile acids (LCA) are decreased compared with normal subjects (Fiorucci et al., 2021; Li N. et al., 2021). The increase in PBA and decrease in SBA can be used as diagnostic markers for IBD. Yang et al. analyzed the fecal flora and metabolites of 32 UC patients and 23 normal subjects and found that the UC group had a lower fecal flora alpha diversity index as well as a lower SBA and significantly higher PBA than controls. Furthermore, the UC group exhibited a lower abundance of Clostridium IV and Clostridium butyricum, whereas Proteus and Ehrlichia spp. were significantly more abundant (Yang Z. H. et al., 2021).

There is an intrinsic bidirectional relationship between impaired bile acid absorption and IBD through dysregulated expression of ASBT and OSTα/β, which are important channels for the passage of bile acids from enterocytes into the blood. Alterations in the expression of these channels leads to reduced bile acid absorption (Macierzanka et al., 2019; Fitzpatrick and Jenabzadeh, 2020). mRNA expression of apical sodium-dependent bile acid transporter (ASBT) and organic solute transporter α/β is reportedly downregulated in patients with CD and UC, suggesting a relationship between reduced bile acid absorption and IBD (Jahnel et al., 2014). FXR is an important nuclear receptor for BAs and exhibits the highest binding affinity to hydrophobic Bas, with an affinity as follows: CDCA> LCA = DCA > CA (Ding et al., 2015). BAs bind to FXR on IECs and leads to the secretion of FGF19, which inhibits bile acid production. Levels of FGF19 in patients with Crohn’s disease is lower than in healthy controls (Fiorucci et al., 2021). The activation of FXR regulates the expression of ASBT, ileal bile acid binding protein (I-BABP) and OSTα/β, thus regulating the entire process of bile acids from the intestine to the liver (Tiratterra et al., 2018). In addition, FXR activation promotes the expression of iNO, ANG1, and CAR12 and inhibits proinflammatory factors such as TNFα, IL-1, IL-1β, IL-6, MCP-1, IL-17, and IFNγ. Furthermore, FXR activation inhibits inflammation, reduces damage to the intestinal barrier, and alleviates clinical signs of weight loss, rectal bleeding, shortened colon and reduced intestinal permeability in DSS mice (Inagaki et al., 2006; Gadaleta et al., 2011; Ding et al., 2015). The extracted BA mixture promotes the regeneration of the intestinal epithelium by stimulating TGR5 in intestinal stem cells, thus activating SRC and YAP and their target genes to promote the regeneration of intestinal epithelial injury (Sorrentino et al., 2020). Lithocholic acid (LCA) and its metabolites inhibit the differentiation of TH17 cells and promote the differentiation of Treg cells through RORγt and mito ROS, which directly regulate the host immune response. LCA and metabolites also inhibit the production of NF-κB and proinflammatory factors to suppress inflammation (Hang et al., 2019). The effect of disturbances of the intestinal flora on bile acid metabolism in the IBD population is complex, and butyric acid-producing bacteria in feces are reported to be positively correlated with SBA and negatively correlated with PBA (Li N. et al., 2021). BSH is primarily derived from Firmicutes, followed by Bacteroides mimicans and Actinobacteria. However, the Firmicutes population was significantly lower in CD patients, and no change was observed in Firmicutes and Actinobacteria; Actinobacteria populations were significantly higher in UC patients, and no change was observed in Firmicutes and Actinobacteria (Ogilvie and Jones, 2012). CA increased the abundance of the phylum Bacteroidetes and decreased the abundance of the phylum Bacteroidetes in rats (Yang M. et al., 2021). In addition, bile acids can also inhibit bacterial growth by increasing cell membrane permeability, inducing oxidative damage in bacterial DNA and altering protein conformations (Begley et al., 2005).

The metabolism of bile acids plays an important role in human metabolism, and in IBD, bile acids exhibit significant influence on the structure and composition of the intestinal flora. Their anti-inflammatory, intestinal barrier-enhancing, and immunomodulatory effects portend a possible future therapeutic modality for IBD, but research on their complex mechanisms and their use in the treatment of IBD and other diseases requires additional study. LCA, in particular, has been found to play an important role in suppressing inflammation and promoting intestinal stem cell proliferation and may be potentially therapeutic.



3.3. Tryptophan

Tryptophan, an essential amino acid, is an aromatic amino acid that cannot be synthesized by the human body and is an important source of tryptophan from food and some intestinal bacteria, as well as a precursor of 5-HT, melatonin, niacinamide, and vitamin B3 in the body (Agus et al., 2018; Lavelle and Sokol, 2020). Trp affects the body primarily through the KYN metabolic pathway, and tryptophan is a precursor for KYN, KNA/Kna/KA and other metabolites via IDO1 in intestinal cells (Salminen et al., 2021). Tryptophan can be metabolized to 5-HT and melatonin derivatives via TPH1 (Lavelle and Sokol, 2020; Salminen et al., 2021). Tryptophan can also be used to produce indole, IAAId, IAA, and other indole derivatives via intestinal flora (Lavelle and Sokol, 2020; Li X. L. et al., 2021). In addition, intestinal flora can also produce indole derivatives such as indole, IAAId, and IAA from tryptophan to regulate various processes such as immunity, cell growth, reproduction, and secretion (Lavelle and Sokol, 2020).

In an analysis of stool samples from patients with IBD, tryptophan and IAA levels were found to be lower than normal, whereas Kyn levels were elevated (Lamas et al., 2016). In a continuous 3-year follow-up of UC and CD patients in Germany, serum tryptophan levels were significantly lower in IBD patients than healthy controls and were lower in CD compared with the UC group. Colon biopsies in the IBD group revealed significantly increased IDO1 levels, indicating increased metabolism of tryptophan to the KYN pathway and increases in the metabolite Quinolinic acid (Nikolaus et al., 2017). The indole derivative IPA also exhibited a decrease in IBD serum (Alexeev et al., 2018). Furthermore, a 2018 study confirmed that increased KYN was significantly associated with the degree of endoscopic inflammation in UC patients (Sofia et al., 2018). As early as the 1960s, researchers observed changes in 5-HT in the intestine of patients with IBD, notably decreased 5-HT in both UC and CD patients compared with normal subjects (Coates et al., 2017). However, in a 2015 report, 5-HT levels were higher in UC patients than in normal subjects (Sikander et al., 2015).

Tryptophan metabolites promote intestinal barrier repair. In one experiment, induction of the human enterocyte line HCT-8 with physiological amounts of indole was found to increase the expression of the gap junction proteins GJE1, GJB3, GJB4, GJA8, and muc1, enhancing the epithelial and mucus barriers while inhibiting the activation and secretion of IL-8 and NF-κB (Bansal et al., 2010). IPA alleviates DSS-induced colitis by increasing tight junctions and the muc2-influenced mucus barrier via Pregnane X Receptor (PXR), thereby promoting intestinal barrier integrity while inhibiting TNF-α secretion (Mani and Li, 2015; Lavelle and Sokol, 2020). A decrease in AhR ligands was observed in the gut microbiota of IBD individuals. IPA promoted the transcription of AhR, which binds ligands such as KYN and promotes the expression of IL-10, IL-22, IL-17, and IFN-γ, leading to the proliferation of T-regs and suppressing intestinal inflammation (Monteleone et al., 2011; Alexeev et al., 2018; Sun et al., 2020). KYNA, an important metabolite of KYN, binds to AHR in intestinal epithelial cells to stimulate IL-6 production, whereas in macrophages, IL-6 production is inhibited through the mediation of AHR (Wang D. et al., 2021). In addition, metabolites such as KYNNA and 5-HT can also inhibit inflammatory factors such as IL-1, IL-4, IL-6, and TNF-α through signal transduction and together maintain intestinal homeostasis (Elizei et al., 2017; Badawy, 2018; Gao et al., 2018; Szabo et al., 2018). 5-HT can also affect macrophage polarization through the upregulation of M2-related genes and the downregulation of M1 gene expression (De Las Casas-Engel et al., 2013). Xanthurenic acid (XANA) and kynurenic acid (KYNA) promote oxidative phosphorylation of intestinal epithelial cells, increase their proliferation, and mediate tissue repair directly by AhR and indirectly by the AhR-IL-22 axis. XANA and KYNA and promote mitochondrial metabolism of IECs as well as glycolysis of T cells, increasing T-cell activation and polarization to Th17 (Michaudel et al., 2022). Pseudomonas roxellana can increase the number of cupped cells and glycosylation of the mucin rockweed, produce the tryptophan metabolite indoleacrylic acid (IA), promote the function of the intestinal barrier and reduce inflammation (Wlodarska et al., 2017). Lactobacillus bulgaricus OLL1181 inhibits DSS-induced colitis by activating AhR (Takamura et al., 2011). High levels of 5-HT promote the production of inflammatory factors and tight junctions and the breakage of tight junctions by activating NOX2, making it easier for E. coli to invade (Banskota et al., 2017). In addition, IPA reversed the increased ratio of thick-walled bacteria/mimics in DSS mice, decreased the abundance of Aspergillus and increased the abundance of Lactococcus (Fu et al., 2022).

All the above studies suggest that tryptophan regulates inflammation, immunity, and intestinal homeostasis in the body in a variety of ways. There is a wide range of tryptophan derivatives, and more research is needed to further identify the mechanisms of action by which they work as well as to explore their role in IBD treatment.



3.4. Others

In addition to the above three classical metabolites, other metabolic molecules of G. intestinalis affect the intestinal environment. In UC patients, L-Arg is decreased, and L-Cit is increased in colonic tissue (Coburn et al., 2016). In patients with CD, leucine, lysine, valine, arginine, glutamine, and serine are decreased, and citrulline is increased (Scoville et al., 2018; Krzystek-Korpacka et al., 2020). This change suggests that some amino acids play a role in the pathogenesis of IBD. Putrescine production by enterobacteria increased the abundance of anti-inflammatory macrophages in the colon, and the polyamines produced improved the symptoms of DSS-induced colitis in mice (Nakamura et al., 2021). Five genera of fungi (Cyanobacteria, Clostridium, Enterococcus, Ruminococcus, and Tizards) produced large amounts of aromatic amines via aromatic amino acid decarboxylase (AADC) and promoted the production of 5-HT (Sugiyama et al., 2022).

Changes in metabolites, as bridge substances for enterobacterial interactions, are direct manifestations of the metabolism of the intestinal flora in the host, and the flora acts on the organism through metabolites. Future research lies in two directions: first, to explore the relationship between flora and metabolites, and second, to explore the relationship between metabolome and organism. Clarifying the molecular mechanism underlying flora metabolism is important for fecal transplantation and precise strain transplantation, among others. Exploring the molecular mechanism underlying the role of the metabolome and how to intervene in pathophysiological processes may identify therapeutic approaches such as probiotics, synbiotics, and postbiotics. In addition, metabolites can be used as markers of disease onset and play a diagnostic role. Relatives of IBD patients may also exhibit similar changes in metabolic profiles, and metabolites can help in the identification of high-risk groups and predict of disease course (Lavelle and Sokol, 2020).




4. IBD therapies based on microbes and metabolites

IBD is closely related to the disturbance of intestinal bacteria, suggesting an underlying mechanism. Probiotics, prebiotics, and key metabolites with reduced inflammatory responses have become strategies to restore the balance of intestinal flora and reverse IBD. The following is a brief description of the currently proposed gut bacteria-based treatments for IBD (Figure 1).
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FIGURE 1
 Mechanisms of microbiome-based therapies in IBD. The treatment modalities for IBD based on enterobacterial interactions are mainly shown in the figure. Systematic external intervention including probiotics, prebiotics, synbiotics and postbiotics regulate the intestinal barrier, intestinal anti-inflammatory and pro-inflammatory factor balance and immune cells to reduce the inflammatory response of IBD and promote its remission. In addition, they regulate the dominant strains of intestinal bacteria to reduce abundance of pathogenic bacteria and increase the abundance of beneficial flora. And three dietary patterns play different roles in IBD, as an anti-inflammatory factor or an pro-inflammatory factor.



4.1. Probiotics

Probiotics are live microorganisms that are supplemented from outside the body and are beneficial to the human body, balancing and stabilizing the intestinal microbiota, preventing intestinal infections, and stimulating the immune response (Auclair et al., 2015; Tamaki et al., 2016; Meng et al., 2021). Oral probiotics can regulate the intestinal flora in the body, maintain intestinal barrier function and regulate the host immune system and are widely used and promoted in food products (Champagne et al., 2018; Terpou et al., 2019; Jakubczyk et al., 2020). Several strains of bacteria are thought to potentially improve intestinal inflammation, including Bifidobacterium, Lactobacillus, and Mycobacterium.

Lactobacillus plantarum is resistant to acids and salts, is widely found in foods such as kimchi and is widely discussed in the treatment of IBD (Kawahara et al., 2015). DSS mice fed Lactobacillus plantarum exhibited an increase in the length of the colon and an increase in the actinomycetes content. Bacteria such as Lactobacillus royale that have been shown to be beneficial for IBD remission are increased compared with both healthy controls and DSS mice, suggesting that their effects on intestinal flora may be achieved by altering intestinal microecology (Yokota et al., 2018; Ding et al., 2021). A study by Pan et al. gave the same opinion, noting that Lactobacillus plantarum ZS62 increased colon length and inhibited colon atrophy in mice with IBD. The authors also observed mouse colon specimens and found that Lactobacillus plantarum improved DSS-induced cup cell destruction (Yokota et al., 2018). The levels of TNF-α, IFN-γ, IL-1β, IL-12, IL-8, and IL-6 in the blood of mice treated with Lactobacillus plantarum induced by DSS were lower than those in DSS mice, in contrast to untreated DSS mice, reflecting their decreased inflammation level (Zhang et al., 2018). IL-8 reduction was shown to have a protective effect on the colon of DSS mice; in human colonic epithelial cells, Lactobacillus plantarum had the effect of reducing TNF-α levels, and its downregulation of IL-8 was also demonstrated in the human colonic cell line HT-29 (Kim et al., 2012). However, at the cytokine level, the anti-inflammatory effect of IL-8 is weaker than that of salazosulfapyridine (Pan et al., 2021). Extracellular vehicles (EVs) produced by Lactobacillus plantarum produced a similar alleviating and inflammation-reducing effect, accompanied by a decrease in pro-inflammatory bacteria (Aspergillus) and an increase in anti-inflammatory bacteria (Bifidobacterium and Trichophytonaceae; Hao et al., 2021). Overall, the role of Lactobacillus plantarum in inflammation relief in the mouse colon is positive, but studies in humans remain limited to the colonic HT-29 cell line; more clinical studies are needed. Other similar strains, including Lactobacillus rhamnosus, have been shown to reduce TLR4 activation and attenuate NF-κB-mediated inflammatory responses through secreted proteins (Li Y. et al., 2020) but were not significantly different from the placebo group in clinical trials with respect to CD remission rates and magnitude of side effects (Limketkai et al., 2020). The clinical idea of probiotics as a therapeutic modality is not very consistent with its conception.

A probiotic combination of three bifidobacteria, four lactobacilli and Streptococcus thermophilus named Visbiome has been well studied and developed by pharmaceutical companies in recent years. Visbiome has been suggested as a monotherapy for children with mildly active UC who are intolerant of mesalazine or as an adjunctive therapy for children who have not achieved complete remission on standard therapy (Turner et al., 2012). Visbiome has been shown to modulate intestinal DCs, mediate microbial recognition and induce T-lymphocyte responses. No longer limited to studies in the laboratory, some clinical trials were promising; Visbiome reduced TLR-2 expression, increased IL-10 production, and reduced IL-12p40 levels in UC patients (Ng et al., 2010). A meta-analysis that included 22 randomized controlled trials pointed to a possible role for Visbiome in inducing remission in active UC, as demonstrated by a 56.2% rate of unobtained remission, which was statistically significantly different from placebo-treated patients (Ng et al., 2010). However, other randomized controlled trials with probiotics as clinical therapy included in the article also reported little evidence for the effectiveness of probiotics for the treatment of CD, either in inducing remission or preventing relapse, demonstrating the immaturity of probiotics as clinical therapy.

Probiotics come strictly from outside the gut; however, certain bacteria that have been shown to be present in the gut itself and have a protective effect on the gut have also teen supplemented as a form of IBD mitigation and may have better adaptive survival owing to their presence in normal organism (Wang G. et al., 2021). Lactobacillus royi is consistently considered to alleviate DSS-induced IBD, even though different studies have used different measures of stool consistency, blood in stool, and control of symptoms such as weight loss and colon length (Wang et al., 2020; Wang G. et al., 2021). Consistently, the levels of TNF-α, IL-1β, and IL-6 in mouse colonocytes were found to be decreased, and the same changes were observed in the HT-29 cell line (Wang et al., 2020; Wang G. et al., 2021). In experiments using Lactobacillus royi enemas in children with active UC, endoscopic Mayo scores were significantly lower, and IL-10 was significantly higher, whereas IL-1β, TNFα and IL-8 were significantly lower in the experimental group compared with the control group (Oliva et al., 2012).

In addition, engineering improved strains is a new idea for probiotic treatment of IBD. Benjamin et al. developed an engineered probiotic based on yeast expressing the human P2Y2 purinergic receptor, which activates purinergic signaling and promotes intestinal inflammation and pathology by increasing the sensitivity of eATP.



4.2. Prebiotics

Prebiotics are “a substrate that is selectively utilized by host microorganisms conferring a health benefit” (Gibson et al., 2017) that is mainly divided into polyols (sugar alcohols), oligosaccharides and soluble fiber derived from legumes, fruits, vegetables, milk, etc. (Mohanty et al., 2018). Prebiotics are derived from legumes, fruits, vegetables, and milk.

The most commonly used prebiotic treatments for humans are currently based on oligofructose-rich inulin (OF-in), fructo-oligosaccharides (FOS), and inulin. In a 2007 study, healthy volunteers taking OF-in had a significant increase in total fecal bifidobacteria (De Preter et al., 2007). In contrast, the administration of OF-in to CD patients increased the abundance of Bifidobacterium longum and significantly decreased R. gnavus; on the other hand, it also increased the fecal acetaldehyde and butyrate content (Joossens et al., 2012; De Preter et al., 2013). FOS increased the number of bifidobacteria and decreased the number of Clostridium difficile cluster XI and Clostridium difficile in the DSS-induced mouse model, in addition to improving the symptoms of colitis, inhibiting proinflammatory factors such as IL-6, promoting IL-10, enhancing the intestinal barrier, and improving the balance of Treg/Th17 cells. However, unlike animal studies, in a randomized double-blind trial of CD patients taking FOS, no changes were observed in fecal bifidobacteria, Pseudomonas putida or clinical symptoms, except for the observed decrease in IL-6 and increase in IL-10 (Benjamin et al., 2011; Koleva et al., 2012; Wang et al., 2022). In HLA-B27 rats fed inulin, a decrease in fecal Clostridium difficile cluster XI and Clostridium difficile was observed (Koleva et al., 2012). When inulin was administered to patients with UC, the patients exhibited showed a decrease in Mayo scores and fecal calprotectin, a reduction in gastrointestinal distention and an increase in butyrate and Bifidobacterium and Lactobacillus abundance (Valcheva et al., 2019). A recent study reported that inulin intake led to alterations in microbial metabolism, particularly increased CA expression, production of IL-33, and activation of ILC2s, leading to an increase in tissue eosinophils and promoting type 2 inflammation (Arifuzzaman et al., 2022).

In addition to the three most widely used prebiotics, LBPs (Lycium barbarum polysaccharide) and LbGP (Lycium barbaru Glycopeptide) from Lycium barbarum have high nutritional value, alleviating colonic inflammation, promoting SCFA production, promoting intestinal barrier repair, reducing ω-6 polyunsaturated fatty acids and amino acids in DSS mice, increasing Lactobacillus and decreasing the abundance of Lactobacillus, Escherichia, -Shigella, and Parabacillus (Huang et al., 2022; Sun et al., 2022). Sodium butyrate has a therapeutic effect on IBD, but it has a sour cheese-like fatty odor that makes it difficult for patients to take directly. Therefore, scientists obtained xylan butyrate ester (XylB) by esterifying linear xylan extracted from maize with butyrate, which increased butyrate content, decreased GPR109A expression in colon tissue, increased the number of CD4FoxP3Treg cells in mice, decreased CD4 IL-17ATh17 cells in the spleen, modulated the AMPK-mTOR signaling pathway and activated the autophagic pathway (Zha et al., 2020). In addition, extracts of Rubia cordifolia and L. riboside, as novel prebiotics, have been shown to alleviate the symptoms of colitis in DSS mice by inhibiting the IL-6/JAK2/STAT3 inflammatory pathway and NLRP3 inflammatory vesicles, restoring Th1/Th2 and Th17/Treg balance, among other mechanisms (Qin et al., 2022; Zhu et al., 2022). Aloin A also inhibits apoptosis and promotes the proliferation of colonic epithelial cells and barrier repair (Zhang R. et al., 2022).

In addition, Scutellaria baicalensis (Cui et al., 2021), mushroom (Kanwal et al., 2020), yam (Li P. et al., 2020), purple potato (Gou et al., 2019), konjac (Liu et al., 2016), green tea (oral; Wu et al., 2021), cranberry (Cai et al., 2019), orange pectin (Ishisono et al., 2019), quercetin (Lyu et al., 2022), Ganoderma lucidum polysaccharide (GLP; Xie et al., 2019), potato natural starch (PS), pea starch (PEAS), yam starch (CYS; Xu et al., 2021), tea flower polysaccharide (TFPS; Chen et al., 2020), FBTPS-3, and Fulbright tea purified polysaccharide (FBTPS-3; Chen et al., 2022) have been explored. The new prebiotics, such as Phytophthora capsulatum, have an important role in the treatment of colitis. Plant-processed products such as freeze-dried muscadine grapes (FMGs) or dealcoholized muscadine wine (DMW) may also play a similar role (Li R. Q. et al., 2020).

In recent years, scientists have made many research advances in the treatment of IBD with prebiotics, but they are almost superficial, which remains a challenge to clarifying further mechanism of action. Additionally, in clinical studies on patients, classical prebiotics such as inulin, FOS, and OF-in are still used, so more new prebiotics need to be verified urgently, and greater clinical and animal experiments are required to promote research moving from animal models to the clinic to bring real therapeutic effects.



4.3. Synbiotics

Synbiotics are “a mixture comprising live microorganisms and substrate (s) selectively utilized by host microorganisms that confers a health benefit to the host.” In studies of synbiotics, Lactobacillus, Bifidobacterium and Streptococcus spp. are often used as the probiotic fraction, with galacto-oligosaccharides, inulin or fructo-oligosaccharides selected as substrates (Swanson et al., 2020).

The effect of synbiotics on symptoms such as inflammatory infiltration and quality of life in the colon of patients with IBD, especially UC, is more pronounced than that of probiotics or prebiotics alone (Fujimori et al., 2009; Ishikawa et al., 2011; Zhang et al., 2021). This relationship was also illustrated in a 2020 study in which Bifidobacterium infantis and oligosaccharide xylooligosaccharide (XOS) reduced disease activity index (DAI), TNF-α, and IL-1β in DSS-induced mice treated with probiotics, prebiotics, and synbiotics, but IL-10 increased only with synbiotic treatment (Sheng et al., 2020). Bifidobacterium longum and Synergy 1 are the classical combinations of synbiotics. Furrie et al. (2005) used this combination for 1 month in UC patients and found that TNF-α and IL-1 α decreased significantly after 1 month, but IL-10 did not change significantly, human beta defensins2, 3 and 4 increased (Furrie et al., 2005). In 2010, Steed et al. also treated CD patients with this synbiotic for 6 months and observed no significant changes in IL-18, INF-γ or IL-1β in colonic tissue and a significant decrease in TNF-α expression at 3 months but not at 6 months (Steed et al., 2010). This finding indicates that Bifidobacterium longum and Synergy 1 synbiotics played an anti-inflammatory and flora-regulating role and have a better therapeutic effect on CD patients in the short term, which is much less than that on UC patients yet. Oligofructose and probiotic mixtures made into synergy preparations and used in patients with UC were found to exhibit reduced Truelove-Witts clinical activity index and colitis activity index (SCCAI) and were more effective in patients diagnosed more than 5 years ago (Amiriani et al., 2020). One study treated DSS mice with a variety of probiotic mixtures with prebiotics to form a synbiotic that alleviated clinical signs of colonic shortening and weight loss, increased MUC2 and tight junction (TJ) proteins, increased SCFA production, decreased TNF-α and IL-6, increased elevating IL-10, inhibited the Akt/p70S6K/mTOR inflammatory pathway, upregulated T-bet, and promoted the colonic innate immune response. Furthermore, fecal Lactobacillus, Akkermansia, Lacotbacilum, Bifidobacterium, and Ackermania were increased, and Mucor spirochetes and Bacteroidetes were decreased (Pistol et al., 2019; Son et al., 2019; Liu et al., 2020; Liao et al., 2021; Fei et al., 2022).

Long-term use of mesalazine can cause side effects such as nausea, vomiting, muscle pain, and interstitial nephritis. Therefore, some scientists have used mesalazine as a colloidal kernel with guar gum, xanthan gum and probiotics (Lactobacillus acidophilus, Lactobacillus rhamnosus, Bifidobacterium longum and Saccharomyces boulardii) to form a synergistic element that allows mesalazine to target the colon specifically. This approach avoids its side effects and allows mesalazine to act as an inhibitor of inflammation and to heal colonic ulcers in UC mice (Kaur et al., 2017). In addition to IBD, synbiotics also have significant therapeutic effects on colitis-related IBS and colon cancer, such as improving clinical symptoms, enhancing the intestinal barrier, inhibiting pro-inflammatory factors, promoting anti-inflammatory factors and regulating intestinal bacterial balance (Dos Santos Cruz et al., 2020).

Currently, synbiotic formulations have been extensively studied both in animal models and at the human level, demonstrating better therapeutic effects than their components. However, the mechanism remains unclear. We found that the therapeutic effects of synbiotics were different in UC and CD patients and different periods of the disease. Therefore, in further studies, more attention should be given to the mechanism of action of synbiotics in UC and CD as well as to the subtype of synbiotic components. In addition, the therapeutic effects of active, remission, short-term, and long-term treatment need to be further investigated. Treatment plans should be formulated by different combinations of synbiotics in different periods, and individualized treatment with different methods for different patients should be adopted.



4.4. Postbiotics

Postbiotics are the “preparation of inanimate microorganisms and/or their components that confers a health benefit on the host” (Salminen et al., 2021). Postbiotics primarily include the metabolites of probiotics in cell-free supernatants, such as SCFAs, vitamins, organic acids, neurotransmitters, amino acids, and terpene derivatives, which can be obtained from probiotics and used directly in the organism to regulate the immunity and metabolism (Nataraj et al., 2020).

SCFAs are an important class of postnatal elements with therapeutic effects in patients with IBD, but their therapeutic effects have also been reported to be limited to UC and less useful for CD treatment (Peng et al., 2022). We have already discussed the mechanisms by which SCFAs are associated with IBD, and several studies have demonstrated that SCFAs, especially butyrate, exhibit therapeutic effects on IBD. By identifying differential gene expression in pediatric and adult patients with UC, butyrate was shown to be associated with UC pathogenesis and is expected to be further investigated as a therapeutic tool (Zhou et al., 2021). Luceri et al. found that 30-day sodium butyrate enemas alone improved endoscopic scores, reduced intestinal mucosal atrophy, and promoted mucosal repair in patients with IBD (Luceri et al., 2016). A recent prospective, randomized, placebo-controlled multicenter study lasting 12 months reported that administration of sodium butyrate to patients aged 6 to 18 years with CD or UC lead to remission rates of 62% for CD and 76% for UC, with no significant difference in remission between the two groups (Pietrzak et al., 2022). In addition, butyrate alleviated intestinal inflammation, decreased iNOS, CCL2, TNF and IL-6 production, strengthened the intestinal barrier, alleviated colonic shortening, and reduced DAI scores, resulting in increased intestinal bacterial diversity, decreased abundance of Bacillus mimicus and Bacillus deformans, and increased Firmicutes in DSS-induced mice (Simeoli et al., 2017; Dou et al., 2020). Microencapsulated sodium butyrate (BLM) supplementation of the traditionally used drug mesalazine was administered to UC patients, and Mayo Partial Score (MPS) ≤ 2, Short Inflammatory Bowel Disease Questionnaire (SIBDQ) and visual analog scale (VAS) scores were used as the basis for treatment success. After 12 months of treatment follow-up, 83.3% of patients using BLM supplementation achieved MPS ≤ 2, compared with 64.1% of patients using mesalazine only. SIBDQ and VAS scores improved in 72.2% of patients using BLM supplementation compared with 23.8% of the control group (Vernero et al., 2020).

Cell-free supernatants of Lactobacillus acidophilus, Lactobacillus casei, Lactococcus lactis, Lactobacillus royi and Saccharomyces boulardii contain multiple postbiotic elements that downregulate PGE-2 and IL-8 in human colonic epithelial HT-29 cells and exert anti-inflammatory effects in isolated venous blood human macrophages by downregulating TNF-α and upregulating IL-10 (De Marco et al., 2018). Feeding lambs the cell-free supernatant of Lactobacillus plantarum RG14 increased the length and width of the rumen of lambs and increased the expression of the tight junction proteins, Tight junction protein 1(TJP-1), Claudin 1(CLDN-1) and Claudin 4(CLDN-4), which strengthened the intestinal barrier. Treatment also downregulated the proinflammatory factors IL-1β, IL-10, and TNF (Izuddin et al., 2019). Protein HM0539, extracted from Lactobacillus rhamnosus GG supernatant, improved DSS-induced colitis in mice and increased body weight and colon length compared to the no-treatment group. Additionally, the levels of zonula occludens-1 (ZO-1) and intestinal mucin (MUC2) increased, leading to decreased intestinal permeability (Gao et al., 2019).

The human body cannot produce vitamins and must rely on food or enterobacteria. Enterobacteria can produce microbial K, microbial B12, and many other microorganisms for human use. In DSS mice fed VB12, it alleviated colonic shortening and damage to the intestinal epithelium and altered the intestinal microbial ecology (Lurz et al., 2020). Conjugated linoleic acid (CLA) reduced DAI in DSS-induced mice, improved inflammatory infiltration of the mucosa, and decreased the expression of TNF-α and MCP-1 (Bassaganya-Riera et al., 2012). Gut flora can also influence gut and brain function by producing various neurotransmitters such as GABA, HT, catecholamines, dopamine and acetylcholine (Bassaganya-Riera et al., 2012).

At present, postbiotics are primarily studied in clinical practice in SCFAs, similar to prebiotics and postbiotics, and more research is needed to elucidate their mechanisms of action. In addition, whether postbiotics have side effects and how they maintain stability needs to be explored.



4.5. Dietary therapeutics

Dietary composition depends on culture and many other factors, taking indispensable effect on interaction between intestinal flora and IBD. Common dietary structures include the Western diet, plant-based diet, and Mediterranean diet.

One cross-sectional analysis demonstrated that Crohn’s disease patients preforms low Mediterranean dietary preferences. Only 1.1% of men and 1.8% of women meeting the criteria for a Mediterranean diet in patients with Crohn’s disease, exhibiting reduced intake of monounsaturated fat (MUFA), omega-3 polyunsaturated fat (PUFA), magnesium, phosphorus, zinc, potassium, and vitamins C, D, thiamin and niacin (Taylor et al., 2018). In a prospective study of 1,042 patients, a 6-month Mediterranean diet intervention reduced BMI, waist circumference, serum LDL, CRP, fecal calprotectin levels, and IBD activity in IBD patients (Chicco et al., 2021). A clinical research containing dietary habits of 454 IBD patients provided one possible mechanism that the Mediterranean diet was negatively associated with FGF-19, and that the farnesol X receptor-FGF-19 axis is considered a potential therapeutic target for IBD. Activation of this axis is commonly thought to inhibit intestinal inflammation and protect the intestinal barrier in IBD patients (Gadaleta et al., 2011; Chicco et al., 2021). As one proportion of the Mediterranean diet, milk is a source of many bioactive peptides, including MBCP (De Simone et al., 2011), which has been shown to promote the formation of tight junction repair in Caco-2 cells, reduce intestinal permeability, and attenuate the pro-inflammatory effects of TNF-α by modulating the NF-κB pathway (Tenore et al., 2019). Milk extracellular vesicles (mEVs) alleviate DSS-induced colitis by reducing TNF-α and IL-6 expression (Reif et al., 2020; Zonneveld et al., 2021).

The Western diet has been discussed extensively in studies of recipes for patients with IBD, which is thought to promote intestinal inflammation in IBD patients. A high-protein diet at the same caloric level resulted in higher IBD activity and greater intestinal mucosal damage in mice, as well as elevated levels of IL-6 and IL-1β, among others, whereas a moderate-protein diet with upregulated Gpx2 gene expression in mice enhanced tissue repair, as evidenced by a decrease in Caspase-3-expressing epithelial cells; this finding is thought to be due to its induction of butyrate-producing resulting from bacterial colonization (Vidal-Lletjós et al., 2019). Reduced intake of processed meat and refined carbohydrates and diets with higher water content are associated with reduced levels of IBD activity (Limketkai et al., 2022), and will not lead to a decrease in muscle mass or strength according to one clinical research on pediatric Crohn disease patients (Lee et al., 2018). Administration of a high-fat diet to mice accelerated weight loss in mice with DSS-induced colitis, suggesting that a high-fat diet may exacerbate IBD activity (van der Logt et al., 2013; Lee et al., 2020). One possible mechanism is that ω-6 polyunsaturated fatty acids (PUFAs) activate cytokine responses to IECs restricted by GPX4, leading to lipid peroxidation and intracellular iron deposition and triggering focal granuloma-like neutrophilic enteritis (Mayr et al., 2020). Notably, promoting the release of lipids from intestinal cells with Cideb, a lipid droplet-associated protein, attenuated triglyceride accumulation and oxidative stress in Caco-2 cells and instead attenuated the intestinal inflammatory response, suggesting that the effect of a high-fat diet on the degree of activity in IBD may be achieved through lipid overload in intestinal epithelial cells (Sun et al., 2017).

Plant-based diets (PBD), which include vegan and lacto-ovo-vegetarian diets, are characterized by lower protein, higher fiber and polyunsaturated fatty acids (PUFAs) intake within the recommended range and have been shown to play a role in the prevention and treatment of metabolic diseases such as type 2 diabetes (Chen Z. et al., 2018; Baden et al., 2019; Molina-Montes et al., 2020; Craig et al., 2021; Neufingerl and Eilander, 2021). Increased intake of fruits and vegetables can reduce the activity level of IBD, reduce symptoms during the active phase of IBD patients and maintain the integrity of the intestinal barrier, suggesting that a plant-based diet may have a more systemic role (Limketkai et al., 2022). Increased abundance of butyrate-producing bacteria was found in the intestine of plant-based dieters, which may be one mechanism underlying their protective effect on the intestinal mucosa (Singh et al., 2017; see later, Prebiotics and IBD for details). In several cases of complex IBD, the activity of IBD was significantly reduced by the administration of a lacto-ovo-vegetarian, or vegan, diet (Chiba et al., 2019; Sandefur et al., 2019). However, there is controversy as to whether full PBD should be adopted in patients with IBD, and there may be problems with patient cooperation; both of the aforementioned clinical reports used this diet only during specific periods of disease, and more clinical trials are needed to validate it (Chiba et al., 2019; Sandefur et al., 2019).

Low FODMAP diet (LFD) is the recommended diet for patients with IBS (Staudacher and Whelan, 2017). The randomized controlled clinical trial by Cox et al. reported that patients on the LFD diet exhibited higher health-related quality of life scores than those on the control diet (Cox et al., 2020). Another study also reported improvements in overall abdominal symptoms in CD and UC patients on the LFD diet (Gearry et al., 2009). However, the long-term implementation of a low FODMAP diet can itself produce health problems because fruits such as apples, pears, and drupes are rich in fructose and other FODMAPs. Some foods with intestinal mucosal protective properties, such as beans and soy products, are also high in FODMAP, as are several vegetables, including onions and garlic (Hills et al., 2019; Basson et al., 2021).

Various nutrients are present in different dietary structures, but some of the nutrient components should be discussed separately. Vitamin D is thought to correlate with the inflammatory response and has a positive correlation with TNF-α, fecal calprotectin, and CRP, reflecting the degree of disease activity in IBD (López-Muñoz et al., 2019). The prevalence of IBD with comorbid osteopenia and osteoporosis is 37%, which may be associated with reduced vitamin D levels (Bryant et al., 2018). Retinoic acid (RA), one of the active products of Vitamin A, exhibits an anti-inflammatory phenotype by promoting CD4+T-cell differentiation and production of TGF-β and IL-10 and by inhibiting the differentiation of both Th1 and Th17 cells, and alleviates DSS-induced IBD (Coombes and Powrie, 2008). However, in the mucosa of UC patients, RA levels were positively correlated with IL-17 and IFNγ expression on CD4 and CD8 T cells and negatively correlated with IL-10-expressing CD4+ T cells, suggesting dual effect of RA in colon inflammation (Rampal et al., 2021). A study reported that 19.6% of CD and 21.6% of UC were found to exhibit iron deficiency anemia associated with malabsorption in patients with IBD (Madanchi et al., 2018). However, it is dramatic that iron supplementation is positively correlated with the activity of IBD. An iron sulfate-free diet prevented the development of chronic ileitis in a mouse model of DSS-induced Crohn’s disease, compared with systemic iron supplementation (Werner et al., 2011). The authors suggest that intraluminal iron may directly affect IEC function or produce a pathological environment in the gut that triggers stress-related apoptosis of epithelial cells through changes in microbial homeostasis (Werner et al., 2011). Overall, the effect of each component on disease progression in IBD is relatively well established, but the specific recommended dose of each component remains unclear and requires further experimental demonstration.



4.6. Others

In recent years, new therapeutic approaches based on gut microbes and their metabolites have been discovered for the treatment of IBD.

Antibiotics are a class of traditional drugs that alter the macroecology of intestinal bacteria by inhibiting the growth of intestinal bacteria to improve IBD (Buttimer et al., 2022). Antibiotics such as ciprofloxacin, metronidazole, clarithromycin, and rifaximin can improve and relieve CD symptoms, such as perianal fistula in CD, but their effects are not particularly pronounced. Whether antibiotic use is beneficial for the maintenance therapy in CD is uncertain, and more research is needed (Burke et al., 1990; Townsend et al., 2019). Oral tobramycin and metronidazole have significant therapeutic effects in patients with UC, but metronidazole and ciprofloxacin do not affect UC remission (Burke et al., 1990). Vancomycin and ampicillin alter intestinal bacterial diversity and intestinal bacterial composition (Ubeda et al., 2010). Oral vancomycin and gentamicin are effective in 80% of children with IBD (Lev-Tzion et al., 2017). However, antibiotics can cause gastrointestinal disorders, tendonitis, thrush, drug resistance, neuropathy and many other side effects (Nitzan et al., 2016).

miRNA regulates NF-κB, STAT3, PI3K/AKT and other pathways to modulate the synthesis and release of inflammatory factors and promote the repair of the intestinal mucosal barrier and epithelial barrier, thereby inhibiting colitis in mouse models and alleviating intestinal inflammation in IBD patients in the clinical setting (Innocenti et al., 2022).

M13/nLNP, a lipid nanoparticle-encapsulated drug, alleviated clinical signs of IBD, reduced intestinal mucosal ulcers, and decreased TNF-α and IL-6 mRNA levels in experiments on IL-10KO mice. In vitro fermentation of mouse feces revealed anti-inflammatory effects with increasing concentrations of fecal lactobacilli and decreasing bacilli populations (Yang et al., 2022). IL-22 mRNA was encapsulated in a novel nanoparticle and fed to a mouse model of acute colitis, and recovery of colonic length and tissue damage was observed, with concomitant reductions in TNF-α, IL-6 and IL-1β expression (Sung et al., 2022).

In recent years, phage cocktail therapy has been widely studied in IBD. Using a mixture of six phages, researchers have reduced the number of Escherichia coli and Enterococcus faecalis (important members of IBD pathogenesis) by acting as growth inhibitors in vitro, but this effect was not observed in mice, suggesting that the translation from in vitro to in vivo requires considerable study (Buttimer et al., 2022).

Significant remission was observed following hematopoietic stem cell transplantation (HSCT) in patients with severe CD who were not treated with antitumor necrosis factor, with decreasing effects over a 5-year time span (Burt et al., 2010). HSCT relieved clinical symptoms and improved endoscopic scores in patients with CD but also led to complications such as infection (Zhang H.-M. et al., 2022; Zhang L. et al., 2022). Intravenous administration of adipose stem cells (ADSCs) in DSS mice also resulted in relief of clinical signs, reduction of inflammation levels and restoration of intestinal flora balance (Zhang R. et al., 2022). In addition, Mesenchymal stem/stromal cells (MSCs) can also alleviate symptoms of colitis, improve lymphatic drainage, inhibit macrophage infiltration, and improve IBD (Wang et al., 2016; Zhang H.-M. et al., 2022; Zhang L. et al., 2022).




5. Conclusion and perspectives

Researchers have conducted extensive studies on the pathogenesis of gut microbes in IBD and found that they play an important role in the inflammatory response and help regulate immunity, gene expression, and cellular proliferation. Therefore, therapeutic tools targeting gut microbes have become an emerging research direction for IBD. In this paper, we describe the mechanisms and therapeutic strategies underlying the use of intestinal flora and their metabolites in IBD from the perspective of enterobacterial interactions.

Probiotics, prebiotics, synbiotics, postbiotics, and dietary intake have demonstrated the regulatory effects of several substances related to intestinal bacteria on the gut. Their varied effects include the regulation of inflammatory factor secretion, reductions in intestinal and systemic inflammation, regulation of gene expression, strengthening the intestinal barrier, regulating Th and Treg cells and enhancing immunity, improving clinical symptoms, and regulating the homeostasis of the intestinal environment. In addition, antibiotics and FMT also have important therapeutic effects on IBD.

However, the current study of IBD therapeutics is limited, and there is a need for additional breakthroughs. In the treatment of IBD, anti-inflammatory drugs and immunosuppressants are commonly used at present, which have a wide range of effects and obvious side effects. Therefore, precise targeted therapy has become a promising direction. Synthetic nanoparticles and medicinal plants derived EVs carrying the effective active phytochemicals (as prebiotics) can deliver drug directly to colon, which play a role in improvement of intestinal flora and anti-inflammation (Li et al., 2023). Therefore, dietary supplements such as probiotics and prebiotics, combined with traditional medicines and targetedly delivered with EVs have research potential in the treatment of IBD in the future. In addition, different combinations of probiotics and prebiotics may have a synergistic amplification effect. The imbalance of intestinal microbes is not only related to IBD, but also induces colon cancer to a certain extent. Therefore, it is also a research direction to study the relationship between intestinal microbial balance and colon cancer as well as to find microbial therapies to prevent colon cancer. Dietary supplements may have different effects on patients from different age groups, different regions, special populations such as pregnant women, infants, the elderly, different disease subtypes (such as UC, CD) and different stages of disease development (active phase, remission phase). This may be due to the differences in the gut microbes of different populations. In the research process, full consideration should be given to the research in different animals and populations to achieve more precise intervention effects (Ni et al., 2023). Apart from bacteria, virus and fungi also play a vital role in IBD, which regulating and shaping microbial communities in the gut (Federici et al., 2022; Sinha et al., 2022). Therefore, it is a direction to find further relationship between virus and fungi and intestinal flora to expect for new therapies.

In conclusion, more mechanistic studies on IBD and intestinal microorganisms are expected, as well as more retrospective and prospective studies with larger sample in vitro, in vivo, in animal models, and in the clinic, to explore more accurate pathogenesis, discover more effective IBD treatments, and find effective means to prevent untreated diseases with simple, effective, and accessible treatments to prevent and treat the disease.
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Introduction: The incidence of pediatric inflammatory bowel disease (PIBD) continues to rise. It was reported that the probiotic lactic acid bacteria Pediococcus pentosaceus (P. pentosaceus) can interfere with intestinal immunity, but it is still unknown whether it can alleviate PIBD and the concrete mechanism of immune regulation is unclear.

Methods: For this study, 3-week-old juvenile mice were selected for modeling the development of PIBD. The mice treated with 2% DSS were randomly divided into two groups, which were given P. pentosaceus CECT8330 and equal amounts of solvent, respectively. The feces and intestinal tissue were collected for the mechanism exploration in vivo. THP-1 and NCM460 cells were used to investigate the effects of P. pentosaceus CECT8330 on macrophage polarization, epithelial cell apoptosis, and their crosstalk in vitro.

Results: P. pentosaceus CECT8330 obviously alleviated colitis symptoms of juvenile mice, including weight loss, colon length shortening, spleen swelling, and intestinal barrier function. Mechanistically, P. pentosaceus CECT8330 could inhibit intestinal epithelial apoptosis by suppressing the NF-κB signaling pathway. Meanwhile, it reprogramed macrophages from a pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, leading to a decreased secretion of IL-1β which contributes to the reduction in ROS production and epithelial apoptosis. Additionally, the 16S rRNA sequence analysis revealed that P. pentosaceus CECT8330 could recover the balance of gut microbiota, and a significantly increased content of Akkermansia muciniphila was particularly observed.

Conclusion: P. pentosaceus CECT8330 shifts macrophage polarization toward an anti-inflammatory M2 phenotype. The decreased production of IL-1β leads to a reduction in ROS, NF-κB activation, and apoptosis in the intestinal epithelium, all of which help to repair the intestinal barrier and adjust gut microbiota in juvenile colitis mice.
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GRAPHICAL ABSTRACT
Schematic graph depicting how P. pentosaceus CECT8330 alleviates PIBD.



1. Introduction

Inflammatory bowel disease (IBD) is a chronic complex disease of children and adults comprising the chronic relapsing inflammatory disorders Crohn's disease (CD) and ulcerative colitis (UC) (Khor et al., 2011). The incidences of pediatric IBD (PIBD) were 23/100,000 person-years in Europe, 15.2/100,000 in North America, and 11.4/100.000 in Asia/the Middle East and Oceania (Sýkora et al., 2018). The steadily increasing incidence of PIBD over time indicates its emergence as a global disease (Kuenzig et al., 2022). Meanwhile, PIBD is different from adult IBD in terms of pathogenesis and treatment (Fuller, 2019). Moreover, the burden of IBD in children may be higher than in adults, and treatment requires a multidisciplinary approach aiming at eliminating symptoms, promoting growth and development, and supporting unrestricted living (Wilson and Russell, 2017). Therefore, it is necessary to develop more effective interventions and carry out special research on pediatric patients with IBD.

The etiology of PIBD is complex and is currently believed to be closely related to the composition, stability, and resilience of the intestinal microbiota (Mentella et al., 2020). Numerous studies have suggested that gut microbiota drive immune activation, and in turn, chronic inflammation can also influence the gut microbiome which leads to ecological dysregulation (Ni et al., 2017). In a cohort of 447 children with CD, it was found that the bacterial abundance of children with CD was significantly different from that of healthy children (Gevers et al., 2014). Clinical and experimental data suggest that gut dysbiosis plays a pivotal role in the pathogenesis of IBD (Nishida et al., 2018). In several IBD-related models, colitis symptoms either did not develop at all or were significantly attenuated under germ-free conditions, supporting the essential role of microbes in the development of IBD (Sartor, 2004). Hence, manipulating the microbiome becomes one promising approach for relieving intestinal inflammation and the treatment of PIBD.

Probiotics are living microbial food components, which can alter the microflora when ingested in adequate quantities, conferring a health benefit to the host (Howarth and Wang, 2013). Probiotics are beneficial to a faster recovery of disease, while the side effects are comparatively minimal (Kalakuntla et al., 2019). At present, reasonable amounts of probiotics are allowed to be used as dietary supplements in children and are safe in the treatment of pediatric intestinal diseases (Huang et al., 2022). Many reports provided evidence that some probiotic strains are useful for the treatment and prevention of PIBD (Jakubczyk et al., 2020). In children with different degrees of IBD, the clinical symptoms were significantly improved after probiotic compound preparation administration compared with the non-use group, and the recurrence rate was also reduced after remission (Henker et al., 2008; Huynh et al., 2009). Although the therapeutic effect of probiotics for PIBD is obvious, the exact function and mechanisms are unclear.

Pediococcus pentosaceus (P. pentosaceus), a member of the lactic acid bacteria, is a probiotic that has been shown to ameliorate inflammation (Bian et al., 2020). P. pentosaceus can ameliorate gut inflammation by not only maintaining gut epithelial integrity but also regulating immunity (Bian et al., 2020). One kind of P. pentosaceus named CECT8330 was used effectively in infantile crying syndrome clinically, due to its influences on the diversity and abundance of bacteria that correlate with a reduction in the total crying time (Tintore and Cune, 2017). It was reported that P. pentosaceus CECT8330 can induce IL-10 production, showing a broad-spectrum inhibitory activity against pathogens (Tintore et al., 2017). A recent study showed that probiotics P. pentosaceus CECT8330 had a protective effect by regulating the gut microbiota and the regulatory T cells on the colitis of 6-week-old mice (Dong et al., 2022). However, the immunologic regulation mechanism for P. pentosaceus CECT8330 changing gut microbiota and alleviating mice colitis remains unclear. Simultaneously, the 6-week-old mice belong to young adult mice (Zou et al., 2009; Ueno et al., 2018; Gorberg et al., 2021). Because intestinal and systemic immunity is still developing, there are obvious differences between juvenile and adult mice, just as there are also significant differences in the occurrence and development of IBD between children and adult patients. Therefore, the effect and mechanism of P. pentosaceus CECT8330 on colitis in juvenile mice and PIBD still lack more convincing research, which needs to be clarified.

In this study, 3-week-old juvenile mice (Caputi et al., 2017; Fuglsang et al., 2018) were given dextran sodium sulfate (DSS) to simulate the development of clinical PIBD. The effect of P. pentosaceus CECT8330 on disease development was evaluated, and the immunologic mechanism by which P. pentosaceus CECT8330 improves colitis was deeply investigated. Our study provides a concrete mechanism and scientific insight for better clinical treatment of PIBD.



2. Materials and methods


2.1. Chemicals and reagents

The P. pentosaceus CECT8330 was provided by MIHC Science Laboratory, DERBY CARE MEDICAL TECHNOLOGY CO., LIMITED (S.A, Spain). Dextran sodium sulfate (DSS) was purchased from Meilunbio (Dalian, China). RNAex Pro reagent and SYBR® Green Premix Pro Taq HS qPCR Kit (Rox Plus) were purchased from Accurate Biology (Hunan, China). The kit of iScript™ cDNA synthesis was bought from Promega (WI, USA). Radio immunoprecipitation assay lysis buffer was obtained from Beyotime Biotechnology Co. Ltd (Nantong, China). The protease inhibitors, phosphatase inhibitors, SDS-polyacrylamide gel and secondary antibodies, and Super ECL Detection Reagent were acquired from Epizyme (Shanghai, China). Polyvinylidene difluoride membrane was purchased from Merck Millipore (MA, USA). The primary antibodies against ZO-1, OCCLUDIN, NF-κB P65, phospho-NF-κB P65, BAX, BCL-2, and IL-1β were bought from Cell Signaling Technology (MA, USA). The antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-Actin were obtained from Servicebio (Wuhan, China). The antibody against interleukin-6 (IL-6) was purchased from Affinity Biosciences (OH, USA). The antibody of Cleaved Caspase-3 and tissue ROS test kit (DHE) were bought from Absin Bioscience (Shanghai, China). The RPMI 1640 was obtained from Bioagrio (CA, USA). The fetal bovine serum was purchased from Tianhang Biotechnology Co., Ltd (Hangzhou, China), Phorbol-12-myristate-13-acetate (PMA) and ROS Assay Kit were bought from Beyotime Biotechnology Co. Ltd (Nantong, China). Lipopolysaccharide (LPS) from Escherichia coli O55:B5 was obtained from Sigma-Aldrich (MO, USA). Annexin V-FITC and PI were bought from Vayme (Nanjing, China). BIOG DNA Stool Kit was purchased from Baidai Biotechnology Co., Ltd (Changzhou, China). Amplex® Red hydrogen peroxide/peroxidase detection kit was obtained from Thermo Fisher Scientific (MA, USA).



2.2. Animals

3-week-old male C57BL/6 mice were purchased from Phenotek Company (Shanghai, China), and all of them were group-housed at the Animal Research Center of Ruijin Hospital under specific pathogen-free conditions with a 12-h light–dark cycle and fed for 3 days after arrival.

Mice were randomly and equally divided into two groups: DSS and DSS+Pp (n = 6, each). Both of them were provided with 2% (wt/vol) DSS dissolved in drinking water for 7 days from the age of 4 weeks, while the DSS+Pp group was orally pre-administered by 200 μl of P. pentosaceus CECT8330 (1 × 109 CFU per mouse daily) from the age of 3 weeks to the age of 5 weeks. The DSS group was given an equal volume of sunflower seed oil, which was the solvent of P. pentosaceus CECT8330. The fecal samples of mice were collected after the final challenge, and then, all mice were euthanized by carbon dioxide inhalation after fecal collection. The body weights of mice were recorded daily.

Colon tissue and blood were collected for further investigation. Distal parts of freshly isolated colon tissue were briefly washed with physiological saline and immediately fixed in 4% paraformaldehyde. Both the fecal samples and the rest part of the colon tissue were flash-frozen by liquid nitrogen and then stored at −80°C.



2.3. Histological analysis

Colon tissue was embedded in paraffin, and the sections of paraffin were stained with hematoxylin and eosin. For immunohistochemistry staining, the sections of colons were blocked with 5% goat serum and incubated with primary antibodies against ZO-1, OCCLUDIN, or P65 at 4 °C overnight after blocking endogenous peroxidase activity with 3% H2O2 and antigen retrieval with citric acid buffer. Then, the sections were incubated with secondary antibodies on the next day. The TdT-mediated dUTP nick-end labeling (TUNEL) assay was conducted following the manufacturer's protocols.

All the images above were scanned using Pannoramic MIDI and Pannoramic DESK (3DHIESTECH, Budapest, Hungary). Sections stained with H&E were randomly selected from each group for blind examination by an independent pathologist. As previously reported (Erben et al., 2014), the histopathological damages were assessed according to the histological activity index containing inflammatory cell infiltration and the intestinal architecture. All the other images were analyzed by ImageJ. The immunohistochemistry was quantitatively assessed by ImageJ with the IHC profiler plugin (https://sourceforge.net/projects/ihcprofiler), as described previously (Varghese et al., 2014). The expression levels of ZO-1 and OCCLUDIN were evaluated in a cytoplasmic staining pattern, while images of P65 and TUNEL were analyzed in a nucleus staining pattern by an IHC profiler. All positive zones were in the range of 0 to 180, while the intensity range of 236 to 255 was considered to have no contribution to the pathology score.

H2O2 was used to block the activity of endogenous peroxidase in immunofluorescent staining, followed by thermal antigen repair using Tris-EDTA. The sections of colons were blocked by 5% BSA. Sections were incubated with primary antibodies against CD68, CD86, and CD163 at 4°C overnight and secondary antibodies for 30 min at 37°C. Signal amplification was performed by tyramide conjugated to Cy3 or FITC. The fluorescence images were scanned using the TissueFAXS Plus automated acquisition system (TissueGnostics, Vienna, Austria). Analyze Particles tool in ImageJ was used to analyze the counts of macrophages in mice colons, as described previously (Ying et al., 2017).



2.4. ROS levels assay

Stimulated NCM460 cells were stained as previously described (Zou et al., 2017), and frozen colonic sections were incubated with DHE to evaluate the levels of ROS in mice colons according to the manufacturer's instructions. The fluorescence intensity of NCM460 cells was measured by an inverted fluorescence microscope at 488 nm excitation and 525 nm emission wavelength. The fluorescence intensity of colon tissue was measured at 531 nm excitation and 593 nm emission wavelength. The images were quantitatively assessed by ImageJ.

Amplex® Red hydrogen peroxide/peroxidase detection kit was used to detect the extracellular ROS levels. The cell supernatants were collected after being stimulated, and the absorbance at wavelength 560 nm was detected by a fluorescent microplate reader.



2.5. Quantitative reverse transcription-polymerase chain reaction

Gene expression levels were quantitated by quantitative polymerase chain reaction (qPCR). The total RNA was extracted, and complementary DNA (cDNA) was synthesized according to the manufacturer's protocol. qPCR was performed with ABI QuantStudio6 (Applied Biosystems, MA, USA). The primer sequences are listed in Supplementary Table 1. The melting curve was used to confirm the specificity of the primers. The gene expression levels were normalized and calculated with the 2−ΔΔCt method for relative quantification normalized by the GAPDH gene expression.



2.6. Western blot

Colon tissue was homogenized using RIPA buffer which contained 1% protease inhibitor and 1% phosphatase inhibitor. Colonic tissue debris was removed by centrifugation at 12,000 rpm and 4°C for 15 min. An equivalent volume of samples was loaded and separated on 10% SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes. The membranes were blocked with 5% non-fat milk at room temperature for 2 h and then incubated with primary antibodies overnight at 4°C. After incubating secondary antibodies for 1 h, the blot signals were detected by a chemiluminescent substrate. The densitometric analysis was performed by imageJ and all protein fractions were standardized according to GAPDH or β-Actin.



2.7. Luminex liquid suspension chip detection

Luminex liquid suspension chip detection was performed by Wayen Biotechnologies (Shanghai, China). The Bio-Plex Pro Human Chemokine Panel 40-plex kit was used following the manufacturer's instructions. In brief, the mice plasma was incubated in 96-well plates embedded with microbeads for 1 h and then incubated with detection antibody for 30 min. Subsequently, streptavidin-PE was added to each well for 10 min, and values were read using the Bio-Plex MAGPIX System (Bio-Rad, CA, USA).



2.8. 16S rRNA sequencing analysis

Total bacterial genomic DNA was extracted from fecal samples of mice by QIAamp DNA Stool Mini Kit. The quantity and quality of extracted DNAs were measured by NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, USA) and agarose gel electrophoresis, respectively.

PCR amplification of the V3–V4 region of the bacterial 16S rRNA genes was performed using the forward primer 338F (5'-ACTCCTACGGGAGGCAGCA-3') and the reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-3'). The 16S rRNA gene amplicon sequencing was performed as described previously (Huang et al., 2019).

Sequence data analyses were mainly performed using QIIME2 (Quantitative Insights Into Microbial Ecology, v1.8.0, http://qiime.org/) and R software. The difference between groups of β diversity index was analyzed using R software and presented as a PCA plot. The taxonomic composition analysis at the level of phylum, class, order, family, genus, and species was carried out by QIIME2. The circos plot was conducted online (http://mkweb.bcgsc.ca/tableviewer/). Linear discriminant analysis effect size (LEfSe) was performed to detect differentially abundant taxa across groups using the default parameters (Segata et al., 2011).

The Spearman correlations of microbial taxa with the level of plasma inflammatory cytokine IL-1β were calculated by R software and presented as heat maps.



2.9. Cell culture

The human monocytic THP-1 and the normal human colonic epithelial NCM460 cell lines were routinely cultured in RPMI 1640 containing 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.

THP-1 was differentiated into M0 macrophages by 100 ng/ml PMA for 24 h. Then, THP-1-derived macrophages in the Con group were maintained in RPMI 1640 without PMA and LPS for 48 h, while THP-1-derived macrophages in the LPS and LPS+Pp group were stimulated with 800 ng/ml LPS. P. pentosaceus (Multiplicity of Infection, MOI = 50) was co-cultured with THP-1-derived macrophages in the LPS+Pp group at the same time. The cell supernatant of the LPS+Pp and LPS group was collected after 48 h, respectively. Stimulated THP-1-derived macrophages were collected for the polarization test.

NCM460 cells were stimulated with 1% DSS and co-cultured with supernatants from THP-1-derived macrophages treated with LPS and Pp (the DSS+PS group) or LPS alone (the DSS+LS group). In addition, 10 ng/ml IL-1β was added to the DSS+IL-1β group. These NCM460 cells were collected for apoptosis test and ROS test.



2.10. Flow cytometry

The surface markers of cells were detected by flow cytometry. THP-1-derived macrophages were collected after being stimulated. The antibodies used were as follows: FITC anti-human CD86 (BU63) and PE anti-human CD206 (15-2) from BD Biosciences. The apoptosis of NCM460 cells was also detected by flow cytometry. Stimulated NCM460 cells were collected and stained with Annexin V-FITC and PI for 10 min and then detected by BD FACSCalibur (BD Biosciences, CA, USA).



2.11. GMrepo database analysis

GMrepo (data repository for gut microbiota) is a database of annotated human gut metagenomes (Wu et al., 2020). The relative abundance of A. muciniphila in fecal samples of IBD (UC) and non-IBD patients was from the GMrepo database.



2.12. Measuring the abundance of A. muciniphila in stool samples

The abundance of A. muciniphila was measured by qPCR as described in previous research (Katiraei et al., 2020). DNA was extracted from 20 mg stools using the BIOG DNA Stool Kit following the manufacturer's instructions. The primer for the 16S rRNA gene and A. muciniphila is listed in Supplementary Table 1.



2.13. Akkermansia muciniphila (A. muciniphila) culture and proliferation test

A. muciniphila DSM22959 was gifted by Professor Qinghua Yu. It was cultured on BHI solid plate for 72 h in an anaerobic workstation at 37°C for two generations. Then, a single colony was picked for extended culture in a 10 ml BHI liquid medium. A. muciniphila was centrifuged at 6,000 r/min for 4 min after extended culture and suspended in saline to prepare bacterial suspension with a turbidity of 1 for further experiments.

The supernatant of NCM460 cultured for 24 h was collected and added with or without 2 mM of H2O2. In addition, NCM460 cells were stimulated with 1% DSS and co-cultured with supernatants from THP-1-derived macrophages treated with LPS and Pp (the DSS+PS group) or LPS alone (the DSS+LS group). Then, the NCM460 cell supernatants from the DSS+PS group and the DSS+LS group were also collected. Next, the aforementioned collected supernatants (0.5 ml) were added into the culture medium of A. muciniphila to a final volume of 10 ml, respectively. To detect the growth rate of A. muciniphila, the optical density was measured under a microplate reader at 600 nm at 0 h, 6 h, 12 h, 16 h, 20 h, 24 h, 28 h, and 32 h, respectively.



2.14. Statistical analysis

All the data were presented as mean ± standard deviation. Student's t-test or Welch's t-test was used to assess difference between two groups. The P-values lower than or equal to 0.05 were considered significant.




3. Results


3.1. P. pentosaceus CECT8330 ameliorates DSS-induced colitis

P. pentosaceus CECT8330, one of P. pentosaceus strains, belongs to the family of Lactobacillaceae (Supplementary Figure 1). To assess the effect of P. pentosaceus CECT8330 on PIBD, the DSS-induced colitis model was established as reported in a previous study (Bian et al., 2020). 3-week-old juvenile mice were administered with P. pentosaceus CECT8330 or solvent by gavage for 14 days (Figure 1A), and 2% DSS was added to the drinking water from the age of 4 weeks. The intake of P. pentosaceus CECT8330 significantly reduced the decline of body weight (Figure 1B) and ameliorated DSS-induced features of colitis, including longer colon lengths and smaller spleens (Figures 1C, D), which means P. pentosaceus CECT8330 reduces colonic inflammation.


[image: Figure 1]
FIGURE 1
 P. pentosaceus CECT8330 ameliorates DSS-induced colitis in mice. (A) A flow chart showing the animal experiment design. (B) The body weight from Day 14 to Day 17; n = 6 per group. (C) The typical photograph of colons and colon lengths; n = 6 per group. (D) The typical photographs of spleens and spleen indexes; n = 6 per group. Data represent mean ± SD. *P < 0.05, ***P < 0.001.




3.2. P. pentosaceus CECT8330 protects against DSS-induced colonic epithelial injury

DSS-induced injury of intestinal epithelial cells leads to bacteria and their products disseminating into deeper tissue like submucosa, which thus results in inflammatory responses. The typical histological changes in acute DSS-induced colitis include loss of crypts, epithelial erosion, ulceration, mucin and goblet cell depletion, and granulocyte infiltration in lamina propria and submucosa (Chassaing et al., 2014; Kiesler et al., 2015). As shown in Figures 2A, B, the histological analysis of the large intestine from the DSS group mice showed an obvious loss of goblet cells and crypts, thinner mucus layer, and serious granulocyte infiltration in lamina propria and submucosa, indicating the colonic epithelial injury caused by DSS (the DSS group), whereas P. pentosaceus CECT8330 treatment (the DSS + Pp group) could substantially relieve damage of mucosa structure.
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FIGURE 2
 P. pentosaceus CECT8330 ameliorates DSS-induced colonic epithelial injury and inflammation in mice. (A) Representative images of H&E staining. (B) Histopathology score; n = 3 per group. (C) Representative images of ZO-1 immunohistochemistry staining. (D) The percentages of ZO-1 positive area; n = 3 per group. (E) Representative images of OCCLUDIN immunohistochemistry staining. (F) The percentages of OCLLUDIN positive area; n = 3 per group. (G) Representative images of TUNEL test of mice colon tissue. (H) The percentages of intranuclear TUNEL positive area; n = 3 per group. Data represent mean ± SD. *P < 0.05, **P < 0.01.


Furthermore, we investigated the effect of P. pentosaceus CECT8330 on epithelial barrier function by testing the expression levels of tight junction proteins ZO-1 and OCCLUDIN in colonic tissue. Both ZO-1 and OCCLUDIN were upregulated in the colon tissue of mice after the administration of P. pentosaceus CECT8330 (Figures 2C–F), and Zo1 and Ocln mRNA levels showed consistent results (Supplementary Figures 2A, B). Meanwhile, P. pentosaceus CECT8330 could remarkably relieve DSS-induced apoptosis of intestinal epithelium (Figures 2G, H).

Together, the above results indicate that P. pentosaceus CECT8330 ameliorates colitis by improving epithelial barrier function and reducing colonic epithelial injury.



3.3. P. pentosaceus CECT8330 suppresses colonic epithelial apoptosis by inhibiting NF-κB activation

Reactive oxygen species (ROS), the main molecules produced during oxidative stress, are highly related to cell apoptosis regulation (D'Autreaux and Toledano, 2007). Thus, we performed a DHE probe fluorescence assay to access the ROS levels and found that P. pentosaceus CECT8330 administration decreased the levels of ROS in mice colon tissue (Figures 3A, B). The activation of nuclear factor κB (NF-κB) is highly involved in the inflammatory response in IBD (Schreiber et al., 1998; Andresen et al., 2005). Consistently, the levels of intranuclear NF-κB P65 were decreased in the colon tissue of P. pentosaceus CECT8330-treated mice, compared to the DSS control group (Figures 3C, D). NF-κB could activate the transcription of apoptosis-related genes under stress (Campbell et al., 2004), and we further investigated the changes in the levels of apoptosis-related proteins after P. pentosaceus CECT8330 treatment. Compared with the DSS group, P. pentosaceus CECT8330 treatment remarkably reduced levels of apoptosis-associated proteins BAX and Cleaved Caspase-3, whereas the anti-apoptosis protein BCL-2 was upregulated (Figure 3E, Supplementary Figure 2C); Bcl2/Bax mRNA levels showed consistent results (Figure 3F). Meanwhile, the protein levels of IL-6 and phospho-p65 (p-P65) were also reduced by P. pentosaceus CECT8330 (Figure 3E, Supplementary Figure 2C); and Il6 mRNA relative expressions were also inhibited by P. pentosaceus CECT8330 (Figure 3G). These results suggest that P. pentosaceus CECT8330 suppresses DSS-induced enterocyte apoptosis and colitis by inhibiting the NF-κB pathway.
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FIGURE 3
 CECT8330 ameliorates colonic epithelial apoptosis and ROS generation in mice by suppressing the NF-κB pathway. (A) Representative images of ROS fluorescence of the colon tissue. (B) The mean intensity of ROS fluorescence; n = 3 per group. (C) Representative images of NF-κB P65 immunohistochemistry staining. (D) The percentages of intranuclear NF-κB P65 positive area; n = 3 per group. (E) Western blot analysis for BAX, BCL-2, Cleaved Caspase-3, IL-6, and p-P65 in colon tissue; n = 6 per group. (F) Relative mRNA expression levels of Bcl2/Bax; n = 5 per group. (G) Relative mRNA expression levels of Il6; n = 5 per group. Data represent mean ± SD. *P < 0.05, **P < 0.01.




3.4. P. pentosaceus CECT8330 polarizes macrophages toward the M2 phenotype

Previous studies have shown that the dysfunction of intestinal macrophages leads to the imbalance of intestinal homeostasis (de Souza and Fiocchi, 2016). The increase in pro-inflammatory M1 macrophages detected in the colon of IBD patients and animal models was associated with disease activity (Lissner et al., 2015).

To explore whether macrophage polarization is involved in the protective effect of P. pentosaceus CECT8330 on DSS-induced colitis, immunofluorescence staining of M1 and M2 polarization-specific markers was conducted in the mice colon tissue. As shown in Figures 4A–D, P. pentosaceus CECT8330 intake remarkably reduced the expression of M1 polarization-specific marker CD86 in the CD68-positive macrophages, while the expression of M2 polarization-specific marker CD163 was increased, suggesting that P. pentosaceus CECT8330 blocks macrophages polarizing to M1 but promotes them polarizing to M2. As the pro-inflammatory M1 macrophages decreased, the plasma level of IL-1β in mice treated with P. pentosaceus CECT8330 was also reduced (Figure 4E). These results were further corroborated in the in vitro THP-1-derived macrophages model (Figure 4F), which showed that P. pentosaceus CECT8330 administration inhibited LPS-induced polarization of THP-1-derived macrophages to M1 phenotype (Figures 4G, H) and a concomitant increase in M2 polarization (Figures 4I, J). Additionally, the expression of IL-1β was decreased in THP-1-derivived macrophages treated with P. pentosaceus CECT8330, in comparison with LPS stimulation alone (Figure 4K, Supplementary Figure 2D). Both the in vivo and in vitro results indicate that P. pentosaceus CECT8330 suppresses the macrophages polarizing toward the M1 phenotype, leading to decreased secretion of IL-1β.
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FIGURE 4
 P. pentosaceus CECT8330 affects the polarization of macrophages in vivo and in vitro. (A) Representative images of M1 macrophage (CD68+ and CD86+) immunofluorescence staining of mice colonic tissue. (B) The percentages of M1 macrophages (CD68+ and CD86+) in total macrophages (CD68+); n = 3 per group. (C) Representative images of M2 macrophage (CD68+ and CD163+) immunofluorescence staining of mice colonic tissue. (D) The percentages of M2 macrophages (CD68+ and CD163+) in total macrophages (CD68+); n = 3 per group. (E) The plasma levels of IL-1β in DSS (n = 4) and DSS+Pp (n = 3) groups. (F) A flow chart depicting the cell experiments about macrophage cell line THP-1. (G) Flow cytometry analysis was used for assessing THP-1-derived macrophage polarization under indicated treatment. The histogram of CD86-FITC+ cells (M1 macrophages). (H) The MFI (Median) of M1 (CD86+) macrophages; n = 3 per group. (I) The histogram of CD206-PE+ cells (M2 macrophages). (J) The MFI (median) of M2 (CD206+) macrophages; n = 3 per group. (K) Western blot analysis of protein levels of IL-1β in THP-1-derived macrophages with indicated treatment; n = 3 per group. Data represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.




3.5. P. pentosaceus CECT8330 inhibits inflammation-induced apoptosis of colonic epithelial cells

We proceeded to investigate whether P. pentosaceus CECT8330 inhibits colonic epithelial apoptosis via alleviating macrophage-mediated inflammation. Since IL-1β is one of the most important pro-inflammatory cytokines produced by M1 macrophages, and P. pentosaceus CECT8330 could suppress M1 polarization and reduce IL-1β production, we further investigated the effects of the supernatants of THP-1-derived macrophages treated with or without P. pentosaceus CECT8330 on apoptosis of NCM460 cells, using IL-1β recombinant protein as positive control (Figure 5A). As shown in Figures 5B, C, compared to the control group (DSS + LS), the supernatants of macrophages treated with P. pentosaceus CECT8330 (the DSS + PS group) could significantly suppress apoptosis of NCM460 cells. Meanwhile, the levels of Cleaved Caspase-3 and phosphorylated P65 were also decreased in NCM460 cells from the DSS+PS group (Figures 5D, E).
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FIGURE 5
 P. pentosaceus CECT8330 affects the interaction between macrophages and epithelium. (A) A flow chart depicting the cell experiments using human colon epithelial cell line NCM460. (B) Flow cytometry analysis was performed to assess apoptosis in NCM460 cells under indicated treatment. (C) The percentages of apoptotic cells of late (PI+-Annexin V+) stages, early (PI−-Annexin V+) stages, and dead cells (PI+-Annexin V−); n = 3 per group. (D) Western blot analysis of protein levels of Cleaved Caspase-3 in NCM460 cells. (E) Western blot analysis of protein levels of p-P65 in NCM460 cells. (F) Representative images of ROS fluorescence in different groups. (G) Mean intensity of ROS fluorescence; n = 3 per group. (H) H2O2 production from NCM460 cells. Data represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


We assumed that IL-1β in the supernatants of THP-1-derived M1 macrophages induce ROS production which further elicits NF-κB activation and apoptosis of NCM460. Therefore, we detected ROS levels in the NCM460 cells after incubation with supernatants from LPS-induced macrophages with or without P. pentosaceus CECT8330 treatment (Figure 5A). As shown in Figures 5F–H, in comparison with the DSS+LS group, P. pentosaceus CECT8330-treated macrophage supernatants (DSS+PS) could reduce intracellular ROS production, as well as the extracellular production of H2O2.

Collectively, the aforementioned results suggest that P. pentosaceus CECT8330 inhibits apoptosis of colonic epithelial cells via suppressing macrophage inflammation.



3.6. P. pentosaceus CECT8330 increases gut microbiome diversity in mice with DSS-induced colitis

It is well-recognized that gut microbes play an essential role in IBD (Ni et al., 2017). Probiotics play a therapeutic role in multiple ways, particularly through interacting with resident microbiota and modulating its function (Sanders et al., 2019). To further investigate how gut microbiota is influenced by P. pentosaceus CECT8330, we conducted a 16S rRNA sequence analysis to explore the microbial diversity in fecal samples of DSS-induced colitis mice pretreated with or without P. pentosaceus CECT8330 (DSS and DSS+Pp groups). The difference in β diversity index between the two groups was conducted and visualized by a principal component analysis (PCA), and a distinct shift of gut microbiota composition after P. pentosaceus CECT8330 administration in colitis mice was revealed (Supplementary Figure 3A). The Venn plot showed 1,868 common OTUs between the two groups (Supplementary Figure 3B). The circos plot showed the relative abundance of the top 20 species in each fecal sample (Figure 6A). Among them, the relative abundance of anaerobic bacteria significantly increased after administration of P. pentosaceus CECT8330 (the DSS+Pp group), such as A. muciniphila, Alistipes massiliensis (A. massiliensis), Clostridium cocleatum (C. cocleatum), and Bifidobacterium pseudolongum (B. pseudolongum) (Figure 7B and Supplementary Figure 4A). The enrichment of several taxa, especially A. muciniphila, was observed in the DSS+Pp group. Although the relative abundance of Bacteroides uniformis (B. uniformis) was the largest, there was no difference between the two groups. To find the biomarkers of all classification levels, LEfSe analysis was performed. A cladogram was conducted to show the taxonomic hierarchical distribution of biomarkers in each group of samples (Figure 6B). The histogram of the LDA value distribution of biomarkers was used to show the significantly enriched taxa in each group (Supplementary Figure 4B). Then, to further explore how P. pentosaceus CECT8330 exerts positive effects via modulating the composition of the gut microbiome, we conducted a correlation analysis between the plasma levels of pro-inflammatory cytokine IL-1β and the relative abundance of gut microbiota, which showed that the level of IL-1β in mice plasma was negatively correlated with the relative abundance of A. muciniphila, Akkermansia, and Verrucomicrobiaceae (Figure 6C). The aforementioned results suggest that there are several possible differential biomarkers among samples of DSS-induced colitis mice pretreated with or without P. pentosaceus CECT8330, such as A. muciniphila.
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FIGURE 6
 The A. muciniphila relative abundance is related to the plasma inflammatory factor IL-1β in mice. (A) Circos graph was made to show the top 20 relative abundances of microbial taxa in each sample. A. muciniphila, Akkermansia muciniphila; D. C21_c20, Desulfoviobrio C21_c20; B. pseudolongum, Bifidobacterium pseudolongum; B. uniformis, Bacteroides uniformis; R. flavefaciens, Ruminococcus flavefaciens; A. massiliensis, Alistipes massiliensis; A. finegoldii, Alistipes finegoldii; [R]. gnavus, [Ruminococcus] gnavus; A. indistinctus, Alistipes indistinctus; M. schaedleri, Mucispirillum schaedleri; H. ganmani, Helicobacter ganmani; H. hepaticus, Helicobacter hepaticus; B. bifidum, Bifidobacterium bifidum; C. cocleatum, Clostridium cocleatum; P. distasonis, Parabacteroides distasonis; C. methylpentosum, Clostridium methylpentosum; O. guilliermondii, Oscillospira guilliermondii; B. pullicaecorum, Butyricicoccus pullicaecorum; D. oxamicus, Desulfovibrio oxamicus; n = 5 per group. (B) Cladograms of taxonomic hierarchical distribution of biomarkers in DSS and DSS + Pp group; n = 5 per group. A. muciniphila was labeled by the red box. (C) The Spearman correlations of representative microbial taxa and plasma inflammatory cytokine IL-1β between DSS and DSS + Pp group. *P < 0.05, **P < 0.01, ***P < 0.001.



[image: Figure 7]
FIGURE 7
 P. pentosaceus CECT8330 increases the relative abundance of A. muciniphila by regulating ROS generation. (A) The classification of A. muciniphila according to the NCBI Taxonomy Database. (B) Relative abundance of A. muciniphila in mice fecal samples between DSS and DSS+Pp groups; n = 5 per group. (C) Comparison of the A. muciniphila abundance in IBD (UC) and non-IBD patients in the GMrepo database. (D) Comparison of the abundance of A. muciniphila in fecal samples of IBD children and non-IBD children; n = 5 per group. (E) A diagram depicting the A. muciniphila proliferation test. The Con-Supernatant referred to the cell supernatant of NCM460 cultured for 24 h without any interventions, and the Con-Supernatant+H2O2 group referred to Con-Supernatant with the addition of H2O2 (2mM). (F) The absorbance of A. muciniphila medium after being added with supernatants of NCM460 cells with or without H2O2. (G) A diagram depicting the A. muciniphila proliferation test. NCM460 cells were stimulated with DSS and co-cultured with supernatants from THP-1-derived macrophages treated with LPS and Pp (DSS+PS group) or LPS alone (DSS+LS group). Supernatants of NCM 460 cells with indicated treatment were then added into the culture medium of A. muciniphila. (H) The absorbance of A. muciniphila medium after added with the supernatants of NCM460 cells. *P < 0.05, **P < 0.01.




3.7. P. pentosaceus CECT8330 modifies gut microbiota by affecting A. muciniphila

A. muciniphila, belonging to the Verrucomicrobia (Figure 7A), is considered a prospective probiotic (Zhang et al., 2019). Our results showed that the abundance of A. muciniphila in the feces of mice was significantly increased after P. pentosaceus CECT8330 administration (Figure 7B). We assumed that P. pentosaceus CECT8330 could directly regulate the abundance of A. muciniphila to relieve the systemic inflammatory levels. To further investigate the contribution of A. muciniphila to IBD, we evaluated the abundance of A. muciniphila in IBD and non-IBD patients using the GMrepo database (Figure 7C). We found that the relative abundance of A. muciniphila obviously decreased in IBD patients. To confirm this result, we collected the feces of IBD and non-IBD children to detect the abundance of A. muciniphila by qPCR (Katiraei et al., 2020) and found that A. muciniphila abundance decreased in PIBD patients (Figure 7D).

We next investigated whether increased ROS production in colonic epithelial cells affects the abundance of A. muciniphila. After confirming the inhibitory effect of H2O2 on the proliferation of A. muciniphila (Figures 7E, F), we collected the supernatants of NCM460 cells treated with DSS+PS or DSS+LS and added them into the culture system of A. muciniphila (Figure 7G). Expectedly, A. muciniphila in the DSS+PS treatment group had a higher proliferation capacity than that of the DSS+LS group (Figure 7H).




4. Discussion

Genetics, environmental factors, and the host immune system participate in the development of IBD, and their complex interplay results in aberrant immune responses and chronic intestinal inflammation (Knox et al., 2019; Lee and Chang, 2021). The mice about 3 weeks old belong to juvenile mice (Ettreiki et al., 2019; Gorberg et al., 2021). Therefore, we used 3-week-old juvenile mice to simulate the development of IBD in children in our study. P. pentosaceus CECT8330 showed a significant amelioration of DSS-induced colitis phenotype in the 3-week-old juvenile mice, including improvements in body weight loss, colon length shortening, pathological structure destruction, and intestinal barrier function (Figures 1, 2). It has been reported that due to the changes in intestinal immune status and intestinal flora, the susceptibility to DSS varies among mice of different ages, and young mice tend to be more tolerant to DSS than old mice (Liu et al., 2020). In other disease-related mouse models, mice of different ages are used for studies because age is believed to have an impact on treatment response (Caputi et al., 2017; Gorberg et al., 2021). However, there is still a lack of probiotic studies in juvenile colitis, which supports the necessity of our follow-up research.

NF-κB is a crucial inflammatory signaling pathway involved in the progression of IBD, which can not only mediate cell apoptosis but also regulate intestinal permeability (Atreya et al., 2008; Ibrahim et al., 2020). P65 is the key transcription factor of the classical NF-κB pathway. Active P65 translocates to the nucleus in a heterodimer with P50, where it binds to the promoter of the target genes and transcriptionally regulates gene expression (Kang et al., 2001). Under the co-stimulation of inflammation and other stress signals, NF-κB P65 could inhibit the transcription of anti-apoptotic genes (Campbell et al., 2004). In the present study, a significant decrease in nuclear P65 and apoptosis of epithelial cells was observed under the treatment of P. pentosaceus CECT8330, indicating P. pentosaceus CECT8330 inhibits intestinal epithelial cell apoptosis by inhibiting the NF-κB signaling pathway (Figure 3).

There is increasing evidence to suggest that macrophages play an important role in regulating the intestinal immune system and inflammatory microenvironment and can be used as drug targets for the treatment of IBD (Leung et al., 2013; Zhang et al., 2020). In our study, after P. pentosaceus CECT8330 administration, M1 polarization of macrophages was decreased, M2 polarization was increased, and the inflammatory cytokine IL-1β was decreased significantly both in the juvenile mice model and in in vitro cellular model (Figure 4) (Hunter et al., 2010). Pro-inflammatory cytokines, such as IL-1β and IL-6, were involved in the communication between macrophages and epithelial cells in the development of IBD (Tatiya-Aphiradee et al., 2018). Our study proved that additional administration of IL-1β aggravated DSS-induced epithelial cell apoptosis and increased ROS production. After administration of P. pentosaceus CECT8330, IL-1β was less produced with the decrease of M1 polarization, and the inflammatory stimulation to epitheliums was weakened, warranting the recovery of the epithelial barrier (Figure 5). These observations suggest that P. pentosaceus CECT8330 inhibits apoptosis of epithelial cells by regulating macrophage function.

A. muciniphila is a bacterium that can use degraded mucin as an energy source and is generally abundant in healthy microbiota but reduced in the guts of IBD patients (Png et al., 2010; Bian et al., 2019), which is consistent with our results (Figure 7). The oxygen hypothesis assumes that in an inflammatory gut environment, oxygen levels and free oxygen radicals increase (Zhu and Li, 2012; Rigottier-Gois, 2013), leading to further changes in bacterial communities (Rigottier-Gois, 2013). We found that the contents of four anaerobic bacteria (A. muciniphila, A. massiliensis, C. cocleatum, and B. pseudolongum) in the gut were significantly increased and the level of ROS was decreased after P. pentosaceus CECT8330 treatment. Furthermore, decreased ROS contributes to decreased NF-κB activation under P. pentosaceus CECT8330 treatment, as ROS are the important inducers of NF-κB (Marino-Merlo et al., 2019). Our results also showed that an increase in ROS could reduce the proliferation of A. muciniphila. The change in flora was closely related to the change in the intestinal inflammatory environment (Figure 6). Therefore, P. pentosaceus CECT8330 may help reshape the intestinal microbiome and reverse the ecological dysregulation after alleviating intestinal inflammation, particularly promoting the proliferation of beneficial bacteria such as A. muciniphila.

At present, several studies have confirmed that P. pentosaceus CECT8330 was safe and effective in the treatment of child-related diseases including crying syndrome and functional gastrointestinal disorders clinically (Astó et al., 2021; Chen et al., 2021). According to our current findings, P. pentosaceus CECT8330 has the effect of alleviating intestinal inflammation, so it should have the potential for applications in the treatment of PIBD. With the progress of technology, microorganisms are widely used in the field of food science (Chen et al., 2020; Zwirzitz et al., 2022). It was reported that microbial preparations including probiotics can be considered to help alleviate diseases through food supplements (Choi et al., 2022). In the follow-up clinical study, we will try to optimize the intake of probiotics and consider P. pentosaceus CECT8330 as a dietary supplement to relieve the symptoms of pediatric IBD.



5. Conclusion

Our study demonstrates that P. pentosaceus CECT8330 has a significant protective and therapeutic effect on colitis in juvenile mice. It can maintain the integrity of the intestinal barrier and inhibit intestinal epithelial apoptosis not only by inhibiting the NF-κB inflammatory signaling but also by regulating the M1/M2 polarization of macrophages. With the decrease in IL-1β secreted by M1 macrophages, the production of ROS in intestinal epitheliums was reduced, which is conducive to remodeling intestinal flora. In conclusion, our study reveals that P. pentosaceus CECT8330 reprograms macrophages from a pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, leading to the alleviation of colitis induced by DSS in juvenile mice. P. pentosaceus CECT8330 can be used as a potential probiotic dietary supplement to improve IBD, especially beneficial for pediatric patients.
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In this study, an exopolysaccharide (EPS)-producing strain of Lactiplantibacillus plantarum HDC-01 was isolated from sauerkraut, and the structure, properties and biological activity of the studied EPS were assessed. The molecular weight of the isolated EPS is 2.505 × 106 Da. Fourier transform infrared spectrometry (FT-IR) and nuclear magnetic resonance (NMR) results showed that the EPS was composed of glucose/glucopyranose subunits linked by an α-(1 → 6) glycosidic bond and contained an α-(1 → 3) branching structure. X-ray diffraction (XRD) analysis revealed the amorphous nature of the EPS. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) showed that the isolated EPS had a smooth and compact surface with several protrusions of varying lengths and irregularly shaped material. Moreover, the studied EPS showed good thermal stability, water holding capacity, and milk coagulation ability and promoted the growth of probiotics. L. plantarum EPS may be used as prebiotics in the fields of food and medicine.
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1. Introduction

Microbial exopolysaccharides (EPSs) are secondary metabolites released to the extracellular environment during the growth and metabolism of microorganisms, mainly including mucus polysaccharides and capsular polysaccharides (Chen and Huang, 2018; Li et al., 2022). Based on their monosaccharide composition, EPSs are classified as homopolysaccharides consisting of one type of monosaccharide and heteropolysaccharides consisting of two or more types of monosaccharides, such as fructose, mannose, arabinose, rhamnose, xylose and glucose (Daba et al., 2021). The wide range of sources of EPSs results in a wide variation in their structural composition and physicochemical properties, and these differences confer different biological functions (Xu et al., 2019b; Yang et al., 2023). Lactic acid bacteria (LAB), as proven fermenting agents, are extensively used in traditional dairy products, pharmaceuticals, biotechnology and fermentation processes (Wang et al., 2018). LAB are “generally regarded as safe (GRAS)” and have bioactive functions to prevent disease and improve human health; hence, there has been a particular focus on LAB-generated EPSs in recent years (Li et al., 2022). LAB EPSs, with a variety of biological functions, have great potential in the fields of beauty care, the production of chemical materials and health, such as improving the immune system, antioxidation, the ability to produce plastic films, preventing intestinal microbial infections and improving the intestinal microbiological environment, as well as being antiulcer (Barcelos et al., 2020; Rana and Upadhyay, 2020; Wang and Bian, 2020). LAB EPSs have a variety of excellent functional characteristics in the food industry, including improving the taste and rheological properties of fermented foods and bread crumbs and improving the softness of baked products (Daba et al., 2021; Korcz and Varga, 2021).

Similarly, LAB have a complex anabolic system, and LAB EPSs come from a wide range of sources, particularly Lactococcus lactis, Leuconostoc mesenteroides, Leuconostoc citreum, Lactobacillus casei, Weissella, Lactobacillus brevis, Lactiplantibacillus plantarum, Lactobacillus rhamnosus and others, which are capable of synthesizing a variety of EPSs (Feng et al., 2020; Daba et al., 2021; Allawadhi et al., 2022). LAB EPSs therefore exhibit a great deal of structural diversity. Some specific physicochemical properties and structural composition (molecular weight, monosaccharide composition, three-dimensional structure and type of glycosidic bond, etc.) can confer specific biological activities and physiological functions on EPSs (Angelin and Kavitha, 2020; Du et al., 2022b; Wu et al., 2022). Therefore, revealing the structural composition and physicochemical properties of LAB EPSs is beneficial for further understanding the mechanism of EPS synthesis and for the progress and development of the food and pharmaceutical industries.

L. plantarum is an important strain for the food industry, but EPSs produced by different sources of L. plantarum vary greatly in structural composition and biological activity (Silva et al., 2019). Therefore, characterizing new sources of L. plantarum EPSs is of great importance. In this experiment, the strain L. plantarum HDC-01 with high EPS production was isolated from sauerkraut, and its physicochemical properties, structure and functional groups were analysed and characterized.



2. Materials and methods


2.1. Purification and identification of strain

Sauerkraut was chopped (Zhao et al., 2018), mixed with sterile water and incubated at 30°C for 24 h. Sauerkraut juice was diluted to 10−7 with deionized water, inoculated on MRS-S medium (sucrose 20 g/L, beef extract 10 g/L, peptone 10 g/L, yeast 5 g/L, Na2SO3 0.1 g/L, MgSO4 0.2 g/L, MnSO4 0.05 g/L, ammonium citrate 2 g/L, KH2PO4 2 g/L, CH3COONa 5 g/L) and incubated at 30°C for 48 h. Single colonies of mucilaginous-secreting material were picked and inoculated on MRS-S solid medium for purification three times. The purified single colonies were picked out and inoculated onto MRS liquid medium (glucose 20 g/L, beef extract 10 g/L, peptone 10 g/L, yeast 5 g/L, Na2SO3 0.1 g/L, MgSO4 0.2 g/L, MnSO4 0.05 g/L, ammonium citrate 2 g/L, KH2PO4 2 g/L, CH3COONa 5 g/L) and incubated at 140 rpm for 24 h at 30°C.

The purified broth was used to extract the genome using the TIANamp bacteria DNA isolation kit, followed by PCR amplification using 16S universal primers. Primer sequences 5′-TACGGTTACCTTGTTACGACTT-3′ and 5′-AGAGTTTGATCMTGGCTCAG-3′ PCR were performed in a 25 μL reaction system containing 22 μL of 1.1 × T3 super PCR mix, 0.5 μL of each primer and 1 μL of genomic DNA for 30 cycles of amplification. PCR products were detected by 1% agarose gel electrophoresis and sent to the company for sequencing (Du et al., 2018). The sequencing results were compared to GenBank 16S rDNA gene sequences using the BLAST website and submitted to the NCBI database (Accession: OK036442.1). MEGA-based neighbour-joining algorithm for constructing phylogenetic trees of L. plantarum HDC-01.



2.2. EPS isolation and purification

L. plantarum HDC-01 was inoculated onto MRS-S liquid medium and incubated at 30°C for 36 h at 120 rpm. The bacterial fermentation broth was centrifuged at 4°C 12,000 r/min for 30 min to remove the bacteria. Then, 80% (w/v) trichloroacetic acid was added to the supernatant and left overnight at 4°C. The mixture was subsequently centrifuged at 12,000 r/min for 30 min to separate the proteins. Three volumes of precooled 95% ethanol were added to the supernatant, and the EPS was precipitated overnight in a refrigerator at 4°C. The crude EPS was obtained by centrifugation at 12,000 r/min for 20 min at 4°C. The crude EPS was dissolved in deionized water and put into a dialysis bag for dialysis at 4°C for 2 days. The EPS was then fractionated on a Sephadex G-100 gel-filtration chromatography column (1.6 cm × 50 cm) and eluted with deionized water at a flow rate of 2 mL/min. The liquid EPS was frozen at −20°C, and the sample was freeze-dried using a vacuum freeze-dried at −80°C for 12 h (SJIA-10 N-80C, Suangjia, Ningbo) to obtain pure EPS. The EPS solution was prepared with a concentration of 1 mg/mL using deionized water. The UV spectrum was measured by a UV–vis spectrometer (UV-2550, Shimadzu, Japan) in the wavelength range of 190 nm-500 nm to detect the purity of EPS. The EPS content was measured by the phenol–sulfuric acid method (Dubois et al., 1956).



2.3. Monosaccharide composition analysis

EPS samples (2 mg) were dissolved in anhydrous methanol containing 1 mol/L hydrochloric acid and hydrolysed at 80°C for 16 h, followed by the addition of 2 mol/L TCA and then hydrolysed at 120°C for 1 h, followed by derivatization with 1-methoxy-2-propylpropionate. Glucose, mannose, rhamnose, galactose and galacturonic acid were used as standards to analyse the monosaccharide composition of the EPS samples by high-performance liquid chromatography (HPLC) (LC20A, Shanghai Shizhong) and to compare the monosaccharide composition of the samples according to the peak times of the standards (Zheng et al., 2014).



2.4. Molecular mass analysis

The molecular mass of the purified EPS samples was measured by gel permeation chromatography (GPC; 1,515, Waters, United States). Here, 2.0 mg EPS was dissolved in 1 mL 0.1 mol/L NaNO3 solution and filtered through a 0.45 μm cellulose filter. The stationary phase consisted of a porous gel, and the mobile phase was a 0.1 mol/L NaNO3 solution with a flow rate of 0.5 mL/min (Du et al., 2022b). Detection was performed by a differential multiangle laser light scattering instrument (DAWN EOS, Wyatt, Shanghai, China) with RI and MALS detectors, a column temperature of 45°C, an Ohpak SB-804 HQ analytical column (F6429103, Ohpak, Shanghai, China), and a loading capacity of 100 μL. The number-average molecular weight (Mn) and mass average molar mass (Mw) of the EPS samples were recorded and processed with GPC/SEC (TDAmaxViscotec) online and offline software. Dextran of different molecular weights (2,700, 9,750, 13,050, 36,800, and 135,350 Da) was used as the standard, and a standard curve was drawn according to the elution peak retention time.



2.5. Fourier transform infrared spectroscopy analysis

Freeze-dried EPS powder and KBr were mixed at a ratio of 1:100, ground well and pressed into tablets. The analysis was carried out using FT-IR (Nicolet iS10 spectrometer, United States) with 32 scans in the wavenumber range of 400 to 4,000 cm−1 with a resolution of 4 cm−1 (Du et al., 2022b).



2.6. X-ray diffraction analysis

The freeze-dried EPS samples were laid flat in the cuvette, and their crystal structure was analysed using X-ray diffraction (XRD) (D8, Bruker, United States) in the range of 2θ angles (10°–80°) with a scan rate of 2°/min (Du et al., 2022a).



2.7. Scanning electron microscopy analysis

The freeze-dried EPS samples were fixed on conductive adhesive and plated with gold, and their surface structure was observed using scanning electron microscopy (SEM) (S-4800, Hitachi, Tokyo, Japan) with an accelerating voltage of 3 kV at different magnifications (Zhao et al., 2022).



2.8. Atomic force micrograph analysis

The EPS solution (1 mg/mL, 5 μL) was dropped onto clean mica sheets and dried with N2 airflow. The three-dimensional structure and molecular morphology of the EPS samples were subsequently observed using atomic force micrograph (AFM) (Bruker, Germany) (Zhao et al., 2022).



2.9. Nuclear magnetic resonance spectroscopy analysis

The purified EPS samples were dissolved in D2O to reach a final concentration of 20 mg/mL EPS solution. 1D nuclear magnetic resonance (NMR) (1H-NMR, 13C-NMR) and 2D NMR (COSY, NOESY, HMBC, HSQC) were measured using a Bruker AVANCE 600 MHz spectrometer (Bruker, Billerica, United States) at room temperature. Analysis was carried out at 25°C using 400 MHz. D2O was used as an internal standard. Chemical shifts were measured in ppm (İspirli et al., 2023).



2.10. Thermal analysis

The purified EPS samples were placed in an Al2O3 crucible. Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and derivative thermogravimetry (DTG) were performed on the EPS samples using a Maia F3 200 device (Netzsch, Germany). Experiments were performed in nitrogen at a flow rate of 50 mL/min. Heating was performed at a linear heating rate of 10°C/min over a temperature range of 40–800°C (Wang et al., 2020).



2.11. Emulsification activity analysis

The emulsifiability of the EPS samples was determined using Kanamarlapudi’s method (Kanamarlapudi and Muddada, 2017). Diesel, gasoline, hexane, kerosene, benzene, soybean oil, and olive oil (2.5 mL) were mixed with 2.5 mL of EPS solution at a concentration of 2 mg/mL, and the emulsion layer of the mixture was measured at 24 h and 48 h after shaking well for 5 min. The emulsification index (EI) was determined following the formula:

[image: image]



2.12. Viscosity analysis

The effect of concentration (20 mg/mL, 40 mg/mL, 60 mg/mL) and pH (4, 6, 8) on the EPS viscosity was measured using a viscometer at three rotational speeds (6 rpm, 60 rpm, 100 rpm) under room temperature conditions.



2.13. Water solubility index and water holding capacity analysis


2.13.1. WSI analysis

In this study, 45 mg EPS samples were dissolved in 0.5 mL deionized water and centrifuged at 12000 rpm for 40 min, the supernatant was removed, and the precipitates were freeze-dried. The weight of the sample after freeze-drying was recorded as M1 (mg) (Wang et al., 2010b). The water solubility index (WSI) calculation formula is as follows:

[image: image]



2.13.2. WHC analysis

In this study, 45 g of dried EPS was dissolved in 0.5 mL of deionized water and centrifuged at 12000 rpm for 40 min to obtain the precipitate. The surface water of the precipitate was wiped off with filter paper, and the mass was recorded as W1 (mg). The mass of the precipitate after freeze-drying was recorded as W2 (mg) (Das et al., 2014). The water holding capacity (WHC) calculation formula is as follows:
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2.14. Skimmed milk solidification analysis

Skimmed milk solidification analysis was performed using Kim’s method (Kim et al., 2008). Different concentrations of sucrose (6, 12%) were added to 10% skim milk, followed by inoculation of L. plantarum HDC-01 into skim milk at 5% (v/w) inoculum. Skimmed milk without sucrose was used as a control group to observe the degree of curdling capacity of skimmed milk at 24 h and 36 h at 30°C.



2.15. Probiotic proliferation test

L. plantarum, Bifidobacterium adolescentis, L. casei, and Streptococcus thermophilus were inoculated with MRS liquid medium at 2% inoculum at 30°C for 48 h. The activated four strains were then transferred at 2% inoculum to ferment in MRS proliferation medium with EPS samples, inulin and glucose at a concentration of 20 g/L as the sole carbon source. Samples were taken at 6, 12, 18, 24, 36 and 42 h, and the OD600 nm was measured and data processed using Origin software.



2.16. Statistical analysis

The experimental results of this trial were performed in three replicate experiments. All data were processed by Origin 2022 software and the OmicShare Tools online platform, and analysis of variance within and between groups was compared using ANOVA LSD multiple comparisons and t test methods (p < 0.05).




3. Results and discussion


3.1. Isolation and identification of strains

The strain was cultured in MRS-S solid medium and formed a white round, smooth surface, medium-sized colony on the surface of the medium. The presence of sticky material around the colonies indicated that the bacteria produced EPSs (Figure 1A). The colony morphology of the isolated and purified strains conformed to the colony characteristics of LAB. Liu et al. (2019) found that isolated and purified L. plantarum HY showed a smooth and hydrated colony appearance on agar plates with a round and medium-sized cell morphology, which was the same as the results of this study.

[image: Figure 1]

FIGURE 1
 The colony morphology on MRS-S (A) and phylogenetic tree of the Lactiplantibacillus plantarum HDC-01 (B).


The 16S rDNA sequences of the bacteria were entered into NCBI for sequence similarity analysis, and the results showed that the sequence information of HDC-01 was 100% similar to that of L. plantarum CIP 103151 (Accession: NR_104573.1) and L. plantarum 124-2 (Accession: NR_029133.1) with 100% sequence similarity. A phylogenetic tree was constructed for this strain and its close relatives by the NJ method, and the strain was found to have the highest similarity to L. plantarum JCM 1149 (Accession: NR117813.1) and L. plantarum NRRL B-14768 (Accession: 042394.1) (Figure 1B). In combination with the morphological identification of the above colonies, the strain was identified as L. plantarum and named L. plantarum HDC-01.



3.2. Monosaccharide composition and molecular mass analysis

L. plantarum HDC-01 EPS samples were successfully purified by ethanol precipitation, dialysis and a Sephadex G-100 gel-filtration chromatography column. Protein (0%), sulphate and glyoxylate were present in the EPS samples. After the EPS samples were purified, the detector showed only one elution peak for the EPS samples and no absorption peak at 260–280 nm, indicating that the presence of homogeneous EPSs with no nucleic acid or protein contamination (Figure 2A). Freeze-dried EPS appears as a white fluffy solid.

[image: Figure 2]

FIGURE 2
 UV (A), GPC (B), FT-IR (C) and XRD (D) spectrum of the L. plantarum HDC-01 EPS.


The GPC elution peak showed a single symmetric peak, indicating that the isolated EPS was a homogeneous EPS with high purity (Figure 2B). The Mw and Mn of the EPS were 2.505 × 106 Da and 2.033 × 106 Da, respectively, indicating that the EPS was a low molecular weight EPS, which may improve human immunity and have better solubility and antioxidant properties (Xu et al., 2019b). The Mw of the EPS produced by L. casei was 2.7 × 106 Da, similar to the results of this experiment (García-Hernández et al., 2016), but much lower than those produced by L. plantarum AR307 (3.85 × 106 Da) and Weissella confusa MG1 (7.2 × 108 Da) (Zannini et al., 2013; Feng et al., 2021). Many physicochemical factors, including fermentation conditions, medium composition, substrate concentration, source of polysaccharides, polysaccharide isolation and purification methods, can affect the polymerization of EPSs. Soeiro et al. (2016) found that sucrose as a substrate and inducer of EPS synthesis and different sucrose concentrations significantly affected the Mw of EPSs.

The monosaccharide composition of the isolated EPS showed that the monosaccharide structure was glucose. Combined with the GPC chromatogram, the sample was a homopolysaccharide composed of glucose. L. brevis HDE-9 and W. confuse H2 produced EPSs composed of glucose, which was the same as the results of this experiment (Du et al., 2022a,b). In addition, EPSs produced by some LAB are heteropolysaccharides composed of different monosaccharide structures. Do et al. (2020) found that EPS-W1 produced by L. plantarum was a heteropolysaccharide composed of glucose and mannose. The SSC-12 EPS produced by Pseudomonas pentosus was a heteropolysaccharide composed of glucose, mannose, galactose, arabinose, and rhamnose (Fan et al., 2021). These results were different from those of the present experiment.



3.3. FT-IR spectroscopy and XRD analysis

The functional group composition of the EPS samples was analysed by FT-IR. The results showed that the EPS samples displayed multiple absorption peaks in the FT-IR spectrum in the range of 400–4,000 cm−1 (Figure 2C). A strong absorption peak was identified at 3440.867 cm−1, which was caused by the presence of a large number of O–H stretching vibrations in the EPS samples. The strong absorption peak at 2923.074 cm−1 was due to the C–H variable angle vibration in the EPS and was a characteristic peak for polysaccharides (Karadeniz et al., 2021). The absorption peak observed at 1640.161 cm−1 corresponded to the stretching vibration of COO−. The absorption peaks of various types in the fingerprint region at 1200–950 cm−1 demonstrated specific structural information of the isolated EPS, the absorption peak at 1015.82 cm−1 indicated the presence of α-(1 → 6) glycosidic bonds in the EPS, and 932.896 cm−1 represented the presence of α-(1 → 3) glycosidic bonds. The variable angle vibration at 767.0477 cm−1 was the result of the pyranose ring (Ye et al., 2012). Thus, FT-IR analysis showed that the EPS contained characteristic absorption peaks for most of the polysaccharides (Wang et al., 2021).

XRD can reveal information about the phase structure of EPSs and help to understand the physical properties of EPSs. The XRD pattern showed very broad and asymmetrical strong diffraction peaks at 20°C (2θ), indicating many noncrystalline regions in the EPS samples and a small number of crystalline regions within the amorphous regions (Figure 2D). Thus, the XRD spectrum shows the isolated EPS in a noncrystalline amorphous state, and this result was consistent with dextran produced by Lactobacillus kunkeei AP-27 and L. kunkeei AP-37 (İspirli et al., 2023; Yilmaz et al., 2023).



3.4. SEM and AFM analysis

SEM can help to study the microstructure and surface morphology of EPSs, which helps to understand the physical properties of EPSs (Yu et al., 2022). The SEM results are shown in Figures 3A,B. The EPS structure was an irregular, smooth and continuous mesh-like sheet structure. By using a higher magnification, the EPS surface structure was observed to be flatter and smoother, indicating that EPSs can improve the rheological properties of food and promote viscosity and water holding capacity (Xu et al., 2019b; Yang et al., 2023). The irregular and continuous mesh-like sheet structure gives EPSs good mechanical stability, and the smooth structure gives EPSs the ability to make pliable film materials. Similar EPS structures have been found in Ln. citreum B-2, W. confusa H2, Ln. mesenteroides XR1, and L. plantarum KF5 (Wang et al., 2010a; Xu et al., 2020; Wang et al., 2021; Du et al., 2022a). Numerous studies have confirmed that such EPSs can be used in the food field as thickeners and emulsifiers and have the ability to retain moisture in food and produce plastic films (Srinivash et al., 2023).

[image: Figure 3]

FIGURE 3
 SEM and AFM display of the surface morphology of EPS. (A) SEM magnification ×100; (B) SEM magnification ×500; (C) AFM plan view; (D) AFM cubic view.


AFM provides further insight into the morphological features; 3D structure and dynamics of EPSs and is an important tool for studying the structural properties of EPSs (Du et al., 2023). AFM provides EPS images with a scale of 5.0 μm × 5.0 μm and height of 10 nm. The results showed that the isolated EPS had a rough surface, with protrusions of varying lengths and some irregular substances (Figures 3C,D). The rough surface indicated that the EPS samples had good water holding capacity and biocompatibility and could be widely used in the pharmaceutical field. The protrusions of variable length may be certain regions or side chains of polysaccharide molecular chains, which may have specific functions, such as the ability to interact with other molecules and regulate the stability and solubility of polysaccharides (Xu et al., 2019a; Allawadhi et al., 2022). In addition, these protrusions may also affect the morphology and stability of polysaccharides, thus affecting their function and application in living organisms (Xu et al., 2019a). The irregular shape may be a microstructure formed by the self-assembly of polysaccharide molecules or a complex formed by the interaction of polysaccharides with other molecules (e.g., proteins, phospholipids, etc.) (Wang et al., 2023).



3.5. Nuclear magnetic resonance spectroscopy analysis

NMR can further reveal the structure and composition of EPSs. Figure 4A shows the 1H NMR spectrum of the isolated EPS, and the results indicated that the signal was mainly concentrated at δ 3.3–5.0 ppm. The spectrum consisted of an anomalous region (δ 4.6–5.0 ppm) and a ring proton region (δ 3.3–4.0 ppm). The chemical shifts in the ring proton region were shielded by the hydroxyl group, the signal peaks were poorly separated, and the signal overlap was severe, leading to difficulties in resolution. The signal peak between δ 3.3–4.0 ppm was assigned to H2-H6 on glucose residues. The presence of a strong signal peak at δ 4.5–5.5 ppm indicated that the isolated EPS was a homopolysaccharide composed of monosaccharides. A similar structure was found in both dextran produced by W. confusa and EPSs produced by L. brevis HDE-9 (Du et al., 2022a, 2023). The strong signal peak at δ 4.88 ppm indicated that the isolated EPS was a pyranose consisting of α-(1 → 6)-glycosidic bonds, and the low signal anomaly peak at δ 5.1–5.3 ppm indicated the presence of α-(1 → 3)-glycosidic bonds. Moreover, the presence of multiple signal peaks at δ 4.5–5.5 ppm implied that the isolated EPS was a heteropolysaccharide consisting of multiple monosaccharides. The EPS produced by L. plantarum W1 had six ectopic proton signals (δ 5.76, 5.67, 5.59, 5.59, 5.56, 5.55, 5.37 ppm) in the anomalous region (δ 4.5–5.5 ppm), showing that the EPS samples were composed of seven monosaccharides of heteropolysaccharides (Do et al., 2020), which was different from the results of this test. Therefore, the isolated EPS was inferred to be a pyranose consisting of α-(1 → 6) and α-(1 → 3) glycosidic bonds.
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FIGURE 4
 1D NMR spectrum of EPS. (A) 1H NMR spectrum; (B) 13C NMR spectrum.


The 13C NMR results indicated the presence of signals in the anomalous carbon region (δ 95–110 ppm) versus the cyclic carbon region (δ 50–85 ppm) and corresponded to the anomalous region (δ 4.6–5.0 ppm) and the cyclic proton region (δ 3.3–4.0 ppm) in the 1H NMR spectrum. The signal value at δ 97.67 ppm indicated that the isolated EPS was α-D-pyranose. The signal values at δ 73.37, 71.37, 70.15, 69.49, 65.50 ppm corresponded to glucose residues C3, C2, C5, C4, and C6 (Figure 4B). The signal value at δ 65.50 ppm implied that the EPS samples contained α-(1 → 6) glycosidic bonds. The spectra showed no signal peaks at δ 107–109 ppm and δ 80–85 ppm, indicating that the isolated EPS did not contain furanose. Combined with the FT-IR and 1H NMR results, the EPS was a homopolysaccharide linked by an α-D-(1 → 6) glycosidic bond and contained an α-(1 → 3) branching structure. The EPS produced by Leuconostoc pseudomesenteroides contained 97.3% α-D-(1 → 6)-linked glucose and had 2.7% α-(1 → 3)-branches, and the EPS produced by Ln. mesenteroides NTM048 consisted of α-(1 → 6)-linked glucose with α-(1 → 3)-branches, which was similar to the results of this experiment (Matsuzaki et al., 2017; Du et al., 2023).

HSQC showed peak signals at 4.87/97.55 (H1/C1), 3.47/71.46 (H2/C2), 3.61/73.36 (H3/C3), 3.41/69.54 (H4/C4), 3.85/69.68 (H5/C5), 3.93, and 3.65/65.43 (H6, H6/C6) (Figure 5A). Combining COSY and HSQC maps revealed the chemical shifts of C2–C6 and H2-H6 of EPS, confirming the presence of α-(1 → 6) residues and α-(1 → 3) branch structures in the repeating units of EPS (Figure 5B). COSY profiles calculated 1H–1H coupling constant values for JH2, H3, JH3, H4 and JH4, JH5, respectively, confirming that the isolated EPS was a glucose in the form of pyranose. Inter-residue correlations were obtained from NOESY (Figure 5C) and HMBC (Figure 5D) spectra, validating the results of the COSY and HSQC spectra.
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FIGURE 5
 2D NMR spectrum of EPS. (A) HSQC, (B) COSY, (C) NOESY and (D) HMBC.




3.6. Thermal analysis

The analysis of the thermal properties will help to further reveal the physicochemical properties of EPSs and expand the application of EPSs in industry. The TGA results are shown in Figure 6, and EPS degradation was divided into three main stages. First, a weight penalty of approximately 10% was observed between 30°C–100°C. This was because the isolated EPS contained many carboxyl groups, and the increase in temperature led to a loss of bound water, which reduced the weight of the EPS (Du et al., 2022b). Second, at 300°C–400°C, the EPS suffered a weight penalty of 41.41%. This was caused by the effect of high temperatures on the EPS and thus depolymerization, breaking of the C–C and C=O bonds in the ring unit, production of water molecules and volatilization, resulting in a dramatic reduction in weight (Du et al., 2022a). The weight of the EPS was maintained at a stable level at 400°C–700°C. The DTG curve indicated a degradation temperature (Td) of 309.86°C for the isolated EPS, which was higher than Ln. mesenteroides DRP-5 dextran (298.1°C) (Du et al., 2018), L. plantarum CNPC003 EPS (210°C) (Bomfim et al., 2020) and W. confusa PP29 dextran (305°C) (Rosca et al., 2018). As the temperature increased further, the EPS weight of remained relatively constant. This phenomenon was related to the complexity of the EPS molecular structure, monosaccharide composition and molecular weight. The higher degradation temperature indicated that the isolated EPS was thermally stable and has great potential for use in the food chemical industry. The DSC curve showed a clear endothermic peak of melting at 100.22°C during the initial phase of heating, which was associated with the evaporation of water and the melting of the crystalline structure formed by the long aliphatic side chains of the EPS molecule (Bomfim et al., 2020). The DSC curve was consistent with the TGA and DTG curves, indicating that EPSs can be used in a wide range of applications in the food, pharmaceutical and chemical industries.
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FIGURE 6
 EPS thermal performance analysis. Red curve is TGA; green curve is DTG; purple curve is DSC.




3.7. EA analysis

Emulsifiers can maintain the stability of two immiscible liquid phase systems and are therefore widely used in food and chemical industries. As shown in Table 1, the overall emulsification trend was gasoline> soybean oil> kerosene> benzene> hexane> olive oil> diesel. There were significant differences in the emulsifying activity of different hydrocarbons and oils. Among them, gasoline had the strongest emulsifying activity and showed very good dispersion properties, while olive oil had the weakest emulsifying activity. This may be because gasoline contains many low molecular weight compounds that were better able to interact with the EPS and thus enhance the emulsifying activity. Olive oil was less dispersed due to its high molecular weight and low surface activity. Moreover, the emulsifying activity of all tested samples was higher after 48 h than at 24 h. This may be because hydrocarbons and oils were able to interact better with the EPS over a longer period of time, thus enhancing the emulsification activity (EA). The emulsifying properties of the isolated EPS were similar to the results of Leuconostoc pseudointestinalis HDL-3, L. brevis HDE-9, and W. confusa H2 (Zhao et al., 2022; Du et al., 2022a,b).



TABLE 1 Emulsification activity (EA) of exopolysaccharide (EPS) with hydrocarbons and oils E24, 24 h; E48, 48 h.
[image: Table1]



3.8. EPS rheological properties

Rheological property analysis can help to study the biological function of EPSs and provide a theoretical basis for the industrial application of EPSs. The viscosity analysis of the isolated EPS is shown in Figure 6. The viscosity decreased gradually with increasing rotational speed, showing the shear dilution characteristics of non-Newtonian fluids (Du et al., 2022a). When the speed of the shaker increased, the interaction force between the EPS molecules weakened, and the molecular spacing increased, which led to a reduction in frictional resistance and adhesion between the EPS molecules and a decrease in viscosity. The EPS viscosity was measured at different EPS concentrations and pH values, and the results showed that the viscosity was maximum at an EPS concentration of 60 mg/mL (Figure 7A). The high EPS concentration increased the number of crosslinks between the molecular chains and the frictional resistance and adhesion between the crosslinking points, further enhancing the EPS viscosity. The EPS viscosity at a pH of 6 was higher than at pH values of 4 and 8 (Figure 7B), which was due to the lower ionization of the EPS at a pH of 6. The charge state of the carboxyl and amino groups on the molecular chains was in the most balanced state, when the electrostatic force on the molecular chains was minimal and the interaction between the molecular chains was strongest, which led to the highest EPS viscosity. When the pH value was higher or lower than 6, most of the carboxyl groups in the isolated EPS lost their negative charge or most of the amino groups lost their positive charge, and the interaction force between the molecular chains was weakened, resulting in a decrease in viscosity. Moreover, changes in pH also affect the conformation of EPSs. When the pH changes, the interactions of hydrogen bonds, ionic bonds and van der Waals forces on the EPS molecule also change, resulting in a change in the conformation of the molecular chains, which also affects the EPS viscosity (Wu et al., 2023).
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FIGURE 7
 Effect of (A) concentration and (B) pH on EPS viscosity. The represent a-c the significant difference of different pH and concentration values on EPS viscosity at the same Rev. The star represents the significant difference of EPS concentration and pH on EPS viscosity at different speed (p < 0.05).




3.9. WSI and WHC analysis

The WSI and WHC of the EPS samples were 98.73 ± 2.63% and 464.76 ± 9.03%, respectively, which were higher than those of Ln. pseudomesenteroides and Ln. lactis KC1174 (Saravanan and Shetty, 2016; Du et al., 2022a). The higher WSI and WHC were because the EPS samples contained a large number of glucose units of hydroxyl groups, which could bond with hydrogen to form a large amount of water. The EPS showed good hydrophilicity and water retention ability, so it could improve the texture and rheological properties of food or be applied as a biosurfactant and stabilizer in the chemical industry and other fields.



3.10. Skimmed milk solidification analysis

The results of the skimmed milk solidification test are shown in Figure 8, with no solidification occurring in the control group at 12 and 24 h. The degree of milk solidification in the experimental group was enhanced with increasing sucrose concentration and longer fermentation time, indicating that the strain could produce EPSs through sucrose and promote the solidification of skimmed milk. The degree of milk solidification depended on the initial sucrose concentration and the fermentation time. This result was similar to those for L. brevis HDE-9, Lactiplantibacillus paraplantarum NCCP 962 and Lactiplantibacillus pentosus B8 (Jiang et al., 2022; Du et al., 2022b; Afreen et al., 2023). The milk solidification was because the EPS produced by the strain interacted with the proteins in skimmed milk, causing changes in the spatial structure of the proteins. The level of milk solidification was related to the physicochemical properties of the EPS, the kind of protein in the skimmed milk and the ratio of EPS to milk. Wang et al. found that the highest yield of Ln. citreum B-2 EPS and the best solidification of skimmed milk was achieved when the sucrose content was 9% (w/v) (Wang et al., 2020). The strains can be used as fermenters and food additives for dairy products, thus improving the taste as the rheological properties of food products. Experiments with skim milk solidification reveal the industrial potential of EPSs.
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FIGURE 8
 Degree of milk solidification of strains at different sucrose concentrations.




3.11. Probiotic proliferation

L. plantarum, L. casei, S. thermophilus, and B. adolescentis are the most common probiotics in the human intestine, ensuring intestinal homeostasis and maintaining normal intestinal barrier function. They have a good tolerance to acid and bile and can fight gastrointestinal diseases. Moreover, the ability of probiotics to adhere to the intestinal mucosa and/or extracellular matrix components helps to inhibit pathogen colonization and improve mucosal healing. The growth of probiotics is usually proliferated by LAB EPSs and functions as a cofactor to help the probiotic flora maintain a healthy gut.

The proliferative effect of three carbohydrates on four probiotics was tested, and the results are shown in Figure 9. The proliferation of the four strains by the different carbohydrates differed significantly (p < 0.05), among which the EPS significantly promoted the proliferation of probiotics. Three carbohydrates showed no significant proliferative effect on probiotics in the first 6 h, but probiotics grew rapidly in the 24–36 h. Compared with inulin and glucose, the isolated EPS could significantly stimulate the growth of probiotics. It was assumed that this was because the EPS had a more complex structure than inulin and glucose, prompting the probiotic to induce multiple metabolic pathways to breakdown the EPS, thus increasing the time for the probiotic to reach maximum viability (Wang et al., 2015; Chen et al., 2019). The four strains showed a general trend of increasing and then decreasing polysaccharide use and their own growth, presumably because the strains reached a growth threshold or metabolized acid production after using polysaccharides, which increased the pH of the medium and limited the growth of the strains (Mohd Nor et al., 2017). The promotion of probiotic proliferation by EPSs is mainly related to the monosaccharide composition, degree of polymerization, type of glycosidic bond, culture conditions and type of probiotic.
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FIGURE 9
 Proliferation of strains by three substrates. (A) L. plantarum, (B) L. casei, (C) S. thermophilus, (D) B. adolescentic. a-c Indicates the proliferation capacity of different polysaccharides for probiotics at the same time.





4. Conclusion

In this study, EPS samples produced by L. plantarum HDC-01 was isolated and purified, and the structural composition and functional groups of the isolated EPS were characterized. The EPS had a Mw of 2.505 × 106 Da, as a glucopyranose composed of α-(1 → 6) glycosidic bonds and a small number of α-(1 → 3) branching structures, and had a smooth and compact surface. We also evaluated the physicochemical properties of the EPS and confirmed that it exhibited good thermal stability, water holding capacity, rheological properties and milk solidification ability. The isolated EPS showed an excellent proliferative effect on intestinal probiotics, revealing the great advantages of EPSs in food and pharmaceuticals, chemical production and other fields. In addition, EPSs usually have an immunostimulatory effect without causing significant side effects. Therefore, future exploration of the immunomodulatory effects of L. plantarum EPSs will expand the application and research of EPSs in the field of health medicine.
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Psychobiotics are a class of probiotics that confer beneficial effects on the mental health of the host. We have previously reported hypnotic effects of a psychobiotic strain, Lactobacillus fermentum PS150 (PS150), which significantly shortens sleep latency in experimental mice, and effectively ameliorate sleep disturbances caused by either caffeine consumption or a novel environment. In the present study, we discovered a L. fermentum strain, GR1009, isolated from the same source of PS150, and found that GR1009 is phenotypically distinct but genetically similar to PS150. Compared with PS150, GR1009 have no significant hypnotic effects in the pentobarbital-induced sleep test in mice. In addition, we found that heat-killed PS150 exhibited hypnotic effects and altered the gut microbiota in a manner similar to live bacteria, suggesting that a heat-stable effector, such as exopolysaccharide (EPS), could be responsible for these effects. Our comparative genomics analysis also revealed distinct genetic characteristics in EPS biosynthesis between GR1009 and PS150. Furthermore, scanning electron microscopy imaging showed a sheet-like EPS structure in PS150, while GR1009 displayed no apparent EPS structure. Using the phenol-sulfate assay, we found that the sugar content value of the crude extract containing EPS (C-EPS) from PS150 was approximately five times higher than that of GR1009, indicating that GR1009 has a lower EPS production activity than PS150. Through the pentobarbital-induced sleep test, we confirmed the hypnotic effects of the C-EPS isolated from PS150, as evidenced by a significant reduction in sleep latency and recovery time following oral administration in mice. In summary, we utilized a comparative approach to delineate differences between PS150 and GR1009 and proposed that EPS may serve as a key factor that mediates the observed hypnotic effect.
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 exopolysaccharide, EPS, heat-killed, Lactobacillus fermentum, PS150, hypnotic, postbiotic


1. Introduction

Probiotics are live microbes that can have beneficial effects on the host. Owing to their high commercial value, studies assessing various functions of probiotics have considerably advanced over the past decade (Kerry et al., 2018). One of the most important milestones is the theory of “psychobiotics,” which further extends the function of probiotics to behavior and mental health (Dinan et al., 2013). Given the accumulating evidence on the microbiota-gut-brain axis, the definition of psychobiotics has been extended to include prebiotic molecules featuring the ability to promote the growth of gut microbiota (Sarkar et al., 2016). In addition to the discovery of novel applications, numerous probiotic functions were found to correlate with non-viable cells, resulting in a surge of research on postbiotics (de Almada et al., 2016; Lebeer et al., 2018; Teame et al., 2020).

Postbiotics are defined as “preparations of inanimate microorganisms and/or their components that confer a health benefit on the host” (Salminen et al., 2021). A postbiotic may be composed of intracellular proteins, cell wall components, cell surface associated molecules, exopolysaccharides (EPS), secretory molecules, and/or bacterial metabolites. These bioactive molecules are ideal starting points for elucidating underlying mechanisms due to their relatively simple nature (Plaza-Diaz et al., 2019). Several cellular receptors, including Toll-like receptors (Murofushi et al., 2015; Plovier et al., 2017; Salminen et al., 2021), nucleotide-binding oligomerization domain-like receptors (Shida et al., 2009), c-type-lectin receptors (Konstantinov et al., 2008; Tytgat et al., 2016), and G-protein-coupled receptors (Brown et al., 2003; Hong et al., 2005) are reportedly sensitive to these molecules.

Among molecules isolated from microbes, EPS is particularly interesting, owing to its diverse chemical properties, heat stability, and potential roles in host–microbe interactions (Lee et al., 2016). The highly diverse chemical compositions containing various EPS can be employed in industrial applications, such as emulsifiers, food additives, antioxidants, cryoprotectants, and nanoparticle stabilizers (Zannini et al., 2016; Wang et al., 2019; Zhou et al., 2019). One of the most well-studied probiotic genera, Lactobacillus, is frequently used to isolate bioactive EPS (Zhou et al., 2019). As a common specie in various fermented foods, Lactobacillus fermentum is known for its slimy texture and EPS-producing capability, making it an ideal source for novel EPS discovery. EPS-producing L. fermentum strains, such as Lf2 and MTCC 25067, have been extensively investigated for their chemical structure, genetics, rheological properties, and EPS production (Ale et al., 2016; Aryantini et al., 2017; Ikeda et al., 2019; Vitlic et al., 2019; Mengi et al., 2020; Ale et al., 2020a). More importantly, available preliminary evidence links the probiotic function of L. fermentum strains to EPS (Ale et al., 2020b).

Previously, we had reported that L. fermentum PS150 (PS150) is a psychobiotic that could remodel the host microbiota and ameliorate caffeine-induced sleep disturbances (Lin et al., 2019) or the first-night effect (Lin et al., 2021). In the present study, we identified another L. fermentum strain, GR1009, with a distinct colony morphology as compared with PS150 isolated from the same source. Colony morphology has long been a powerful indicator of microbial physiology. Distinct colony morphologies between bacterial strains can be linked to differences in surface molecules, virulence, and biofilm formation (Kansal et al., 1998; Martin-Rodriguez et al., 2021). Although PS150 and GR1009 are genetically similar to each other, GR1009 exhibits an impaired hypnotic effect. Using a genomics analysis, we characterized differences between PS150 and GR1009. Furthermore, EPS was found to be a potential effector of the PS150-mediated hypnotic effect. The present study highlights the mechanism of PS150 and the possible application of the PS150-derived EPS as a hypnotic drug in future.



2. Materials and methods


2.1. Preparation of bacteria

Lactobacillus fermentum (recently re-classified as Limosilactobacillus fermentum; Zheng et al., 2020) strains PS150 and GR1009 were both isolated from the same fermented sausage (Liu et al., 2019). Bacterial strains used in the present study were anaerobically cultured in Mann Rogosa Sharp (MRS) broth (Criterion, Hardy Diagnostics, Santa Maria, CA, USA) at 37°C for 18 h. The cells were harvested by centrifugation at 4°C, 10,000 g for 10 min. For the animal model, the cells were resuspended in MRS broth containing 12.5% glycerol and adjusted to a final concentration of 1010 colony-forming units per milliliter (CFU/ml), and then aliquoted and stored at −80°C. Before oral administration, bacterial stocks were removed from −80°C storage and thawed in water bath at 37°C for 1 h and then centrifuged at 10,000 g for 10 min at 4°C. The supernatant was discarded, and the pellet was resuspended in phosphate-buffered saline (PBS). For heat-killed L. fermentum PS150 (HK-PS150), the harvested cells were resuspended in PBS and adjusted to a final concentration of 1010 CFU/ml, and then heated at 80°C for 30 min in the water bath. The heat-treated samples were also stored at −80°C before use.



2.2. Genomic DNA fingerprinting of bacterial strains

Bacterial genomic DNA was prepared by phenol extraction. briefly, the harvested cell pellets were resuspended in genome extraction buffer (200 mM Tris–HCl, 80 mM EDTA (pH 9.0), 2% w/v sodium dodecyl sulfate). The suspensions were then supplied with an equal volume of phenol and 0.1 mm glass beads. The mixtures were lysed with a FastPrep FP120 homogenizer (Q-Biogene, Carlsbad, CA, USA), and genomic DNA was extracted using phenol-chloroform extraction. The quality of DNA extracts was validated using NanoDrop spectrophotometer. Random amplification of polymorphic DNA (RAPD) and enterobacterial repetitive intergenic consensus (ERIC) PCR were performed using Takara Taq polymerase (Takara Bio Inc., Shiga, Japan) with designated primers In accordance with the manufacturer’s instructions (Versalovic et al., 1991). The arbitrary sequence RAPD-B (5′-AACGCGCAAC-3′) was used in RAPD, and the primer pair ERIC1 (5′-ATGTAAGCTCCTGGGGATTCAC-3′) and ERIC2 (5′-AAGTAAGTGACTGGGGTGAGCG-3′) were used in ERIC PCR. RAPD and ERIC PCR products were analyzed by electrophoresis In a 1% agarose gel, followed by SYBR safe staining (Thermo fisher, Waltham, MA, USA).



2.3. Next generation sequencing (NGS) library preparation and data analysis

The bacterial culture was spread on MRS agar plates and incubated anaerobically at 37°C for 48 h. After incubation, colonies were scraped from the agar plates for DNA extraction. A DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) was used to extract genomic DNA for MinION long-read sequencing. For Illumina sequencing, DNeasy UltraClean microbial kits (Qiagen) were used to prepare genomic DNA. Genomic DNA was extracted according to the manufacturer’s protocol provided by the vendor. The quality of extracted DNA was examined using Qubit4 (Thermo Fisher, Waltham, MA, USA) and a UV spectrophotometer. The shotgun sequencing library for Illumina sequencing was prepared using the Nextera DNA Flex library with DNA CD Indexes (Illumina, CA, USA) following standard protocols. Quality control of the sequencing libraries was performed using an Agilent 2,100 Bioanalyzer (Agilent, CA, USA). Sequencing was performed using an iSeq100 (Illumina). De-multiplexing and trimming were performed using a Basespace (Illumina). For long-read sequencing, a shotgun library for genomic DNA was constructed using the Rapid Barcoding kit SQK-RBK004 (Oxford Nanopore Technologies, Oxford, UK). The sequencing library was sequenced, base- called, and debarcoded on a MinION Mk1C (Oxford Nanopore Technologies). De novo genome assembly was performed using Unicucler v0.4.8 (Wick et al., 2017). The completeness of the resulting assembly was validated using Bandage (Wick et al., 2015) and further examined by mapping Illumina short reads using the CLC Genomic Workbench (Qiagen). The genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline. Carbohydrate gene clusters were analyzed using the dbCAN2 meta server and MAUVE (Darling et al., 2004; Yin et al., 2012; Zhang et al., 2018). The CLC Genomics Workbench (Qiagen) was used for single nucleotide polymorphism (SNP) analysis. To identify inverted repeat sequences, the flanking sequence of the IS256 transposase was analyzed using the palindrome function of the EMBOSS server (Rice et al., 2000).



2.4. PCR amplification and sequencing of eps1 cluster region

The PCR primer set Eps1F (5′-ATCCCACCCACATGACGTTC-3′) and Eps1R (5′-AGTTTATCCGCACGAGGAGT-3′) were designed according to specific DNA sequences (located in 113,863–113,882 and 128,276 – 128,295) respectively in the chromosome of PS150. The estimated amplicon of Eps1F/Eps1R was 14,433 bp in PS150 and 2,303 bp in GR1009. Amplification of eps1 was carried out using a long PCR enzyme mix (Thermo Fisher, Waltham, MA, USA) following the manufacturer’s three-step cycling protocol. First, the molecular size of the PCR products was analyzed by electrophoresis in 1% agarose gel, followed by SYBR safe staining (Thermo Fisher, Waltham, MA, USA). The DNA sequence of the PCR products was then bidirectionally confirmed by Sanger sequencing using the Eps1F and Eps1R primer set.



2.5. Animals

Male C57BL/6J mice (6 weeks old) were purchased from the National Laboratory Animal Center (Taipei, Taiwan). The mice were housed in the Laboratory Animal Center of the National Yang Ming Chiao Tung University. The room was maintained at a constant temperature (22 ± 1°C) and humidity (55–65%) with a 12 h light/dark cycle. The mice were fed ad libitum with a standard chow diet and sterilized water. All experiments were conducted in accordance with relevant guidelines and regulations, and were approved by the Institutional Animal Care and Use Committee of National Yang Ming Chiao Tung University (IACUC No. 1080702).



2.6. Pentobarbital-induced sleep test

For the comparative assessment of PS150, GR1009 and HK-PS150, the bacterial stocks were thawed and recovered at room temperature before use. The time- and dose-dependent properties of PS150 have been confirmed, the mice used in this experiment were intragastrically administered 0.2 ml PBS or bacterial suspensions (109 CFU/day) for 13 days (Lin et al., 2019). On day 14, the mice were administered PBS, 10 mg/kg diphenhydramine (DIPH, Sigma, Saint Louis, MO, USA), or bacterial suspensions 30 min before the intraperitoneal injection of pentobarbital sodium (50 mg/kg, Sigma). Following the injection, the mice were tested for righting reflex by flipping upside down. The time between the pentobarbital injection and the loss of righting reflex was defined as the sleep latency. The time required to restore the righting reflex was defined as the sleep duration, whereas the time spent between righting action and voluntary movement was defined as the recovery time. For the functional validation of (C-EPS), the mice were orally administered PBS, MRS broth, or C-EPS (0.4 mg/day) for 13 days. On day 14, the mice were treated as described above for evaluating sleep conditions.



2.7. Fecal sample collection and DNA extraction

All mice were placed individually in clean cages until defecation. Immediately after the mice defecated, the stool samples were collected into 1.5 ml microtubes containing 0.3 ml of RNAlater solution (Invitrogen) and then frozen at −80°C. For DNA extractions, samples were homogenized and washed twice with PBS and then lysed with 0.2 mm glass beads using a FastPrep FP120 homogenizer (Q-Biogene, Carlsbad, CA, USA). Following centrifugation at 12,000 g for 5 min at 4°C, then the supernatant (0.4 ml) was collected. The bacterial genomic DNA was extracted using phenol–chloroform extraction, and subsequently, the concentration and quality of the DNA were determined using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



2.8. Microbiota analysis

Next generation sequencing and data processing were performed by BioTools Co. Ltd. (Taipei, Taiwan). Briefly, the 16S rRNA V3–V4 region was amplified via PCR using a region-specific primer set (341F: 5′-CCTACGGGNGGCWGCAG-3′, 806R: 5′- GACTACHVGGGTAT CTAATCC-3′) according to the 16S Metagenomic Sequencing Library Preparation procedure (Illumina). The quality of the indexed PCR product was evaluated using the Qubit 4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and Qsep100™ system (Bioptic). An equal amount of the indexed PCR product was combined to create the sequencing library, which was ultimately sequenced on an Illumina MiSeq platform to generate paired 300-bp reads. After demultiplexing each sample, the primer and adapter sequences were removed from the paired-end reads using the QIIME2 cutadapt plugin. To construct the Amplicon Sequence Variants (ASVs), a denoising pipeline was executed using the QIIME2 DADA2 plugin (v2020.11). The community composition was differentially analyzed using the linear discriminant analysis effect size (LEfSE) method (Segata et al., 2011), which employs a non-parametric Kruskal-Wallis test and Wilcoxon rank-sum test algorithm to identify bacterial taxa whose relative abundance significantly differs between control and experimental groups. Following identification of these taxa, LEfSe uses Linear discriminant analysis (LDA) to assess the effect size of each differentially abundant taxon. In the present study, taxa with LDA score (log10) > 2 was considered significant.



2.9. Scanning electron microscopy

The bacterial suspensions of PS150 and GR1009 were dispensed and grown on glass slides placed in a 24-well plate. After centrifugation at 2,000 g for 5 min, the samples were primarily fixed by 100 mM PBS (pH 7.2) containing 2.5% glutaraldehyde at room temperature for 1 h. The samples were rinsed three times with 5 min incubations in PBS and subsequently fixed by PBS containing 4% paraformaldehyde and 2.5% glutaraldehyde at room temperature for 30 min. After rinsed three times with 5 min incubations in the PBS, the samples were incrementally dehydrated in a series of washes in 30 and 50% ethanol for 10 min each at room temperature, 75% ethanol overnight at 4°C, 85 and 95% ethanol for 10 min each at room temperature, and 100% ethanol three times for 20 min each at room temperature. Finally, the samples were dried by critical-point drying in liquid CO2 and sputter-coated with gold and observed by the scanning electron microscopy (JEOL JSM-7600F).



2.10. Purification of exopolysaccharide-containing crude extract

Bacterial culture of PS150 was prepared as previously described (Liu et al., 2019). The overnight culture was heated at 80°C for 1 h, and the bacterial cells were removed by centrifugation at 7,000 g for 30 min. The polysaccharide component was then precipitated using 3× volume of anhydrous ethanol at 4°C for 24 h. The precipitants were then collected at 7,000 g for 30 min and washed with 70% ethanol. The residual ethanol was removed by evaporation, and the EPS-containing extract was dissolved in ddH2O and stored at −80°C until use. The recovery rate of saccharide content and protein contamination during the purification process were monitored using phenol sulfuric acid (Masuko et al., 2005) and the Bradford method, respectively.



2.11. Data availability

The assembled genomes of PS150 (GR1008) and GR1009 were uploaded to the NCBI Bioproject (PRJNA702613).



2.12. Statistical analysis

Results were described as mean ± standard error of the mean (SEM). Graphs were generated and statistical analysis performed using the software GraphPad Prism 9.0. All data were analyzed by one-way ANOVA using the Tukey post hoc test or unpaired t-test.




3. Results


3.1. Characterization of GR1009, a phenotypic variant strain of Lactobacillus fermentum PS150

PS150 exhibited a white, opaque, and circular colony when cultured anaerobically on a MRS agar plate (Figure 1A). From the same source as PS150, we isolated another L. fermentum strain that exhibited a flat, transparent colony with a rough surface and undulated margin, named GR1009. In contrast to the apparent “ropy” phenotype of PS150, the colony of GR1009 was not slimy. Furthermore, after overnight anaerobic incubation in MRS broth, the viscosity of the liquid culture was assessed by centrifugation. PS150 cells formed a puffy layer after centrifugation whereas GR1009 cells could be sedimented into a solid pellet (Figure 1B). Despite apparent differences in colony morphology between PS150 and GR1009, it is intriguing that the DNA fingerprinting profiles thereof were similar (Figure 1C), suggesting that both strains share a common origin.

[image: Figure 1]

FIGURE 1
 Strain-specific morphotypes and genomic DNA fingerprinting of L. fermentum PS150 and GR1009. (A) Colony morphologies of PS150 and GR1009. Both strains were spread on MRS agar plates and incubated anaerobically for 48 h. (B) Liquid culture of the two strains after centrifugation at 3,000 × g for 10 min. (C) Random amplified polymorphic DNA (RAPD) and enterobacterial repetitive intergenic consensus (ERIC) PCR fingerprinting profiles of PS150 and GR1009. 1, PS150; 2, GR1009; M, DNA molecular size marker.




3.2. GR1009 exhibits reduced hypnotic efficacy in the pentobarbital-induced sleep mouse model

According to our laboratory’s previous study, we have demonstrated the potential sleep-improving effects of PS150 in a pentobarbital-induced sleep mouse model (Lin et al., 2019). In this study, we aimed to investigate whether GR1009 possess the hypnotic efficacy; in addition, we were also interested in the possible effect of PS150 as a postbiotic. We used an 80°C water bath to kill PS150 cells. The PS150, HK-PS150, and GR1009 were then examined in a pentobarbital-induced sleep mouse model to characterize their hypnotic functions. Followed the experiment design, the sleep latency, sleep duration, and recovery time were measured to evaluate the sleep initiation, persistence, and awakening, respectively (Figure 2A). Compared with the PBS group, intervention with PS150 (175.50 ± 26.68 s) and HK-PS150 (183.20 ± 20.79 s) exhibited a significant effect on reducing sleep latency, the reducing effect were more than GR1009 (236.10 ± 46.26 s) and the control drug, DIPH [223.90 ± 40.87 s; Figure 2B, F(4, 45) = 10.18, df = 4, p < 0.0001]. On sleep duration, both PS150 (5262.00 ± 1465.04 s) and HK-PS150 (5577.10 ± 1228.98 s) groups exhibited a trend in elongating sleep duration, only GR1009 group (4224.33 ± 541.57 s) has no obvious difference compared to the PBS group [3975.70 ± 588.15 s; Figure 2C, F(4, 44) = 5.072, df = 4, p = 0.0019]. Notably, both PS150 and HK-PS150 exhibited significantly distinct effects on recovery time compared to DIPH and GR1009 [Figure 2D, F(4, 43) = 8.587, df = 4, p < 0.0001]. Administration of PS150 (17.63 ± 6.95 s) and HK-PS150 (29.90 ± 24.79 s) demonstrated a significant reduction on recovery time, while neither DIPH (90.90 ± 42.99 s) nor GR1009 (113.60 ± 54.56 s) demonstrated this effect. These results suggest that HK-PS150 cells are postbiotics that possess heat-stable bioactive effectors. Furthermore, despite sharing a common origin between PS150 and GR1009, the hypnotic effect of GR1009 was found to be impaired compared to that of PS150. As GR1009 exhibited ineffectiveness of hypnotic activity, we hypothesized that the expression of the bioactive effectors is reduced or absent in GR1009 cells.

[image: Figure 2]

FIGURE 2
 The hypnotic properties of L. fermentum PS150, GR1009, and HK-PS150 strains. (A) Schematic view of the experimental design. PS150, GR1009, HK-PS150, and PBS were administered to the mice by oral gavage for 14 days. On day 14, pentobarbital was injected to the mice to evaluate sleep parameters. Time required for losing righting reflex after pentobarbital injection, recovering righting reflex, and restoring mobility are defined as sleep latency, sleep duration, and recovery time, respectively. (B–D) Effects of PS150, GR1009, or HK-PS150 (n = 10 in each group) interventions on the sleep latency, duration, and recovery. Different letters (a, b, or c) above the columns indicate significant differences (p < 0.05) between the five groups. Any two treatments are assigned by the same letter at the top of the graphs, it indicates that there is no statistically significant difference. The comparisons were performed using one-way ANOVA with Tukey’s post hoc test (p < 0.05). The data are expressed as mean ± SEM.




3.3. Effects of PS150 and HK-PS150 on fecal microbiota composition

Next, we investigated the composition of the gut microbiota among the PBS, PS150 and HK-PS150 groups. At the phylum level, Firmicutes and Bacteroidetes were the most predominant bacterial phyla, the ratio of Firmicutes/Bacteroidetes (F/B) have no significant difference between the three experimental groups. Compared to the PBS group, Actinobacteria level was increased in PS150 (Fisher’s exact test, p = 0.0414) but not in HK-PS150 group. Furthermore, Bacteroidetes and Tenericutes levels were also slightly increased in both PS150 and HK-PS150 group. In contrast, the relative abundance of Patescibacteria significantly decreased in PS150 (Fisher’s exact test, p = 0.0127) or HK-PS150 (Fisher’s exact test, p = 0.0127) administration (Figure 3A).
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FIGURE 3
 Investigating the effect of PS150 and HK-PS150 supplementation on the microbiota composition. Histogram of relative abundance at the levels of (A) phylum, (B) genus, (C) Lactobacillus fermentum, and (D) Clostridium sp. Culture 54.


At the genus level, we obtained 12 differentially abundant taxa after PS150 or HK-PS150 oral administration. As shown in Figure 3B, the abundances of Blautia, Dubosiella, and Lachnospira were increased in PS150 group, while Candidatus_Soleaferrea, Candidatus_Saccharimonas, Lachnospiraceae_UCG_006, Ruminococcaceae_UCG_005, and Tyzzerella were decreased compared with the PBS group. Compared with the HK-PS150 group and the PBS group, the relative abundances of Blautia, [Eubacterium]_nodatum_group, and Parabacteroides were increased in the HK-PS150 group while that of Gordonibacter was decreased. We then analyzed the gut microbiota composition at the species level in the three experimental groups, Lactobacillus_fermentum and Clostridium sp. Culture_54 levels were significantly increased after PS150 or HK-PS150 administration (Figures 3D,E). LEfSe analysis was further applied and identified different microbiome signatures between groups, revealing the gut microbiota composition was altered in both PS150 and HK-PS150 treated mice (Supplementary Figure S1).



3.4. Comparative genomic analysis of PS150 and GR1009

We utilized a comparative approach to delineate genomic differences between PS150 and GR1009. Whole-genome sequences of both PS150 and GR1009 were determined using a combination of Nanopore and Illumina sequencing. The results revealed that the genome size of GR1009 was slightly smaller than that of PS150, with approximately the same GC content (Supplementary Table S1). No plasmids were detected in either strain. Single nucleotide polymorphism (SNP) analysis was performed by mapping Illumina sequencing reads of both strains to their assembled genomes. We discovered a total of 11 SNPs, wherein five SNPs were non-synonymous polymorphisms (Table 1). In addition, we identified five insertion–deletion mutations (indels) using whole-genome BLAST, wherein three indels were insertion sequence (IS) elements (Table 2).



TABLE 1 Identification of single nucleotide polymorphisms in L. fermentum GR1009.
[image: Table1]



TABLE 2 Identification of insertion–deletion mutations in L. fermentum GR1009.
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3.5. A putative EPS biosynthetic gene cluster is disrupted in GR1009

As mentioned above, whole-genome sequencing revealed that GR1009 genome size is slightly smaller than PS150. Compared with PS150, a 13-kb deletion was detected in the GR1009 genome (Table 2). Functional annotation revealed that this deletion region in GR1009 is an EPS gene cluster (referred to as eps1) which contains 13 genes that fulfill the requirement for EPS biosynthesis, including a putative priming glycosyltransferase (GT), four GTs for sugar subunit synthesis, chain length determinant proteins, a polymerase for repeat unit synthesis, and a flippase for product exportation (Figure 4A; Table 3). We used polymerase chain reaction (PCR) and Sanger sequencing to reconfirm the deletion region and nucleotide sequence in PS150 and GR1009, respectively (Figure 4B). As shown in Figure 4A, a putative upstream inverted repeat (IRL), belonging to an IS256 transposable element (locus tag: JYQ66_00485), was detected adjacent to the deletion site. The results suggest that GR1009 might loss its esp1 cluster region during transposon jumping.

[image: Figure 4]

FIGURE 4
 Comparison of the eps1 gene region in L. fermentum PS150 and GR1009. (A) Schematic view of the EPS producing cluster in PS150 (112,500–128,000) and GR1009 (112,500–115,400). Detailed description of each locus tag is listed in Table 3. The deletion region of the EPS producing cluster in GR1009 was plotted with a dashed line. (B) PCR amplification of the eps1 cluster region from PS150 or GR1009 with Eps1F/EPS1R primers. M, DNA molecular size marker.




TABLE 3 Gene annotation of putative EPS producing cluster eps1.
[image: Table3]

Given the discovery of eps1 deletion in GR1009, we further assessed other potential EPS biosynthesis systems of PS150 by dbCAN2 prediction program.1 As the result, 11 carbohydrate-related gene clusters with various functions were identified in PS150, three of which featured multiple GTs, and possible exportation mechanisms were predicted as EPS biosynthetic gene clusters, including the eps1. The second putative EPS biosynthetic gene cluster (referred to as eps2) comprises four GTs and two transporters (Supplementary Table S2).

The third putative EPS biosynthetic gene cluster (referred to as eps3) comprises two glycosyltransferases for subunit synthesis, one polymerase for repeat unit polymerization, one chain length determinant protein, and a flippase for exportation (Supplementary Table S3). Sequence alignment revealed that both eps2 and eps3 of GR1009 were identical to that of PS150. Accordingly, loss of eps1 was the only difference we found in the EPS biosynthetic related genes between both strains.



3.6. Measurement of EPS-producing levels in PS150 and GR1009

To confirm the comparative approach results, PS150 and GR1009 were further tested for EPS production level. We used scanning electron microscopy (SEM) to investigate whether EPS was present in bacterial colony which obtained from the MRS agar plate. As shown in Figure 5A, we observed the presence of EPS-like matrix that heavily coated PS150 cells (yellow arrow), while GR1009 cells exhibited a relatively clean background, revealing potential differences in the EPS production level between PS150 and GR1009. To further qualify the EPS yield of PS150 and GR1009, we purified EPS-like matrix of PS150 and GR1009 from bacteria colonies on MRS agar plates and determined the sugar content by the phenol-sulfate method. As expected, PS150 contains a higher sugar content than GR1009. The EPS yield of GR1009 (1.65 ± 0.11 mg/g/biomass) was significantly lower than that of PS150 (6.84 ± 0.55 mg/g/biomass, p < 0.001; Figure 5B).

[image: Figure 5]

FIGURE 5
 Comparative analysis of EPS levels produced by L. fermentum PS150 and GR1009. (A) The scanning electron microscopy (SEM) images of L. fermentum PS150 and GR1009 at different magnifications (3,000× and 20,000×). Yellow arrows indicate extracellular matrix material. (B) Sugar content in EPS matrix were quantified using carbohydrate assay with optical density (OD) 490 nm in 96-well plates. Data were expressed as mean ± standard error of the mean (SEM). ***p < 0.001 indicates statistical significance verified using an unpaired t-test.




3.7. The C-EPS contains the sleep-improving effect in mice

As describe above, we demonstrated that GR1009 shown significantly lower EPS level than PS150. Based on the result, we further hypothesized that the EPS of PS150 is responsible for the reduced sleep recovery (Figure 6). To confirm the hypothesis, the hypnotic function of the EPS-containing crude extract (C-EPS) derived from PS150 was compared with PBS in a pentobarbital-induced sleep mouse model. Furthermore, we took unfermented MRS into comparison to ensure that the hypnotic function was not triggered by components in our culture medium. It showed significant reduction in sleep latency after treatment with the PS150-derived C-EPS [Figure 6B, F(3, 16) = 14.11, df = 3, p < 0.0001]. As live PS150 and HK-PS150, the C-EPS exhibited an increasing trend in terms of sleep duration [Figure 6C, F(3, 16) = 10.98, df = 3, p = 0.0004]. In addition, C-EPS treatment significantly reduced sleep recovery [Figure 6D, F(3, 16) = 35.29 df = 3, p < 0.0001]. The reduced sleep latency and recovery time revealed that the C-EPS was sufficient to reproduce the hypnotic effects of PS150. In contrast, the unfermented MRS did not affect any parameters in the present animal study. To sum up, our data demonstrated that GR1009 has lower EPS production level than PS150 due to eps1 loss; most importantly, implied that EPS plays an important role in the hypnotic effect of PS150.

[image: Figure 6]

FIGURE 6
 The hypnotic effect of exopolysaccharide-containing crude extracts from L. fermentum PS150 on pentobarbital-induced sleep in mice. (A) Schematic view of the experimental design. The unfermented Mann Rogosa Sharp (MRS) broth was used as the negative control. PBS, diphenhydramine (DIPH), MRS, and exopolysaccharide-containing crude extracts (C-EPS) were administered to the mice by oral gavage for 14 days, followed by the pentobarbital injection to evaluate sleep parameters. (B–D) Effects of C-EPS (n = 5 in each group) intervention on sleep latency, duration, and recovery. Different letters (a and b) above the columns indicate significant differences (p < 0.05) between the four groups. Any two treatments are assigned by the same letter at the top of the graphs, it indicates that there is no statistically significant difference. The comparisons were performed using one-way ANOVA with Tukey’s post hoc test (p < 0.05). The data are expressed as mean ± SEM.





4. Discussion

The discovery of novel probiotic indications has grown in recent years (Kechagia et al., 2013; Kerry et al., 2018). Although most probiotics have been restricted to certain lactic acid bacterial species, the highly diverse nature of probiotic strains has hampered further research. Taking advantage of the modern omics approach, we demonstrated how a strain isolated from a common origin could be employed in a comparative study. The comparative multi-omics approach appeared to be extremely powerful in framing hypotheses with little information on probiotic strains. This strategy further emphasizes the importance of collecting and preserving bioresources when investigating novel probiotics.

In the present study, we proposed a possible connection between the hypnotic effect and the EPS synthesized by eps1 of PS150. Featuring a flippase (locus_tag: JYQ65_00540) and a polymerase (locus_tag: JYQ65_00545), gene annotation revealed that eps1 is similar to the Wzx/Wzy-dependent EPS biosynthesis system (Zhou et al., 2019). The chain length determinant system of PS150 eps1 encodes a Wzz family protein (locus_tag: JYQ65_00490), a tyrosine kinase (locus_tag: JYQ65_00495), and a phosphatase (locus_tag: JYQ65_00500), which is self-sustained for regulation. The three-component phosphorylation system has also been detected in other lactic acid bacteria, including Lactobacillus johnsonii (Horn et al., 2013), Lactobacillus. Rhamnosus (Lebeer et al., 2009), and other L. fermentum strains (Wei et al., 2019). The presence of four GTs in eps1 further suggested a relatively complex repeat unit, possibly composed of heteropolysaccharides (Zhou et al., 2019). In contrast to the three-component system of eps1, eps3 contains only one protein for chain length determination, which resembles the O-polysaccharide biosynthesis system in Escherichia coli (Woodward et al., 2010). Furthermore, only two GTs were identified in eps3, implying that the product of eps3 is considerably simpler than eps1. On the one hand, the flippase (locus_tag: JYQ65_08645) and polymerase (locus_tag: JYQ65_08660) present in this cluster suggested that it is also Wzx/Wzy-dependent system (Supplementary Table S2). Conversely, eps2 contains membrane transporter proteins instead of flippase and polymerase, suggesting that it belongs to the other biosynthesis system (Supplementary Table S1).

To identify possible genes related to hypnotic function, we hypothesized that the active component must meet three requirements: (i) it could be secreted to the extracellular; (ii) it must be heat-stable and remain soluble after heat-killing; (iii) it should be insoluble during ethanol precipitation and be resolved in water. Apart from the deletion of eps1, some SNPs and indels were also detected in the genomic analysis (Tables 1, 2). Considering SNPs, we ignored synonymous variants, intergenic variants, and genes with uncertain functional predictions, as there is no feasible method for subsequent biological validation. The remaining variants could affect the functions of the LPXTG cell wall anchor domain-containing protein, acetyl-CoA carboxylase biotin carboxylase subunit, insulinase, and threonine/serine exporter family proteins (Table 1). However, they were unlikely to be the active components themselves, as proteins are mostly heat-labile molecules that could be denatured during the heat-killing process. One of the indels resulted in the premature termination of the acetyl-CoA carboxylase carboxyl transferase beta subunit in GR1009 (Table 2). The truncation and point mutation of acetyl-CoA carboxylase subunits in GR1009 could lead to impaired malonyl-CoA production. Reduced malonyl-CoA availability may result in decreased malonyl-CoA-dependent molecules and fatty acid synthesis (Milke and Marienhagen, 2020). However, malonyl-CoA-dependent molecules and fatty acids are hydrophobic molecules, rendering them soluble during alcohol precipitation. Thus, we concluded that eps1 deletion was the top candidate, regardless of other variants and indels.

EPS produced by lactic acid bacteria has long been recognized for its various bioactivities, including anti-oxidation, anti-lipogenic, anti-tumor, anti-hepatic steatosis, and anti-pathogen adhesion (Zivkovic et al., 2016; Trabelsi et al., 2017; Jiang and Yang, 2018; Wei et al., 2019; Zhang et al., 2019). Given our findings, we included the hypnotic effect as another potential application. Notably, it has been long proposed that the bacterial components may serve as somnogen, and the bacterial EPS was thus considered a potential hypnotic agent (Krueger et al., 1984; Nwodo et al., 2012). Although we linked the EPS of PS150 with the hypnotic effect, it remains unclear how EPS affects the host. EPS may carry out beneficial functions through four pathways: (i) it can be used as a prebiotic for commensal bacteria; (ii) it can compete with potential pathogens on the intestinal epithelium; (iii) it can regulate the expression of tight junction genes and improve barrier function; (iv) it can serve as an antigen to alter mucosal immunity of the gut (Nwodo et al., 2012). As the animal model employed in our study is not pathogenic and does not affect barrier function, EPS of PS150 is not likely to affect the host through these two pathways. Here, prebiotic and immunogenic pathways are potentially effective in the gut microbiota.

Previous studies showed that sleep fragmentation is associated with changes in the population of gut microbiota, multiple communication pathways are believed to exist within the gut-brain axis that can potentially regulate sleep, such as SCFAs, GABA, and serotonin (Szentirmai et al., 2019; Maki et al., 2020; Yu et al., 2020; Sen et al., 2021). In this study, we observed PS150 and HK-PS150 oral administration were significantly altered gut microbiome signatures in animal model (Supplementary Figure S1). Compared with PBS group, genus Blautia and Dubosiella increased in PS150 group or HK-PS150 group (Figure 3B); at the species level, Lactobacillus fermentum and Clostridium sp. Culture 54 levels both increased after the administration of PS150 or HK-PS150 (Figures 3C,D). Among of them, Blautia, as one of butyragenic genera, its level is correlated to circadian oscillation and has been reported being positively associated with sleep quality in young and healthy people (Grosicki et al., 2020; Koh et al., 2021; Ozato et al., 2022). Furthermore, L. fermentum have been demonstrated its butyrate-producing activity and sleep-improving effect in vitro and in vivo (Lin et al., 2019; Lacerda et al., 2022). L. fermentum-containing probiotic mixture can significantly improve the mood and sleep quality in clinical trial volunteers (Marotta et al., 2019; Dos Reis Lucena et al., 2021). Butyrate, a multi-functional molecule, is widely believed to improve brain function. In animal studies, butyrate was shown to accelerate brain-derived neurotrophic factor (BDNF) expression in the hippocampus via inhibition of histone deacetylase (Tu et al., 2017). Butyrate also shown anti-inflammatory effect in the bran by suppressing the TNF-α synthesis (Noble et al., 2017). Butyrate supplementation significantly improved behavioral abnormalities and modulated microglia homeostasis in mice (Duan et al., 2021). Based on these findings, the hypnotic effect of PS150 and HK-PS150 in terms of sleep may be partially explained by microbiota modulation.

Collectively, the present study provides morphological and genetic evidence linking the EPS of PS150 with its hypnotic effect. Subsequently, using an animal study accompanied by chemical characterization, we suggested that C-EPS, a heteropolysaccharide-containing extract, might exhibit hypnotic effects. Our study suggests the potential use of purified EPS derived from PS150 as a hypnotic drug. However, further studies on EPS, including its chemical structure and biological mechanism, are warranted in the future.
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Both crude protein (CP) and probiotics can modulate the gut microbiome of the host, thus conferring beneficial effects. However, the benefits of low CP diet supplemented with multispecies probiotics on gut microbiome and its metabolites have not been investigated in pigs. Thus, we investigated the combinatory effects of low CP diet supplemented with multispecies probiotics on gut microbiome composition, function, and microbial metabolites in growing pigs. In total, 140 6 week-old piglets (Landrace × Yorkshire × Duroc) were used in this study. The pigs were divided into four groups with a 2 × 2 factorial design based on their diets: normal-level protein diet (16% CP; NP), low-level protein diet (14% CP; LP), NP with multispecies probiotics (NP-P), and LP with multispecies probiotics (LP-P). After the feeding trial, the fecal samples of the pigs were analyzed. The fecal scores were improved by the probiotic supplementation, especially in LP-P group. We also observed a probiotic-mediated alteration in the gut microbiome of pigs. In addition, LP-P group showed higher species richness and diversity compared with other groups. The addition of multispecies probiotics in low CP diet also enhanced gut microbiota metabolites production, such as short-chain fatty acids (SCFAs) and polyamines. Correlation analysis revealed that Oscillospiraceae UCG-002, Eubacterium coprostanoligenes, Lachnospiraceae NK4A136 group, and Muribaculaceae were positively associated with SCFAs; and Prevotella, Eubacterium ruminantium, Catenibacterium, Alloprevotella, Prevotellaceae NK3B31 group, Roseburia, Butyrivibrio, and Dialister were positively correlated with polyamines. Supplementation with multispecies probiotics modulated the function of the gut microbiome by upregulating the pathways for protein digestion and utilization, potentially contributing to enriched metabolite production in the gut. The results of this study demonstrate that supplementation with multispecies probiotics may complement the beneficial effects of low CP levels in pig feed. These findings may help formulate sustainable feeding strategies for swine production.
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1. Introduction

Diet has a substantial impact on the health and performance of livestock (Tilocca et al., 2017). At livestock farms, diet composition is continually optimized to achieve maximum yield in terms of animal product quality and profitability. A balance between the proportions of carbohydrates (fiber) and crude protein (CP) in feed, along with sufficient proportions of essential vitamins and minerals, is vital to improve livestock performance. Numerous studies have demonstrated the impact of dietary CP content on animals, especially pigs (Chen et al., 2018; Yu et al., 2019; Liu et al., 2022). The metabolic products of protein fermentation play important regulatory roles in maintaining the health of the host (Rist et al., 2013; Pieper et al., 2016). However, excess dietary CP concentration has negative implications not only for animal growth and health but also for the environment. Previous studies have reported that reduction of CP content in diet improves post-weaning diarrhea in pigs (Nyachoti et al., 2006; Heo et al., 2010; Lynegaard et al., 2021), as well as improve swine intestinal health (Fan et al., 2017; Chen et al., 2018). In addition, lower dietary CP reduces the excretion of malodorous compounds to the environment (Clark et al., 2005; Cho et al., 2015). A low protein diet also improves meat quality (Zhu et al., 2022). Recent studies have also shown that reduction in dietary CP leads to modulation of the gut microbiome in pigs, as well as its metabolites (Fan et al., 2017; Chen et al., 2018; Yu et al., 2019; Zhu et al., 2022). This feeding strategy can be advantageous but can also negatively impact the growth performance of pigs. Several studies have revealed that CP reduction impaired the growth performance of pigs potentially due to inhibition of digestion enzymes activity and retarded villus morphology (Yu et al., 2019).

Thus, low CP diet is usually coupled with other feeding strategies such as supplementation of digestible amino acids (Opapeju et al., 2008; Millet et al., 2018), antibiotics (Zhang et al., 2016), enzymes (such as phytase and xylanase) (Atakora et al., 2011), or probiotics (Bhandari et al., 2010; Tang et al., 2019). The supplementation of livestock feed with probiotics is becoming popular due to its positive impact on production yield and livestock health (Barba-Vidal et al., 2019). Probiotics exert beneficial effects on animals, such as improving growth performance, feed efficiency, meat quality, and alleviating weaning stress and diarrhea (Zimmermann et al., 2016; Barba-Vidal et al., 2019). Multispecies probiotics, on the other hand, are a combination of microbes “containing strains of different probiotic species that belong to one or preferentially more genera” (Timmerman et al., 2004). Ideally, each component of this type of probiotic complements each other, increasing its effectiveness as a probiotic. Previous studies have reported that the supplementation of multispecies probiotics in pig feed is beneficial for the overall health and performance of pigs (Timmerman et al., 2004; Mori et al., 2011; Kwak et al., 2021).

The gut microbiome has been extensively studied to develop strategies for improving livestock production quality and yield, and for reducing the excretion of malodorous compounds (Nowland et al., 2019). Changes in the gut microbiome and its metabolites have either beneficial or deleterious effects on the health of growing pigs, thus affecting their growth performance (Davila et al., 2013; Luise et al., 2021). The gut microbiome-derived metabolites, such as short-chain fatty acids (SCFAs), branched chain fatty acids (BCFAs), and polyamines, are highly influenced by CP levels and supplementation of probiotics in the diet (Davila et al., 2013; Pieper et al., 2016; Luise et al., 2021; Vasquez et al., 2022). In our previous study, we explored the effects of multispecies probiotics on the gut microbiome of growing pigs (Oh et al., 2021). However, insufficient data are available regarding the effects of low CP diet supplemented with multispecies probiotics on the gut microbiome, as well as on the production of metabolites, such as SCFAs and polyamines, by the pig gut microbiome. Therefore, in the present study, we investigated the potential benefits of supplementing multispecies probiotics to low CP diet on the gut microbiome and microbial metabolites of growing pigs.



2. Materials and methods


2.1. Experimental design, animals, and diets

All animal protocols used in this study were approved by the Dankook University Animal Care Committee (Approval number: DK-2-2018). A total of 140 piglets (Landrace × Yorkshire × Duroc) weaned at 4 weeks of age were used in this study. The average body weight of the piglets was 25.01 ± 1.79 kg. All animals were fed the same basal diet after weaning for 2 weeks. The composition of the basal diet (Table 1) was formulated to meet or exceed the National Research Council (NRC)-recommended nutrition for pigs weighing 25–50 kg (National Research Council, 2012). The pigs were randomly divided into the following four groups with a 2 × 2 factorial design based on their diet: normal-level protein diet (16% CP, NP), low-level protein diet (14% CP, LP), NP with multispecies probiotic supplementation (NP-P), and LP with multispecies probiotic supplementation (LP-P). The multispecies probiotic was composed of Bacillus amyloliquefaciens G10 (2.5 × 108 colony forming units (CFU)/g feed), Levilactobacillus brevis M10 (1.2 × 108 CFU/g feed), Bacillus subtilis (3.3 × 108 CFU/g feed), and Limosilactobacillus reuteri RTR (1.2 × 108 CFU/g feed). These species have been previously selected for their potential probiotic characteristics (Oh et al., 2021). All pigs were housed in an environmentally controlled room. Each pen contained 4–5 pigs and was equipped with a one-sided self-feeder and a nipple waterer for ad libitum access to feed and water. The feeding period lasted for 6 weeks. Fecal score was evaluated daily according to the following criteria: (1) hard and dry pellets but low mass, (2) hard and formed stool, (3) soft and formed stool but moist, (4) soft and unformed stool, and (5) watery, liquid stool (Park et al., 2018). On the last day of the experiment, fresh fecal samples were individually collected from the rectum of the pigs in each group and stored at −80°C for further analyses. For pH analysis, the fecal samples (0.5 g) were homogenized in distilled water, supernatant was collected after centrifugation at 10,000 × g for 10 min, and the pH was determined using a pH meter (Horiba, Japan). The moisture content of the fecal samples (0.5 g) was measured using a moisture analyzer (Kett, Japan).



TABLE 1 Ingredients and chemical composition of the basal pig feed (as-fed basis).
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2.2. Preparation of the multispecies probiotic

The multispecies probiotic was prepared as described by Oh et al. (2021). Briefly, a solid-state fermentation process was used to prepare the probiotic. Subsequently, the probiotic was processed into powdered form and mixed with the basal feed to achieve the final individual doses. Genebiotech (Seoul, South Korea) performed the preparation of the multispecies probiotics. Feed mixed with the probiotic was kept in a sterile container at 4°C. The viability of the probiotic was assessed daily.



2.3. Determination of fecal metabolite levels (SCFAs, BCFAs, lactate, and polyamines)

We performed high performance liquid chromatography (HPLC) to determine the levels of lactate, SCFAs (acetate, propionate, butyrate, and valerate), and BCFAs (isobutyrate and isovalerate) in the fecal samples; the samples for HPLC were prepared as previously described (Zhang et al., 2022). Briefly, the fecal samples (0.5 g) were suspended in 1 mL of sterile demineralized water, vortexed for 3 min, and centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was collected and filtered using 0.22-μm PTFE syringe filters. The samples were analyzed using an Agilent Infinity 1260 HPLC System (Agilent, United States) with Aminex HPX-87H column (300 × 7.8 mm; Bio-Rad, United States), equipped with refractive index and UV detectors (λ = 210 nm). The samples (10 μL) were injected using an autosampler, while the column temperature was maintained at 65°C. The mobile phase was 0.005 M H2SO4, and the flow rate was maintained at 0.6 mL/min for a total run time of 35 min.

The fecal samples for the analysis of polyamines (putrescine, cadaverine, histamine, spermidine, and spermine) were prepared according to previously described derivatization methods (Yoon et al., 2015; Li et al., 2018), with slight modifications. Briefly, the fecal samples (0.5 g) were suspended in 1.5 mL of 0.4 M perchloric acid (Sigma-Aldrich) and vortexed thoroughly, the suspension was centrifuged at 13,000 × g for 10 min, and the supernatant was collected. Next, 2 M NaOH and saturated NaHCO3 were added to the supernatant, the solution was reacted with dansyl chloride (5 mg/mL in acetone; Daejung, South Korea) at 50°C for 45 min. The reaction was stopped by adding 25% NH4OH and incubation at 50°C for 15 min. The volume of the reaction mixture was adjusted to 1.5 mL using acetonitrile (JT Baker, PA, United States), followed by centrifugation at 2,500 × g for 5 min. The supernatant was collected and filtered using 0.22-μm PTFE syringe filters. Samples (10 μL each) were analyzed using an Agilent Infinity 1260 HPLC System (Agilent, United States) equipped with a C-18 reversed phase (150 × 4.6 mm, 5 μm) column (Young Jin Biochrom, South Korea) and a UV detector (λ = 254 nm). Acetonitrile and water were used as the mobile phases (linear gradient). The column temperature was set at 30°C, and the flow rate was maintained at 0.8 mL/min for a total run time of 35 min. The concentration of each metabolite was evaluated against a calibration curve generated using standards. All standards were purchased from Sigma-Aldrich (St. Louis, MO, United States).



2.4. 16S rRNA gene sequencing and microbial community analysis

Genomic DNA was extracted from fecal samples using the QiaAmp PowerFecal Pro DNA Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The concentration and purity of the genomic DNA were determined using a UV spectrophotometer (Molecular Devices, CA, United States). Illumina MiSeq (Illumina, CA, United States) platform was used to amplify the V3–V4 hypervariable region of the 16S rRNA gene (CJ BioScience, Inc., Seoul, South Korea). The obtained raw sequencing data were processed using the Quantitative Insights Into Microbial Ecology (QIIME2) pipeline (Bolyen et al., 2019). Primers and adapters were removed from the raw sequences using the “cutadapt” plugin in QIIME2 (Martin, 2011). Sequence quality control and feature table construction were performed using DADA2 (Callahan et al., 2016). Phylogenetic diversity analyses were performed using the “q2-phylogeny” and “q2-diversity” plugins’; the feature classifiers were trained using the “q2-feature-classifier” plugin in within QIIME2, using the SILVA 138_99 database (Quast et al., 2013). Principal coordinate analysis (PCoA) based on Bray–Curtis distance matrix was performed using the “q2-diversity” plugin in QIIME2. Alpha diversity indices (Chao1, Shannon entropy, and Simpson indices), PCoA plot, and relative abundance bar graphs were constructed using the “ggplot2” package in R program v.4.0.2 (Core R Team, 2019). All metagenomic data generated in this study have been deposited at the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) (BioProject accession number: PRJNA856074).

Differential taxonomic markers for each group were determined using the “run_lefse” package (Cao, 2020) in R program based on Linear discriminant analysis effect size (LEfSe) (Segata et al., 2011). Functional prediction based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was performed using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) (Douglas et al., 2020). Correlation analyses were performed by calculating Pearson correlation coefficient using the “Hmisc” package in R, and the data were visualized using the “pheatmap” package in R (Core R Team, 2019).



2.5. Statistical analyses

Statistical analyses of microbial composition and metabolite concentration data were performed using R (Core R Team, 2019). The normality of data distribution was analyzed using the Shapiro–Wilk test. Multivariate analysis of variance (MANOVA) was used to calculate the effects of CP levels, probiotics, and their interactions. One-way analysis of variance (ANOVA) with Tukey’s test was used to analyze significant differences among treatments. False discovery rate (FDR) correction was performed as necessary. The Kruskal–Wallis test for alpha and beta diversity was performed using the QIIME2 pipeline. Permutational multivariate analysis of variance (PERMANOVA) was used to determine significant differences in the PCoA plot. Data were considered significant at p < 0.05.




3. Results


3.1. Effect of multispecies probiotic on pH and moisture content of fecal samples

Fecal sample analyses (Table 2) revealed that pH significantly decreased with probiotic supplementation (p < 0.001). Similarly, the moisture content and fecal scores were significantly improved after probiotic supplementation, irrespective of the CP level (p = 0.04 and p < 0.01, respectively). Moreover, LP-P group exhibited significantly lower moisture content and better fecal scores than the LP group (p < 0.05).



TABLE 2 Effect of dietary probiotic supplementation on fecal scores and pH moisture content of fecal samples of growing pigs.
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3.2. Effect of multispecies probiotic on fecal metabolites

To investigate the effect of multispecies probiotic supplementation in feed with normal or low CP level on gut microbiome-derived metabolites, we measured the lactate, SCFA, BCFA, and polyamine levels in the fecal samples of growing pigs (Table 3). The acetate, propionate, and valerate concentrations of the LP group were lower than those of the NP group. Probiotic supplementation, regardless of CP level, significantly increased fecal acetate, propionate, and valerate levels (p = 0.01, p = 0.04, and p = 0.006, respectively). Interestingly, fecal SCFA levels of LP-P were comparable with NP-P compared with LP alone. However, significant changes were not observed in fecal butyrate and lactate levels, and no differences were observed in fecal isobutyrate and isovalerate levels. The polyamine (putrescine, cadaverine, spermidine, and spermine) levels of the LP group were reduced compared to that in the other groups; however, the differences were not significant (p > 0.05). By comparison, NP-P and LP-P marginally increased the concentrations of these polyamines (p > 0.05).



TABLE 3 Effect of dietary probiotic supplementation on microbiome-derived metabolites.
[image: Table3]



3.3. Effect of probiotics on gut microbial structure and composition

The gut microbiome structure and community composition of the growing pigs from all four groups were examined. Sequencing of the 16S rRNA yielded 32,171,215 raw reads for 140 samples, which contained 15,415,965 valid reads after filtering and removing chimeric reads. The average length of valid reads was 412 bp. A rarefaction curve was generated to check the appropriateness of the reads for downstream analyses (Supplementary Figure S1). Alpha diversity analyses (Figure 1A; Supplementary Table S1) revealed that the LP-P group showed significantly higher species richness than the other treatment groups, as revealed by the Chao1 index (p < 0.001). Similarly, the species diversity in the LP-P group was significantly higher than that in the other treatment groups, based on the Shannon index (p < 0.001); and both the NP-P and LP-P groups exhibited increased species evenness compared to that of the LP and NP groups, as revealed by the Simpson index (p < 0.001). On the other hand, PCoA based on the Bray–Curtis distance matrix (Figure 1B) revealed distinct clusters between diets with and without probiotics (p < 0.001). No significant differences were observed between NP and LP, or NP-P and LP-P groups.

[image: Figure 1]

FIGURE 1
 Changes in the gut microbiome structure. Comparison of alpha-diversity indices Chao1, Shannon entropy, and Simpson (A). Significant differences among treatments were determined using Kruskal-Wallis test. Principal coordinate analysis (PCoA) plot based on Bray-Curtis distance matrix (B). NP, normal-level protein diet; LP, low-level protein diet; NP-P, normal-level protein diet + probiotic; LP-P, low-level protein diet + probiotic.


Moreover, we observed changes in the gut microbiome composition of the growing pigs at the phylum and genus levels. At the phylum level (Figure 2A; Supplementary Table S2), probiotic supplementation reduced the abundance of Firmicutes (p < 0.001) whereas increased that of Bacteroidota (p = 0.38), compared with that of the groups without probiotic supplementation. Desulfobacterota was enriched in both the NP and NP-P groups (0.28 and 0.33%, respectively; p < 0.001). Moreover, the abundance of several bacterial genera increased in the probiotic groups (Figure 2B; Supplementary Table S3). Irrespective of CP levels, Prevotella NK3B31 group (p < 0.001), Prevotella (p = 0.001), Muribaculaceae (p < 0.001), Rikenellaceae RC9 group (p < 0.001), Eubacterium coprostanoligenes group (p < 0.001), uncultured Selenomonadaceae (p < 0.001), and Alloprevotella (p < 0.001) were significantly enriched by probiotic supplementation. The abundance of Lachnospiraceae NK4A136 was enriched by probiotic supplementation (p < 0.001), but a higher increase was observed in case of normal-CP diet. Conversely, the abundance of Clostridium sensu stricto 1 and Terrisporobacter was reduced in the LP-P and NP-P groups (p < 0.001). On the other hand, both NP and NP-P enriched the abundance of Roseburia (p = 0.004) and Ruminococcus (p = 0.004); LP and LP-P had higher population of Dialister (p < 0.001) and Megasphaera (p = 0.003).
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FIGURE 2
 Changes in the gut microbiome composition. Relative abundance (%) at phylum (A) and genus (B) levels. Differential abundance analysis (LEfSe) showing taxonomical features identified among treatments (C). NP, normal-level protein diet; LP, low-level protein diet; NP-P, normal-level protein diet + probiotic; LP-P, low protein diet + probiotic.


To examine the taxonomic markers in each treatment group, differential abundance analysis was performed using LEfSe (Figure 2C). NP diet differentially enriched Roseburia, Ruminococcus, Romboutsia, Coprococcus, Eubacterium hallii, Marvinbryantia, and Butyricicoccaceae UCG-008; the LP group exhibited differential abundance of Clostridium sensu stricto 1 and 6, Terrisporobacter, and uncultured Oscillospiraceae. Meanwhile, NP-P group was abundant in Prevotellaceae NK3B31 group, uncultured Selenomonadaceae, Lachnospiraceae NK4A136 group, Eubacterium ruminantium, and Butyrivibrio; and the LP-P group had differentially abundant Muribaculaceae, Prevotella, Oscillospira, Alloprevotella, and Catenibacterium.



3.4. Associations between the gut microbiome and fecal metabolites

Next, we examined the association between the gut microbiome and fecal metabolites. Pearson’s correlation coefficients were calculated and visualized using a heatmap (Figure 3). Prevotella, Eubacterium ruminantium, Catenibacterium, Alloprevotella, Prevotellaceae NK3B31 group, Roseburia, Butyrivibrio, Dialister, and uncultured Selenomonadaceae were positively correlated with fecal polyamine concentrations. Oscillospiraceae UCG-002, Eubacterium coprostanoligenes, Erysipelatoclostridiaceae UCG-004, Desulfovibrio, Lachnospiraceae NK4A136 group, Muribaculaceae, and UCG-010 have positive associations with SCFAs. BCFAs (isobutyrate and isovalerate) were positively associated with the abundances of Parabacteroides, Alloprevotella, Prevotellaceae NK3B31, Erysipelatoclostridiaceae UCG-004, Lachnospiraceae NK4A136 group, Muribaculaceae, UCG-010, and Butyricicoccaceae UCG-008. By contrast, Romboutsia, Clostridium sensu stricto 1 and 6, uncultured Oscillospiraceae, Terrisporobacter, Marvinbryantia, Eubacterium hallii group, and Turicibacter were negatively associated with fecal polyamines, SCFAs, and BCFAs. Moreover, it is noteworthy that the gut microbiota enriched by the addition of the multispecies probiotic (either NP-P or LP-P) were generally positively associated with fecal metabolites, and conversely, NP- or LP-abundant microbiota had an inverse relationship with fecal metabolites.
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FIGURE 3
 Gut microbiome composition correlates with fecal metabolites. Heatmaps based on Pearson correlation coefficients showing the relationship between gut microbiome and fecal metabolite levels (SCFAs, BCFAs, lactate, polyamines). *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively. NP, normal-level protein diet; LP, low-level protein diet; NP-P, normal-level protein diet + probiotic; LP-P, low-level protein diet + probiotic.




3.5. Prediction of the functional markers of the gut microbiome

To assess the effects of multispecies probiotic supplementation in diet on the function of the gut microbiome of growing pigs fed different CP levels, metabolic pathways were predicted using PICRUSt2 and the KEGG database. KEGG pathways for metabolism (amino acid, carbohydrate, and energy) were selected and visualized in a heatmap (Figure 4). The addition of multispecies probiotics altered the predicted function of the gut microbiome with respect to metabolism. Several amino acid metabolism pathways showed greater abundance in the NP-P and LP-P groups, such as the metabolism of D-alanine, glycine, serine, and threonine, D-glutamine, and D-glutamate, D-arginine, and D-ornithine, phenylalanine, alanine, aspartate, and glutamate. Whereas metabolism of cysteine, methionine, histidine, tryptophan, and tyrosine was enriched in the NP and LP groups. Moreover, carbohydrate metabolism pathways were the most predicted in the NP and LP groups, such as the pentose phosphate pathway, fructose and mannose metabolism, starch and sucrose metabolism, galactose metabolism, amino sugar and nucleotide sugar metabolism, and propanoate metabolism. Finally, energy harvesting pathways, such as sulfur metabolism, were enriched in the NP-P and LP-P groups, whereas nitrogen metabolism was enriched in the NP and LP groups.

[image: Figure 4]

FIGURE 4
 Changes in the functional capacity of the gut microbiome. Heatmap showing the relative abundances of metabolism-related KEGG pathways among different groups. NP, normal-level protein diet; LP, low-level protein diet; NP-P, normal-level protein diet + probiotic; LP-P, low-level protein diet + probiotic.





4. Discussion

In the present study, we observed that multispecies probiotic supplementation in diet significantly modulated the gut microbiome structure of growing pigs; however, similar effects were not observed by different CP levels in the diet. These results are in accordance with the results reported by Tang et al. (2019) who showed that probiotics have a more significant effect on the gut microbiome of pigs than dietary CP levels. A meta-analysis data revealed that CP level reduction by 2–3% may not be sufficient to influence the gut microbiota, especially in a short period of feeding (Luise et al., 2021). Yu et al. (2019) reported that reduction of CP from 17 to 14% did not alter the colonic microbiota of pigs. Moreover, the lack of difference between the microbiota of NP and LP might be influenced by the chosen sample in the current study (i.e., feces versus ileum), as pointed out by Pollock et al. (2019).

In addition to the composition of the gut microbiome, microbial-derived metabolites, such as SCFAs, BCFAs, and polyamines, also affect the intestinal health of the host. SCFAs, mainly butyrate, propionate, and acetate, are produced in the proximal colon as a product of fiber and, to some extent, protein degradation (Davila et al., 2013; Louis and Flint, 2017). Recent studies have demonstrated that these metabolites play a role in regulating homeostasis in the host gastrointestinal tract (GIT). SCFAs stimulate cell proliferation, suppress proinflammatory cytokines, and enhance the expression of tight junction proteins (Grilli et al., 2016; Zhong et al., 2019; Han et al., 2020; Xu et al., 2020). A reduction in dietary CP level could reduce the capacity of gut commensals to produce beneficial metabolites due to impaired fermentation capacity (Luise et al., 2021). Therefore, this could be an unwanted effect of the CP reduction strategies. In the present study, we observed a decrease in the levels of SCFAs, such as propionate and valerate, with decreasing CP level, which has been observed in previous studies (Chen et al., 2018; Yu et al., 2019). However, the addition of multispecies probiotic increased the levels of these SCFAs, especially in LP-P group, indicating that probiotics restored the capacity of the gut microbiome to produce SCFAs. In contrast, the addition of multispecies probiotics did not significantly alter the levels of fecal lactate, potentially since there were no changes in the dietary levels of carbohydrates. Like SCFAs, BCFAs, such as isobutyrate and isovalerate, are important bacterial metabolites. Although BCFAs are associated with protein fermentation (Rist et al., 2013; Rios-Covian et al., 2020), low CP level or probiotic supplementation did not exert any noticeable effect on BCFAs in the present study. Correlation analysis revealed that Oscillospiraceae UCG-002, Eubacterium coprostanoligenes, Lachnospiraceae NK4A136 group, Muribaculaceae, and Oscillospiraceae UCG-010 were positively correlated with SCFA and BCFA levels. In contrast, unclassified Prevotellaceae, Prevotellaceae NK3B31, and Alloprevotella were positively correlated with only BCFA levels. The bacterial family Lachnospiraceae and several members of the genus Eubacterium produce SCFAs (Biddle et al., 2013; Mukherjee et al., 2020). Moreover, Muribaculaceae and Oscillospiraceae are associated with high SCFA production (Smith et al., 2021; Yang et al., 2021; You et al., 2022). Prevotella and Eubacterium are markers for SCFA and BCFA production (Trefflich et al., 2021). Supplementation with probiotics has been shown to increase the capacity of the gut microbiome to produce SCFAs owing to the proliferation of metabolite-producing bacteria in the GIT (Sakata et al., 2003).

Polyamines are the products of amino acid fermentation by the gut microbiota (Matsumoto and Benno, 2007; Tofalo et al., 2019). Polyamine production by the microbiome is highly affected by the amount and source of dietary proteins (Rist et al., 2013; Wen et al., 2018). Moreover, as microbial metabolites, polyamines have important regulatory functions, such as the promotion of the small intestine development in piglets, suppression of inflammation (Liu et al., 2019), and regulatory functions in swine gestation (Wu et al., 2005). Polyamines exert beneficial effects on swine production, such as increasing growth and alleviating diarrhea symptoms (Van Wettere et al., 2016; Liu et al., 2019). However, excessive amounts of polyamines are linked with intestinal damage and occurrence of diarrhea in piglets (Ewtushik et al., 2000; Teti et al., 2002; Pieper et al., 2015). Polyamines may also contribute to the production of malodorous excretions in pigs (Jang and Jung, 2018). Some studies have reported that probiotics could affect the levels of polyamines in the GIT, although the results were inconsistent (Matsumoto et al., 2011; Ding et al., 2021). We observed small increase in polyamine levels in the LP-P group, indicating limited capacity of the multispecies probiotic to restore polyamine production by the gut microbiome. Nevertheless, correlation analysis showed several gut commensals were positively associated with fecal polyamine concentrations. Prevotella produces polyamines such as spermidine (Hanfrey et al., 2011; Nelson et al., 2015), and Eubacterium and Ruminococcus, both members of the phylum Firmicutes, could metabolize amino acids, such as ornithine, arginine, and lysine, to produce polyamines (Li et al., 2021). Roseburia and Dialister can also produce polyamines (Nelson et al., 2015; Tamanai-Shacoori et al., 2017). Our results strongly suggest that low CP diet could reduce beneficial gut microbiome metabolites, but the addition of probiotics could restore metabolite production by the gut commensals in low CP diet.

Moreover, we observed that reduction in dietary CP level also influenced the function of the gut microbiome, which is consistent with the results of previous studies (Liu et al., 2021; Tao et al., 2021). Pathways related to amino acid metabolism were enriched in the LP-P and NP-P groups compared with the NP or LP groups. This strongly suggests that probiotics can restore the ability of the gut microbiome to utilize undigested proteins in the colon, thereby enhancing the production of SCFAs and polyamines. This is consistent with the idea that probiotics enhance the protein digestion capacity of the host (Wang and Ji, 2018; Peng et al., 2019; Akhtar et al., 2022). Furthermore, the associations of several protein-utilizing commensals, such Prevotella, Alloprevotella, Eubacterium, and Murabaculaceae with protein-related metabolites, could account for the enrichment of amino acid metabolism pathways. Hence, we hypothesize that the enrichment of pathways for amino acid metabolism was favored rather than the carbohydrate pathways. The metabolism of amino acids such as glycine, threonine, glutamate, alanine, and aspartate, by colonic bacteria can produce SCFAs, whereas the metabolism of lysine, arginine, and ornithine produces polyamines (Zhao et al., 2018). Furthermore, supplementation with probiotics favored biosynthetic pathways, such as the TCA cycle; biosynthesis of phenylalanine, tyrosine, and tryptophan; biosynthesis of lysine; and pentose and glucuronate interconversion. According to Portune et al. (2016), the function of the microbiome can shift to the utilization of nitrogenous compounds for biosynthetic pathways when there is an abundance of other energy sources.

The fecal pH indicates the fermentation capacity of the colon. Lower colonic pH is beneficial for gut health as it can suppress the growth of potential pathogens, enhance protein digestion, and may indicate increased production of gut microbiome metabolites, such as SCFAs (Wen et al., 2018; Tang et al., 2019). We observed that supplementation with multispecies probiotic resulted in a significant decrease in fecal pH, which is in accordance with results of previous studies on the effect of probiotics on colonic pH (Pereira et al., 2022). A reduction in dietary CP level or probiotic supplementation improves the fecal score of pigs (Balasubramanian et al., 2018; Lu et al., 2018; Wen et al., 2018). Moreover, in the present study, the addition of multispecies probiotics to low CP diets significantly improved the fecal moisture content and fecal scores of growing pigs. This suggests that combinatory use of multispecies probiotics with CP reduction can ameliorate watery stools in growing pigs.

This study has limitations. First, the effect of reduction in dietary CP may have a more definitive effect on other segments of the GIT than in colon, which was not explored by the current study. In addition, the effects of low CP diet with multispecies probiotics on the actual protein digestion or absorption were not measured as this study focused mainly on the gut microbiome.



5. Conclusion

In the present study, we demonstrated that the combination of low CP diet and multispecies probiotic supplementation improved the fecal scores of the pigs. Moreover, pigs fed with multispecies probiotics had a distinct microbiome structure and composition. Pigs fed with low CP diet with multispecies probiotics had higher species richness and diversity. Multispecies probiotic supplementation in feed with low CP also altered the protein digestion and utilization activity of the gut microbiome, potentially contributing to higher fecal concentrations of SCFAs and marginally elevated polyamine levels. Population of gut microbiota such as Oscillospiraceae UCG-002, Eubacterium coprostanoligenes, Lachnospiraceae NK4A136 group, Muribaculaceae Prevotella, Eubacterium ruminantium, Catenibacterium, Alloprevotella, Prevotellaceae NK3B31 group, Roseburia, Butyrivibrio, and Dialister were associated with SCFAs and polyamine levels. To the best of our knowledge, this is the first study to describe the effects of multispecies probiotic supplementation and low CP diet on gut microbiome function. Therefore, supplementation with multispecies probiotics may complement the beneficial effects of low CP levels in pig feed. These findings may help formulate sustainable feeding strategies for swine production. The effects of this combined approach on the quality of animal production and environmental aspects must be further validated.
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Introduction: Weaning stress seriously affects the welfare of calves and causes huge economic losses to the cattle breeding industry. Probiotics play an important role in improving animal growth performance, enhancing immune function, and improving gut microbiota. The newly isolated strains of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 have shown potential as probiotics. Here, we studied the probiotic properties of these two strains on weaned calves.

Methods: Forty calves were randomly assigned to four groups before weaning, with 10 calves in each group, control group (Ctrl group), L. reuteri L81 supplementation group (2 g per day per calf), L. johnsonii L29 supplementation group (2 g per day per calf), L. reuteri L81 and L. johnsonii L29 composite group (2 g per day per calf), and the effects of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 supplementation on growth performance, immune status, antioxidant capacity, and intestinal barrier function of weaned calves were evaluated.

Results: The results showed that probiotics supplementation increased the average daily weight gain of calves after weaning, reduced weaning diarrhea index (p < 0.05), and increased serum IgA, IgM, and IgG levels (p < 0.05). L. reuteri L81 supplementation significantly decreased IL-6, increased IL-10 and superoxide dismutase (SOD) levels at 21 d after weaning (p < 0.05). Moreover, probiotics supplementation significantly decreased serum endotoxin (ET), diamine oxidase (DAO), and D-lactic acid (D-LA) levels at different time points (p < 0.05). In addition, supplementation with L. reuteri L81 significantly reduced the crypt depth and increased the ratio of villus height to crypt depth (p < 0.05) in the ileum, increased gene expression of tight junction protein ZO-1, Claudin-1 and Occludin in jejunum and ileum mucosa, reduced the gene expression of INF- γ in ileum mucosa and IL-8 in jejunum mucosa, and increased the abundance of beneficial bacteria, including Bifidobacterium, Lactobacillus, Oscillospira, etc.

Discussion: verall, these results showed that the two strains isolated from cattle feces after low concentration fecal microbiota transplantation improved the growth performance, immune performance, antioxidant capacity, and intestinal barrier function of weaned calves, indicating their potential as supplements to alleviate weaning diarrhea in calves.

KEYWORDS
 weaned calf, Lactobacillus
, growth performance, immune capacity, intestinal barrier function


1. Introduction

Weaning is one of the most stressful periods in calf growth owing to the underdevelopment of the gastrointestinal system, incomplete intestinal microecosystem, low immune and antioxidant capacity, and weak digestion and absorption capacity of calves during the early weaning stage (Clark et al., 2016). Weaning stress, such as diarrhea, growth retardation, and even death, can occur as a result of dietary and psychological changes, which can seriously affect the welfare of calves and cause huge economic losses to the cattle breeding industry (Sweeney et al., 2010; Pempek et al., 2019). Antibiotics are widely used in animal husbandry to treat or prevent diarrhea and promote livestock growth (Brown et al., 2017); however, long-term antibiotics use can destroy the normal community structure of intestinal microorganisms and increase the presence of intestinal drug-resistant bacteria (Laxminarayan et al., 2013; Brand et al., 2017). Additionally, drug residues can pose potential problems, such as food safety issues, and threaten human health. Therefore, it is important to identify novel antibiotic substitutes capable of preventing or alleviating weaning stress in calves.

In 2001, the Food and Agriculture Organization of the United Nations and the World Health Organization (FAO/WHO) definition of probiotics -- “live microorganisms which when administered in adequate amounts confer a health benefit on the host” (Hill et al., 2014). Studies have shown that supplementation with probiotics plays an important role in improving animal production performance, reducing the incidence of diarrhea, enhancing immune function and antioxidant capacity, and improving intestinal microbial flora (Kelsey and Colpoys, 2018). Recently, there has been increasing research on effective antibiotics substitutes owing to health concerns associated with antibiotics use, and probiotics have been used as antibiotic substitutes in several countries. Lactobacillus plays a good role in improving intestinal epithelial barrier function, maintaining mucosal integrity, competing with pathogenic bacterial, and ameliorating intestinal mucosal damage (Wu et al., 2020). Our previous studies have shown that low-concentration fecal microbiota transplantation (LFMT) reduces the diarrhea incidence of weaned calves with Xinjiang yaks as the donor of fecal microbiota transplantation and Chinese Holstein calves as the recipient of fecal microbiota transplantation, and Lactobacillus was enriched in the intestine (Li et al., 2022). To develop more effective probiotics to alleviate weaning diarrhea in calves, we screened Lactobacillus in the feces of weaned calves after LFMT treatment in a previous study, and identified two potential probiotics for alleviating weaning diarrhea in calves, Lactobacillus reuteri L81 and Lactobacillus johnsonii L29.

L. reuteri and L. johnsonii have successfully been evaluated in humans and animals. L. reuteri probiotic preparations can improve gut function and enhance immunity, thereby promoting human health, enhancing pig growth, improving feed utilization efficiency, preventing diarrhea, and regulating the immune system in pigs (Hou et al., 2015). L. reuteri probiotics can replace antibiotics to promote the growth of weaned piglets and improve their intestinal health (Hong, 2016). L. johnsonii has been shown to prevent salmonella infection in weaned piglets, maintain metabolic homeostasis, enhance intestinal health in piglets (He et al., 2019), and regulate intestinal microbiota in mice. Based on these findings, the aim of this study was to examine the effects of these two strains on growth performance, diarrhea incidence, serum metabolites, immune performance, antioxidant capacity, and intestinal barrier function in early weaned calves. It is anticipated that the findings of this study would provide important evidence for implementing probiotic interventions and improving intestinal health in early weaned calves.



2. Materials and methods


2.1. Ethics statement

Animal experiment was conducted in accordance with the guidelines of the animal welfare and research institutions, and all procedures were approved by the Bioethics Committee of Shihezi University (License No.: A2021-32).



2.2. Animal management and diet

Forty Chinese Holstein calves of similar weight and birth date were randomly divided into four groups, with 10 calves in each group. To avoid cross-infection, all calves were placed on Calf Island. At 7 and 18 o’clock daily, the calves were fed twice with two equal volumes of milk in plastic buckets. At 50–56 d, the amount of milk consumed was 5 L/d. At 57–60 d, the calves were fed once daily, with the amount of milk reduced to 1 L/d, after weaning at 61 d, the feed amount was decreased to 0. The milk was produced on the same farm and pasteurized at 60°C before use. Starter concentrate was provided by Xinjiang Urumqi Zhengda Feed Co., Ltd. (Urumqi, China). All calves can drink water, take starter and Arrhenatherum elatius freely after weaning. The nutritional compositions of the diets are listed in Supplementary Table S1.



2.3. Experimental design, sample collection, and analysis

At 50–60 d of age, group 1 was fed normally, without any treatment, so it was the control group (Ctrl group). Group 2 was given L. reuteri L81 every day (2 g per day per calf, R group). Group 3 was given L. johnsonii L29 every day (2 g per day per calf, J group). Group 4 was given L. reuteri L81 and L. johnsonii L29 compound bacteria (2 g per day per calf, R + J group). The concentration of Lactobacillus used in the study was adjusted to 1 × 108 CFU/g. To ensure that Lactobacillus was fully consumed by the calves, freeze-dried Lactobacillus powder was dissolved in milk for morning feeding. This study was conducted at the Zhenxing Farm of the Tianshan Military Reclamation Company in Shihezi, Xinjiang, China, from May to July 2022.



2.4. Growth performance, diarrhea rate and diarrhea index

The body weight of each calf was measured before morning feeding on the day of weaning (T0), and at 7 days (T1), 14 days (T2), and 21 days (T3) after weaning. Feed intake was recorded daily, and the average daily gain (ADG), average daily feed intake (ADFI), and feed conversion rate (F/G) were calculated.

Fecal samples from the calves were scored according to the diarrhea index scoring method. The diarrhea index was scored as follows: normal feces (solid), 0 points; wet feces (semi-solid),1 point; mild diarrhea (pasty feces), 2 points; and severe diarrhea (watery stool), 3 points. The number of days and heads of calves with diarrhea during the trial period were recorded to determine the diarrhea index and diarrhea rate statistics (Mcguirk, 2008). The following formulas were used to calculate the diarrhea rate and index for each group of calves,
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Diarrhea rate (%) = number of calves with diarrhea per group during the trial period × diarrhea days / (trial days × number of calves per group) × 100%.



2.5. Sample collection

Blood samples were collected from the jugular veins of six calves in each group before morning feeding at 7 (T1), 14 (T2), and 21 d (T3) after weaning in a 10 mL vacuum blood collection tube without anticoagulant. The blood samples were centrifugated at 3000 × g for 15 min, and the supernatant was stored in a 2 mL tube at −20°C until further analysis.

Calves were weaned at 60 d of age. At 21 d after weaning, five calves from the control (Ctrl group) and L. reuteri supplementation groups (R group) were anesthetized via intramuscular injection of 4% pentobarbital sodium solution at a dose of 40 mg/kg body weight and euthanized by jugular venous bleeding. The abdominal cavity was quickly opened, and the contents of the duodenum, jejunum, and ileum were collected and divided them into 2 mL and 10 mL sterile enzyme free tubes. The contents of the tubes were snap-frozen in liquid nitrogen. After flushing out the contents of the intestinal canal with phosphate buffer solution (pH 7.4), the intestinal mucosa was carefully cleaned of fatty tissues and stored in a 2 mL sterile enzyme free EP tube for rapid freezing. Intestinal contents and intestinal mucosa were transported to the laboratory in a frozen tube and stored at −80°C until further analysis.

In addition, the middle segments of duodenum, jejunum and ileum were selected. After the contents of the intestinal tube were flushed out with phosphate buffer solution with pH = 7.4, they were quickly placed in 4% paraformaldehyde fixative at 4°C for 48 h for tissue sectioning.



2.6. Determination of biochemical indicators

Serum total protein (TP), albumin (ALB), glucose (GLU), triglyceride (TG), and blood urea nitrogen (BUN) levels were determined using a biochemical detection kit from Nanjing Jiancheng Biotechnology Research Institute, according to the manufacturer’s instructions.



2.7. Antioxidant indicators, immune indicators, cytokines and intestinal permeability indicators in serum

Superoxide dismutase (SOD) and malondialdehyde (MDA) levels were determined by spectrophotometry using corresponding kits (Nanjing Jiancheng Biotechnology Research Institute, Nanjing, China), according to the manufacturer’s instructions.

IgA, IgG, IgM, IL-2, IL-6, IL-10, TNF- α, endotoxin (ET), diamine oxidase (DAO), and D-lactic acid (D-LA) contents were determined using ELISA kits (Shanghai Enzymes Biotechnology Co., Ltd.), according to the manufacturer’s instructions.



2.8. Intestinal tissue morphology

Each intestinal segment was sectioned by haematoxylin eosin (HE) staining method described by Hu J. et al. (2018) for intestinal histomorphology measurement. The main steps include fixation, dehydration, immersing the tissue block in xylene until completely transparent, placing the transparent tissue in paraffin, embedding, slicing, 37°C water bath development, drying in a 37°C oven, dewaxing, ethanol gradient elution, hematoxylin staining, eosin staining, ethanol gradient dehydration, sealing, and air drying. And its morphology and structure were observed at 10× under an optical microscope. The villus height and recess depth of small intestine were measured, and the ratio of villus height to recess depth was calculated.



2.9. Detection of intestinal tight junction protein and cytokine gene expression

The frozen duodenum, jejunum and ileum mucosa were taken out and placed in a autoclaved mortar, and the liquid nitrogen was added to grind and homogenize. Then, an appropriate amount of powder samples were taken, and total RNA was extracted from the tissue mucosa with TRIzol reagent. The total RNA was reverse transcribed and cDNA was synthesized according to the instructions of the reverse transcription kit. Primer 3 was used for primer design, and the primers were detailed in Supplementary Table S2. The primers were synthesized by Shanghai Shenggong Biotechnology Co., Ltd. The mRNA expression levels of intestinal tight junction proteins Claudin-1, Occuludin and ZO-1, intestinal mucosal cytokines TLR4, INF-γ, TGF-β1, IL-8 and IL-2 were detected by real-time fluorescent quantitative PCR with specific primers.



2.10. Determination of enzyme activity in the small intestine

After the calves were slaughtered, the intestinal contents were taken and placed in a clean centrifuge tube. They were transported to the laboratory and their pH value were immediately measured using a pH meter.

0.5 g of duodenal, jejunal, and ileal contents were diluted with physiological saline at a ratio of 1:9, followed by homogenization in an ice bath and centrifugation at 4500 × g for 20 min to obtain supernatant for enzyme activity assay. Amylase, trypsin, lipase, lactase, and Na-K-ATPase activities were determined using the respective ELISA kits (Shanghai Enzymes Biotechnology Co., Ltd.), according to the manufacturer’s instructions.



2.11. DNA extraction, PCR amplification of 16SrRNA, and sequencing

DNA extraction, genome library construction, and intestinal microbial sequencing were performed by Shanghai Parsenor Biotechnology Co. Ltd. Briefly, total DNA was extracted from the intestinal contents, and the V3-V4 hypervariable region of bacterial 16S rRNA was amplified using the universal primers 338F (5′-ACTCCTACGGGGAGCA-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′). After purification, all amplified products were sequenced using the Illumina MiSeq platform. The PCR amplification reaction system contained 5 μL of buffer (5 ×), 0.25 μL of fast pfu DNA polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) forward primer and 1 μL reverse primer, 1 μL of DNA template, and 14.75 μL of ddH2O. The PCR conditions were as follows: initial denaturation at 98°C for 5 min, followed by 25 cycles at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, and final extension at 72°C of 5 min. PCR amplicons were purified using Vazyme VAHTSTM DNA clean beads (Vazyme, Nanjing, China) and quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and paired-end sequencing (2 × 250 bp) was performed by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) on the Illumina MiSeq platform using the MiSeq Reagent Kit v3.

Bioinformatics analysis of the intestinal bacteria was conducted using QIIME2 2019.4, with slight modifications based on the official manual. Microbial α-diversity was evaluated using Shannon, Simpson, Chao1, and Coverage indices, while β-diversity was analyzed using nonmetric multidimensional scale. Shared and unique ASVs between samples or groups were visualized using the “VennDiam” function in R software. LEfSe analysis was used to compare the relative abundance of the intestinal microbiota between the control and L. reuteri L81 supplemented groups at the phylum and genus levels.



2.12. Statistics and analysis

One-way analysis of variance was used to analyze multiple sets of data, and the results were expressed as mean and standard deviation. Calculate the gene expression data of the sample using the 2-ΔΔCt method. The differences of intestinal villus height, crypt depth and the ratio of villus height to crypt depth, intestinal tight junction protein and cytokine gene expression were performed using t-tests. The data were expressed by mean value and standard error, means were considered statistically significant at p < 0.05. All statistical analyses were performed using SPSS 26.0 software (SPSS, Inc., Chicago, IL, United States).




3. Results


3.1. Effects of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 on growth performance, diarrhea incidence, and diarrhea index of weaned calves

There was no significant difference (p > 0.05) in the initial weight of the calves among the experimental groups (Figure 1). In contrast, calves in the R + J group had significantly higher ADG at T0–T1, while those in the R and R + J groups had significantly higher ADG at T1–T2 and T2–T3 compared with the Ctrl group (p < 0.05). However, there was no significant difference in ADG between the J and Ctrl groups, and no significant difference between R, J and R + J groups. Additionally, there was no significant difference in ADFI between the experimental groups at all time points. Moreover, F/G ratio was significantly lower in the R + J group than in the Ctrl group at T1–T2 (p < 0.05); however, there was no significant difference between the groups at T0–T1 and T2–T3.
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FIGURE 1
 Effect of L. reuteri L81 and L. johnsonii L29 on growth performance, diarrhea incidence and diarrhea index of weaned calves. (A) Initial calf weight (BW). (B) Average daily weight gain (ADG). (C) Average daily food intake (ADFI). (D) Material weight ratio (F/G). (E) Incidence of calves diarrhea. (F) Calves diarrhea index. At the same time point, if there was no letter or the same letter was marked, the difference was not significant (p > 0.05), and different lower case letters indicate significant difference (p < 0.05). The same below.


Calf diarrhea incidence was significantly higher in the Ctrl group than in the R, J, and R + J groups at T0–T1 and T2–T3 (p < 0.05) (Figure 1); however, there was no significant difference between the lactobacilli supplementation groups. Similarly, diarrhea incidence was significantly lower in the R and J groups at T1–T2 (p < 0.05); however, there was no significant difference in diarrhea incidence between the R + J and Ctrl groups at the time point. Additionally, average fecal score was significantly higher in the Ctrl group than in the other treatment groups at all time points. However, there was no significant difference in average fecal score between the probiotics supplementation groups, indicating that the selected lactic acid bacteria are capable of alleviating and preventing calf diarrhea.



3.2. Effects of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 on serum biochemical indicators

Serum TP level was significantly higher (p < 0.05) in the R, J, and R + J groups than in the Ctrl group at T3 (Table 1); however, there was no significant difference (p > 0.05) in serum TP level between the probiotics supplementation groups. Similarly, serum GLB level was significantly higher (p < 0.05) in the R and R + J groups than in the Ctrl group at T3. Additionally, serum BUN level was significantly higher in the R group than in the Ctrl group at T1 and T2; however, there was no significant difference in serum BUM levels between the probiotics and Ctrl groups at T3. Moreover, there was no significant difference in GLU levels between the R and Ctrl groups. Interestingly, serum GLU level was significantly higher in the J group than in the Ctrl group at T2, and significantly higher in the R + J group than in the R and J groups at T3.



TABLE 1 Effect of L. reuteri L81 and L. johnsonii L29 on serum biochemical indexes of weaned calves.
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3.3. Effects of Lactobacillus reuteri L81 and Lactobacillus johnsonii L29 on immune indicators, antioxidant indicators, cytokines, and intestinal permeability indicators

To evaluate the role of L. reuteri L81 and L. johnsonii L29 in the immune system, the serum immunoglobulins levels of the weaned calves were measured after probiotics supplementation (Table 2). Compared with the Ctrl group, serum IgA and IgM levels were significantly higher (p < 0.05) in the Lactobacillus-supplemented group at T1, T2, and T3. Specifically, calves in the J group had significantly higher serum IgM levels than those in the other groups at T1 and T2; however, there was no significant difference in IgM levels among the Lactobacillus supplementation groups at T3. Serum IgG level was significantly higher in the R group than in the Ctrl group at T2 and T3. Additionally, calves in the J group had significantly higher serum IgG levels than those in the other groups at T1. However, there was no significant difference (p > 0.05) in serum TNF-α level between the Ctrl and probiotic groups at T1, T2, and T3. Serum IL-10 concentration was significantly higher in the R group than in the Ctrl group at T1 and T3. Similarly, serum IL-10 concentration was significantly higher (p < 0.05) in the J group than in other groups at T2. Although there was no significant difference in serum IL-6 concentration between the groups at T1 and T2, the R group had significant lower serum IL-6 concentration at T3.



TABLE 2 Effect of L. reuteri L81 and L. johnsonii L29 on immune indexes, antioxidant indexes, biochemical indexes of intestinal barrier function in serum of weaned calves.
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Calves in the J group had significantly higher serum SOD concentration than those in the Ctrl group at T1 (p < 0.05); however, there was no significant difference in serum SOD level between the J, R, and R + J groups at the time point. Calves in the probiotic groups (R, J, and R + J) had significantly higher (p < 0.05) serum SOD concentrations than those in the Ctrl group at T3.

Furthermore, the effects of the probiotics on intestinal barrier function in weaned calves were examined by determination the serum levels of intestinal permeability indicators (Table 2). There was no significant difference in serum ET levels between the Lactobacillus supplementation groups (R, J, and R + J) and the Ctrl group at T1; however, serum DAO and D-LA levels were significantly lower in the Lactobacillus supplementation groups than in the Ctrl group (p < 0.05). Calves in the Lactobacillus supplementation groups had significantly lower serum ET and DAO levels than those in the Ctrl group at T2; additionally, serum D-LA level was significant lower in the R and J groups than in the Ctrl group at T2 (p < 0.05). At T3, serum ET and D-LA levels were significantly lower in the J and R + J groups than in the Ctrl group (p < 0.05), meanwhile there was no significant difference between the Ctrl and R groups. Lactobacillus supplementation significantly decreased serum DAO levels compared with the Ctrl group, with the lowest level observed in the J group.



3.4. Effect of Lactobacillus reuteri L81 on intestinal morphology of weaned calves

The effect of L. reuteri L81 on the intestinal tissue morphology of weaned calves is shown in Table 3. The results showed that the villus height and the ratio of villus height to crypt depth of each small intestinal segment in the R group of Holstein weaned calves were higher than those in the Ctrl group, and the crypt depth was lower than that in the Ctrl group. The crypt depth of ileal in the R group was significantly reduced compared to the Ctrl group, and the villus height / crypt depth was significantly increased (p < 0.05).



TABLE 3 Effect of L. reuteri L81 on small intestinal morphology development of weaned calves.
[image: Table3]



3.5. Effects of Lactobacillus reuteri L81 on the expression of intestinal tight junction protein and cytokines related genes in weaned calves

It can be seen from Figure 2 that, compared with the Ctrl group, the gene expression of tight junction protein in duodenum of group R has no significant change. The gene related expression of tight junction protein Claudin-1, Occludin and ZO-1 in jejunum was significantly increased (p < 0.05). The relative expression of Claudin-1 gene in the ileum increased significantly (p < 0.05). There was no significant difference in the relative expression of TLR4 and IL-2 genes between the R group and the Ctrl group (p > 0.05). The expression of TGF-β1 in the jejunum and ileum of group R was significantly increased, and the expression of IL-8 in the jejunum and INF-γ in the ileum were significantly reduced (p < 0.05).
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FIGURE 2
 Effects of L. reuteri L81 on the expression of intestinal tight junction protein and cytokines related genes in weaned calves. (A) Relative gene expression of ZO-1. (B) Relative gene expression of Claudin-1. (C) Relative gene expression of Occludin. (D) Relative gene expression of TLR4. (E) Relative gene expression of INF-γ. (F) Relative gene expression of TGF-β1. (G) Relative gene expression of IL-2. (H) Relative gene expression of IL-8.




3.6. Effect of Lactobacillus reuteri L81 on pH value and enzyme activity in small intestine

The effects of L. reuteri L81 on intestinal content pH and enzyme activity in the duodenum, jejunum, and ileum were shown in Figure 3. It can be seen from Figure 3A that supplementation of L. reuteri L81 before weaning had no significant effect on intestinal pH after weaning. However, Na+-K+-ATPase activity in the duodenum, jejunum, and ileum was significantly higher in the R group than in the Ctrl group (p < 0.05). Compared with the Ctrl group, the supplementation of L. reuteri L81 had no significant effect on the activities of protease, amylase, lipase and lactase.
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FIGURE 3
 Effect of L. reuteri L81 on pH value and digestive enzyme activities of intestinal contents in weaned calves. (A) pH value. (B) Na+-K+-ATPase. (C) Protease. (D) AMS. (E) Lactase. (F) Lipase.




3.7. Quality evaluation of sequencing data of intestinal microbial communities

Sequencing of the V3–V4 regions of the 16S rRNA gene in DNA samples generated a total of 2,211,341 raw reads. After double-ended quality control, splicing, noise removal, chimerism removal, and singleton removal of raw reads, 1,308,705 valid sequences were obtained for subsequent analysis. The fungal ITS1-2 region was sequenced and 2,512,684 valid sequences were obtained for subsequent analysis. The sparse curves of all samples were nearly flat, indicating that the sequencing amount of each sample was sufficient to cover most of the bacterial and fungal communities and that the sequencing results reflected the composition and diversity of the bacterial and fungal communities in the samples (Figure 4). To assess the commonality and uniqueness of microorganisms in different intestinal segments, the number of ASVs common to different intestinal segments among the groups was analyzed using a Venn diagram. In the Ctrl and R groups, there were 123 ASVs for bacteria and 44 ASVs for fungi in the different intestinal segments, and each group of samples had unique ASVs. The number of unique ASVs in the ileum was higher than those in the duodenum and jejunum. Compared with the Ctrl group, a higher number of unique ASVs were observed in the jejunum and ileum of calves in the R group.
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FIGURE 4
 Bacterial and fungal rarefaction curve and venn diagrams of ASVs in different intestinal segments of different sample groups. (A) Bacterial rarefaction curve based on Chao index. (B) Fungal rarefaction curve based on Chao index. The X-axis is the sequencing depth, and the Y-axis is the median value and boxplot of Chao index calculated for 10 times. (C) Venn diagram of bacteria ASVs. (D) Fungus ASVs Venn diagram. CD, ctrl group duodenum; CJ, ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri L81 group duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.




3.8. Effect of Lactobacillus reuteri L81 on the diversity of intestinal microbiota in weaned calves

Furthermore, the effect of L. reuteri L81 supplementation on duodenal, jejunal, and ileal microbiota diversity were examined (Figure 5). The Good’s coverage index of each group of samples was above 0.99, indicating that the sequencing data sufficiently reflected the composition and distribution of the intestinal microbiota. Compared with the control group, the Chao1 and Shannon indices of bacteria and fungi in the different intestinal segments showed an upward trend in the R group; however, there was no significant difference in Simpson index between the groups.
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FIGURE 5
 Effect of L. reuteri L81 on diversity of intestinal microbiota in weaned calves. (A) Bacterial α diversity index. (B) Fungal α diversity index. (C) NMDS diagram of bacteria. (D) NMDS diagram of fungal. 0.01 < p < 0.05 in the figure indicates significant difference, marked with *; p < 0.01 indicates extremely significant difference, marked with **. CD, ctrl group duodenum; CJ, ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri L81 group duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.


A non-metric multidimensional scale (NMDS) analysis of the composition of microbes in the duodenum, jejunum, and ileum of weaned calves was performed based on Bray Curtis distance (Figure 5). Intestinal microbiota in the same intestinal tract formed distinct clusters among individuals; however, there were individual differences between the groups, with the R group showing a significant separation of the ileal microbiota from the duodenal and jejunal microbiota.



3.9. Effect of Lactobacillus reuteri L81 on the structure of intestinal microbiota in weaned calves

At the phylum level, the dominant bacterial microbiota in the duodenum, jejunum, and ileum were Firmicutes, followed by Actinobacteria and Bacteroides. The dominant bacteria in the duodenum and jejunum were Firmicutes and Actinobacteria, while those in the ileum were Firmicutes and Bacteroides (Figure 6). The relative abundance of Bacteroidetes was significantly higher in the ileum than in the duodenum and jejunum. Compared with the Ctrl group, L. reuteri L81 supplementation significantly decreased the relative abundance of Proteobacteria in the ileum of the calves. Ascomycota was the dominant fungal phylum in the duodenum, jejunum, and ileum, followed by Basidiomycota and Mucoromycota. Ascomycota fluctuated between groups, and the relative abundance of Ascomycota in the ileum of the R group was significantly lower than that in the other experimental groups.
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FIGURE 6
 Effects of L. reuteri L81 on the intestinal microbiota composition of weaned calves at the level of phylum and genus. (A) The microbiota composition of bacteria at the phylum level. (B) The microbiota composition of fungal at the phylum level. (C) The microbiota composition of bacteria at the genus level. (D) The microbiota composition of fungal at the genus level. CD, ctrl group duodenum; CJ, ctrl group jejunum; CI, ctrl group ileum; RD, L. reuteri L81 group duodenum; RJ, L. reuteri L81 group jejunum; RI, L. reuteri L81 group ileum.


At the genus level, Megaspaera, Dialister, Prevotella, Olsenella, and Bulleidia were the predominant bacteria in the duodenum and jejunum. Megaspaera, Prevotella, and Dialister were the dominant genera in the ileum, followed by Ruminococcaceae (Ruminococcus) and Blautia. However, L. reuteri L81 supplementation increased the relative abundances of Ruminoccaceae_Ruminococcus, Blautia, and Oscillospira in the ileum and decreased the relative abundance of Dialister in the duodenum, jejunum, and ileum. Talaromyces and Aspergillus were the dominant fungal genera in the duodenum, jejunum, and ileum, followed by Thermomyces.

LEfSe analysis was performed to further identify microbial compositional differences in intestinal segments between the Ctrl and R groups (Figure 7). L. reuteri L81 supplementation enriched Bifidobacteriales, Lactobacillus, Mobilucus and Corynebacterium in the duodenum; Thermomyces in the jejunum; and Blautia, Collinsella, Oscillospira, Roseburia, Coprobacillus, Odoribacter, Lactobacillus, Thermogenes, Lophotrichus, and Botryotrruchum in the ileum.
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FIGURE 7
 LEfSe analysis of intestinal microbiota in weaned calves. (A) Histograms of LEfSe analysis of duodenal bacteria in the Ctrl group and L. reuteri L81 group. (B) Histograms of LEfSe analysis of ileal bacteria in the Ctrl group and L. reuteri L81 group. (C) Histogram of LEfSe analysis of ileal fungi in the Ctrl group and L. reuteri L81 group. (D) Histogram of LEfSe analysis of jejunum fungi in the Ctrl group and L. reuteri L81 group. The ordinate of the histogram is the classification group with significant difference between groups, and the abscissa is the bar chart showing the logarithmic score of LDA of each classification group. The longer the length is, the more significant the difference of taxon is. The color of the bar chart indicates the sample group with the highest abundance corresponding to the taxon.





4. Discussion

During weaning, calves are prone to stress, which can affect their health and growth performance, and lead to stunted growth and development. Probiotics play a positive role in promoting animal health, improving host immunity, combating pathogenic bacteria, regulating intestinal microecology, and improving enhancing intestinal epithelial barrier function (Aoudia et al., 2016; David et al., 2016; Kelsey and Colpoys, 2018).


4.1. Growth performance, diarrhea incidence, and diarrhea index

In the present study, supplementation with L. reuteri L81and L. reuteri L81 + L. johnsonii L29 improved ADG in wean calves compared with the Ctrl group at T1–T2 and T2–T3. Similarly, L. reuteri supplementation has been shown to significantly improve the ADG of piglets (Wang et al., 2020); in contrast, some studies have shown that the addition of L. reuteri or the combination of L. reuteri and other probiotics had no significant effect on ADG in weaned piglets (Dell’Anno et al., 2021), which could be attributed to differences in probiotic strains, supplementation amount, or combinations. Additionally, supplementation with L. reuteri L81 + L. johnsonii L29 significantly reduced the F/G ratio at T1–T2. Previous studies have shown that the supplementation of L. reuteri or probiotics before weaning can improve the growth of calves.

Early intervention with probiotics has been reported to prevent calf diarrhea, reduce calf mortality, and improve calf health by promoting gastrointestinal health and maintaining intestinal barrier integrity in pre-weaning calves (Liu et al., 2015). A previous study showed that L. reuteri and L. johnsonii exhibited potent antibacterial activity against pathogens that commonly cause bovine diarrhea (Fan et al., 2021). L. reuteri has a strong ability to adhere to the intestinal mucosa, which can improve the distribution of intestinal microbiota and inhibit colonization by harmful bacteria (Deng et al., 2020). Moreover, L. johnsonii supplementation has been shown to improve intestinal environment, immunity, and disease resistance in piglets (Xin et al., 2019). In the present study, supplementation with L. reuteri L81and L. johnsonii L29 reduced diarrhea incidence at T0–T1 and T1–T2 after weaning, which was consistent with previous findings. Although there was no significant difference in diarrhea rate between the groups at T2–T3, Lactobacillus supplementation significantly reduced the diarrhea index of calves. Overall, these results indicated that the probiotics were effective in preventing weaning diarrhea in calves when administered individually or in combinations.



4.2. Serum biochemical indicators

ALB has several physiological functions, such as maintaining normal colloidal osmotic pressure in blood vessels, transporting various metabolic substances, and regulating transported substances. GLB is primarily involved in immune regulation, while BUN is a product of protein metabolism and an important indicator of renal function. In the present study, serum TP and GLB levels were significantly higher in the R group than in the Ctrl group at T3, indicating that L. reuteri L81 improved immune performance in weaned calves. Similarly, calves in the R group had significantly higher BUN levels than those in the Ctrl group at T1 and T2, indicating that amino acid metabolism was elevated in weaned calves and that accumulated nitrogen could not be discharged in a timely manner (Lu et al., 2021; Han et al., 2022). GLU is the main indicator of glucose metabolism in the body and is a direct energy source for the body’s activities. In the present study, L. reuteri L81 and L. johnsonii L29 supplementation had different effects on serum GLU levels, indicating that different microecological preparations have different effects on energy and lipid metabolism in weaned calves.



4.3. Immune function, antioxidant capacity, and intestinal permeability

Serum IgG, IgM, and IgA levels reflect the functional state of humoral immunity (Kotnik and Zaletel, 2011; Panahi et al., 2020; Tan et al., 2021). Some studies have shown that L. johnsonii supplementation can improve serum IgG levels in sows (Wang et al., 2014), restore serum IgA and IgG levels in elderly mice with protein energy malnutrition (PEM), and contribute to the recovery of the immune system in immunocompromised hosts (Kaburagi et al., 2007). Additionally, L. johnsonii BS15 supplementation can prevent subclinical necrotizing enteritis (SNE) in broilers by improving immune related blood parameters and enhancing intestinal immunity (Wang et al., 2018). Consistent with previous findings, L. johnsonii L29 supplementation significantly increased serum IgG, IgM, and IgA levels in weaned calves in the present study, indicating that L. johnsonii L29 has a promoting effect on enhancing the immunity of weaned calves. Similarly, some studies have shown that L. reuteri can significantly increase serum IgG and IgA levels and enhance immune response in mice. In the present study, L. reuteri L81 supplementation significantly increased serum IgG and IgA levels at T2 and T3 compared with the Ctrl group. Moreover, supplementation with L. reuteri L81 and L. johnsonii L29 mixture significantly improved serum IgG, IgM, and IgA levels in calves at T3, indicating that supplementation with L. reuteri L81, L. johnsonii L29, or a combination of both can alleviate weaning-induced diarrhea by increasing calf immunoglobulin levels and enhancing immunity against viruses and bacteria.

SOD activity indirectly reflects the ability of the body to scavenge free oxygen radicals. Studies have shown that L. reuteri supplementation can significantly improve SOD activity in piglets (Yang et al., 2019). Similarly, oral administration of L. reuteri significantly increased SOD activity and decreased MDA levels in the intestinal tissue of mice with necrotizing enterocolitis (Tang et al., 2019). In the present study, probiotics supplementation significantly increased SOD activity at T1 and T3 compared with the Ctrl group, which was consistent with previous findings, indicating that probiotics can increase the activity of antioxidant enzymes in calves.

Weaning stress can damage the immune system and alter the production of inflammatory cytokines (Kim et al., 2012; Gurung et al., 2021), making the body extremely susceptible to infection by various pathogens. Studies have shown that some L. reuteri strains (including GMNL-263) can reduce the production of proinflammatory cytokines, such as TNF-α and IL-6, in mice fed a high fat diet (Hsieh et al., 2016). Additionally, L. reuteri significantly suppressed sodium dextran sulfate-induced expression of TNF-α (Hou et al., 2018). Consistent with previous findings, L. reuteri L81 supplementation significantly reduced serum IL-6 level at T3 compared with the Ctrl group in the present study. IL-10 is an anti-inflammatory cytokine that inhibits the expression of several pro-inflammatory cytokines and cell surface antigens, and improves immunopathology (Couper et al., 2008). In the present study, L. johnsonii L29 supplementation significantly increased serum level of IL-10 compared with the Ctrl group. Additionally, supplementation with L. reuteri L81 and a mixture of L. johnsonii L29 and L. reuteri L81 significantly increased serum IL-10 levels, which was consistent with previous findings that probiotics can bind to intestinal mucosal epithelial cells via toll-like receptors and mediate cytokine secretion to regulate the expression of immune T cells and the production of IL-10 to enhance the body’s immunity (Carolina et al., 2019). L. reuteri L81 and L. johnsonii L29 have been speculated to alleviate inflammatory reaction in the body, improve intestinal mucosal barrier function, and reduce the occurrence of diarrhea by stimulating the anti-inflammatory cytokine IL-10.

Factors, such as stress and autoimmune system dysfunction, have been shown to damage mucosal barrier function and alter intestinal wall permeability (Wang et al., 2016). ET, D-LA, and DAO can enter blood circulation via the damaged intestinal mucosa, making them important markers for evaluating intestinal mucosal barrier function (Kuang et al., 2020; He et al., 2022). In the present study, L. johnsonii L29 supplementation inhibited the leakage of D-LA and DAO into the peripheral blood and suppressed serum ET levels compared with the Ctrl group, indicating that L. johnsonii L29 had a protective effect on intestinal mucosal integrity. Similarly, L. reuteri L81 supplementation significantly reduced serum DAO levels, and serum concentration of D-LA at T1 and T2. L. reuteri has been speculated to alleviate weaning diarrhea by reducing intestinal mucosal damage. Additionally, L. reuteri L81supplementation significantly reduced serum levels of ET, indicating that L. reuteri can inhibit the growth of harmful intestinal bacteria and reduce the production of intestinal toxins. Similarly, supplementation with a mixture of L. reuteri L81 and L. johnsonii L29 decreased the serum levels of ET, D-LA, and DAO in weaned calves at different time points compared with the Ctrl group, indicating that the probiotics reduced intestinal mucosal permeability, improved mucosal barrier function, and reduced the leakage of endotoxins into blood circulation, thereby relieving weaning diarrhea in calves. In our research, we found that compared with L. johnsonii L29, under the same nutritional and cultural conditions, L. reuteri L81 has faster growth rate, shorter passage and preparation cycle, and lower economic and time costs for large-scale cultivation. Considering economic cost factors, it is more suitable for the preparation and production of probiotic formulations and is convenient for later promotion and application. Therefore, in the subsequent experiments, just L. reuteri L81 was studied.



4.4. Intestinal morphology

The villus height, crypt depth, and the ratio of villus height to crypt depth are major indicators in evaluating the integrity and digestive ability of the small intestine. When calves are weaned, due to the imperfect digestive system of calves and the change of dietary structure, it is easy to lead to the contraction of intestinal villi, the decrease of digestion and absorption enzyme activity of calves. We found that the supplementation of L. reuteri L81 increased the height of small intestinal villi, reduced the depth of crypts, and also had a positive effect on increasing the ratio between the two. The small intestinal villi mainly absorb amino acids, glucose, inorganic salts and other substances from the epithelial cells of the intestinal mucosa to provide nutrition for the body. The ratio of villus height to crypt depth can comprehensively reflect the digestion and absorption of the intestine. The larger the ratio, the more epithelial cells in the small intestine, the larger the absorption area of the small intestine, and the higher the absorption and utilization of nutrients. The results showed that the L.reuteri L81 increased the average daily gain of calves after weaning. It was speculated that this was related to the increase of villus height and the ratio of villus height / crypt depth, which was similar to the results of previous studies (Wang et al., 2020). In short, L. reuteri L81 enhances the integrity of intestinal tissue morphology in weaned calves, thereby promoting nutrient absorption and weight gain.



4.5. Expression of intestinal tight junction protein and cytokines related genes

There is a group of protein complexes composed of transmembrane proteins such as ZO-1, Occludin and Claudins between intestinal epithelial cells, which play a key regulatory role in maintaining intestinal barrier function and preventing intestinal mucosal injury (Günzel and Yu, 2013; Kuo et al., 2021). Bacteria and toxins can enter other tissues or organs through the damaged intestinal epithelial cell tight junction protein, thus causing bacterial and toxin translocation and many diseases. It has been reported that the supplementation of probiotics can enhance the intestinal physical barrier function by increasing the expression of intestinal epithelial tight junction protein. For example, Lactobacillus rhamnosus GG can protect the intestinal mucosa of rats from PTG induced damage by preventing the decrease of the expression of intercellular connexin (Orlando et al., 2018). Lactobacillus reuteri LR1 isolated from the feces of weaned piglets can increase the protein content of tight junction protein, ZO-1 and Occludin in IPEC-1 cells infected by ETEC K88 (Yi et al., 2018). In this study, it was found that the gene expression of ZO-1, Claudin-1 and Occludin in jejunum mucosa and Claudin-1 in the ileum were significantly increased after weaning of Holstein calves supplemented with L. reuteri L81 before weaning, which was consistent with the results of previous studies. It shows that L. reuteri L81 plays an important role in enhancing intestinal barrier function and maintaining intestinal health. In addition, we also found that L. reuteri L81 significantly enhanced the gene expression of TGF-β1 in jejunum and ileum mucosa, and significantly reduced the gene expression of IL-8 in jejunum and INF-γ in ileum, indicating that this strain can regulate the immune performance of calves after weaning by enhancing the expression of anti-inflammatory factors and inhibiting the expression of pro-inflammatory factors, and reduce the intestinal mucosal damage caused by pathogenic bacteria, thereby alleviating the occurrence of weaning diarrhea in calves.



4.6. Enzyme activity in small intestine

The activity of digestive enzymes in the digestive tract is an important indicator of digestive function in animals. Na+/K+-ATPase is a transmembrane protein that plays an important role in maintaining Na+ −dependent transport vectors, such as sodium glucose co-transporter 1 (SGLT1)-mediated glucose transport (Manoharan et al., 2018). A previous study showed that children with ulcerative colitis with severe proctitis have significantly lower Na+/K+-ATPase activity than those with remission stage ulcerative colitis or with normal rectal mucosa, which may lead to impaired sodium transport-induced diarrhea (Ejderhamn et al., 1989). Additionally, B. amyloliquefaciens supplementation significantly increased intestinal Na+/K+-ATPase activity in piglets (Hu S. et al., 2018). Consistent with the previous findings, L. reuteri supplementation significantly increased the activity of Na+/K+-ATPase in the duodenum, jejunum, and ileum of weaned calves.



4.7. Regulation of intestinal microbiota

The intestinal microbiota plays crucial roles in the development, maturation, and homeostasis of the mucosal immune system (Hou et al., 2022), and an imbalance in the intestinal microbiota is associated with several diseases that cause inflammation of the intestinal tissue (Malmuthuge et al., 2015). Maintaining normal intestinal microbiota structure is necessary to maintain a healthy gut. There is increasing evidence that early intervention of intestinal microbiota during critical periods may be a promising method for improving intestinal microbial colonization (Xiang et al., 2020). Supplementation with probiotics improves early intestinal health and reduces intestinal diseases in calves (Aidy et al., 2013; Gensollen et al., 2016). This study conducted 16S rRNA and ITS gene amplicon sequencing on the small intestine contents of Ctrl and R groups of calves on the 21st day after weaning to analyze the effect of L. reuteri L81 on the composition and diversity of intestine microbiota in weaned calves.

Intestinal microbial diversity is related to the age, disease status and growth rate of calves. For example, intestinal microbial diversity was significantly lower in calves with diarrhea than in healthy calves (Oikonomou et al., 2013). Previous studies have shown that the supplementation of probiotics to calf diets can alter intestinal bacterial diversity and colony composition in the gastrointestinal tract (Wen et al., 2022). An abundant intestinal microbiota can resist pathogenic bacteria invasion; moreover, the higher the microbiota diversity the better is the nutritional status of the intestinal tract. In the present study, L. reuteri L81 supplementation increased the number of unique ASVs compared with the Ctrl group, with an increase in Chao1 and Shannon indices of intestinal microbiota, indicating that Lactobacillus enhanced the abundance and diversity of intestinal microbiota and improved disease resistance. Some studies have shown relatively low microbial diversity in the small intestine, similar microbial composition and diversity in the ileum and hindgut of Aohan Fine Wool Sheep, and significantly lower intestinal microbial diversity and abundance in the foregut than in the hindgut (Ma et al., 2022). In the present study, the number of unique ASVs and Chao1 and Shannon indices was significantly higher in the ileum than in the duodenum and jejunum, indicating a higher bacterial diversity and abundance in the ileum than in the duodenum and jejunum, which was consistent with previous findings (Myer et al., 2016; Freetly et al., 2020). However, there was no significant difference in Simpson index among the groups, indicating that L. reuteri L81 supplementation did not significantly affect bacterial uniformity in each intestinal segment. Additionally, NMDS analysis showed significant separation of microbial composition in the ileum, duodenum, and jejunum of calves with supplemented L. reuteri L81, indicating a certain difference in microbial community composition between the ileum and other intestinal regions, which is consistent with the research results of Chinese Mongolian sheep. NMDS analysis showed that there was a significant separation in microorganism composition in the ileum, duodenum, and jejunum of calves fed Lactobacillus-supplemented diet, indicating that there was a certain difference in the composition of microbial communities in the ileum and other intestinal regions, which was consistent with findings in Chinese Mongolian sheep (Zeng et al., 2017).

High-throughput sequencing showed that Firmicutes, Bacteroides, and Actinobacteria were the dominant bacteria in the small intestine of weaned calves. Firmicutes can participate in energy absorption in the intestine (Tap et al., 2010), and Firmicutes have been shown to be the dominant flora in the small intestine of ruminant and monogastric animals (Costea et al., 2017; Liu et al., 2019). The small intestinal microbial community is mainly composed of rapidly growing facultative anaerobic bacteria that can tolerate the combined effects of bile acids and antibiotics and effectively compete with the host and other bacteria for simple carbohydrates. Bile acids secreted by the proximal bile duct can inhibit the growth of Bacteroides spp. (Donaldson et al., 2016), which was confirmed by the relatively low abundance of Bacteroidetes in the duodenum and jejunum of calves in the present study, regardless of whether L. reuteri L81 was added or not.

At the genus level, there were similarities and differences in the dominant bacterial genera in various segments of the small intestine, which may be related to the physiological function of each intestinal segment. Specifically, L. reuteri L81 supplementation decreased the relative abundance of Dialister in the various segments of the small intestine. Among the human intestinal microbiota, Dialister has one of the lowest average abundances of core bacteria, but its role in the microbiota is poorly understood. However, the low abundance of Dialister has been shown to be related to Crohn’s disease (Joossens et al., 2011). L. acidophilus NCFM strain and cellobiose symbiotic bacteria supplementation for three weeks increased the relative abundance of Bifidobacterium, Collinsella, and Eubacterium, and decreased the relative abundance of Dialister, which is similar to the results of the present study. Bifidobacteria can improve the intestinal epithelial barrier function in animals by inhibiting the secretion of pro-inflammatory factors and improving the expression of intestinal tight junction proteins (Ling et al., 2016; Dong et al., 2022). An in-depth study of Lactobacillus showed that this bacterium could maintain the intestinal epithelial barrier function by inhibiting intestinal epithelial cell apoptosis, upregulating the expression of intestinal tight junction proteins, and improving the integrity of the intestinal mucosa (Hu S. et al., 2018; Zhou et al., 2022). Oscillospira is a genus of bacteria capable of producing short-chain fatty acids, such as butyric acid, which has positive effects in certain specific diseases and is considered a candidate for the next generation of probiotics (Yang et al., 2021). Several factors, including probiotics and prebiotics, promote the enrichment of Oscillospira spp. In the present study, L. reuteri L81 supplementation enriched Bifidobacterium, Lactobacillus, and Oscillospira in the duodenum, jejunum, and ileum, indicating that L. reuteri L81 can improve the intestinal barrier function of calves by promoting the relative abundance of probiotics, thereby alleviating weaning diarrhea. Several studies have shown that Collinsella and Bifidobacterium can modify host bile acids and regulate the virulence of intestinal pathogens (Elisha et al., 2017). Bacteroides and Odoribacter play important roles in maintaining the balance between intestinal microbiota and intestinal barrier function (Li et al., 2012). The enrichment of these bacteria in the ileum plays a positive role in maintaining the intestinal health in weaned calves. Additionally, L. reuteri L81 supplementation enriched fungi in the jejunum and ileum, indicating that the addition of this bacterium also had an impact on the composition of the fungal. For example, the Thermomycetes was enriched in the jejunum and ileum of the L. reuteri L81 group. Research has shown that Thermomyces is an excellent hemicellulose degrading bacterium that secretes xylanase (Lu et al., 2022). Increased serum triglyceride concentration and metabolic biomarkers in mice, including the deposition of hepatic lipids, weight gain, correlate with increased abundance of the fungal Thermomyces and decreased Saccharomyces (Mims et al., 2021). Research suggests that intestinal fungi are related to host health and disease; however, the role of fungi in intestinal health requires further study.




5. Conclusion

In our previous study, fecal microbial transplantation was carried out with Xinjiang yak as donor and Holstein calf as recipient. In this research, two strains of Lactobacillus (L. reuteri L81and L. johnsonii L29) isolated from the feces of Holstein calves after low concentration fecal microbiota transplantation had a positive effect on the growth performance, immune and antioxidant capacity in weaned calves, and alleviated weaning diarrhea by reducing intestinal permeability. Supplementation of L. reuteri L81 before weaning significantly reduced the ileal crypt depth and increased the ratio of villus height to crypt depth of ileal after weaning. It significantly up-regulated gene expression of tight junction proteins ZO-1, Claudin-1, Occludin and cytokine TGF-β1 in jejunum mucosa, and increased gene expression of Claudin-1 and TGF-β1 in the ileum mucosa, reduced gene expression of pro-inflammatory factor IL-8 in the jejunal mucosa and INF- γ in the ileal mucosa. L. reuteri L81 also significantly increased the Na+- K+- ATPase activity in the small intestine of weaned calves. In addition, it promotes the enrichment of beneficial bacteria Bifidobacterium, Lactobacillus, and Oscillospira in the small intestine. To sum up, L. reuteri L81 can effectively improve the intestinal tissue morphology of calves after weaning, enhance the intestinal epithelial barrier function, alleviate stress reactions and intestinal damage caused by early weaning, and help enhance the resistance of calves to weaning diarrhea.
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Background: Diarrhea in newborn calves is considered life-threatening and results in large economic losses in dairy farms. Lactobacilli generally play an important role in intestinal health, and Lactobacillus (Limosilactobacillus; L.) reuteri is the dominant Lactobacillus species in the feces of healthy calves during the first week of life. In calves with diarrhea on day 2 postpartum, lactobacilli are significantly reduced even up to 24 h before the onset of clinical signs. Since the probability of occurrence of diarrheal disease decreases as the L. reuteri count in the feces increases, oral administration of this species might have a protective effect against diarrhea.

Objective: These studies were designed to demonstrate whether oral administration of preselected L. reuteri isolates can reduce the incidence of diarrhea in newborn calves on dairy farms.

Microorganisms: 46 L. reuteri isolates from 2-day-old healthy calves were available from a previous study.

Animals: 170 newborn calves of Simmental breed of 10 dairy farms in Bavaria (Germany), were included in the study; of 166 animals the data could be evaluated.

Methods: Microbiological (antibiotic sensitivity test, acid and bile salt stability test, antimicrobial activity of the supernatants), molecular biological (PCR, RAPD-PCR) and toxicological methods (MTT test) were used to select and to characterize suitable L. reuteri isolates. The administration of a suspension of two selected L. reuteri isolates (6–8 × 108 colony forming units per day) to calves was performed from day 2 to day 5 after birth in a double-blinded placebo-controlled study. Clinical monitoring of the calves continued until the 14th day of life.

Results: Out of 46 L. reuteri isolates, only 2 met the set criteria and were used in the feeding trial. In the placebo group, 44 of 83 calves developed diarrhea within the first 2 weeks of life, whereas in the L. reuteri group this was only the case in 31 of 83 animals (p < 0.05).

Conclusion: L. reuteri appears to be of particular importance for the intestinal health of newborn calves. The diarrhea protective effect could be even more pronounced if an improved administration regimen is developed in terms of start, frequency, and duration.

KEYWORDS
 Lactobacillus, Limosilactobacillus, reuteri, calf, diarrhea, protection


1. Introduction

Diarrhea in newborn calves is one of the most common multifactorial diseases in dairy farming. It is considered life-threatening and results in large economic losses in dairy farms (Elze et al., 1994; Doll et al., 1995).

The incidence of neonatal diarrhea varies from country to country. The lowest values are reported in Sweden and Denmark (9.8 and 10.3%) (Probo and Veronesi, 2022). In a former study carried out in Bavaria (Germany) we showed that about 37% of newborn calves developed diarrhea within the first 8 days of life (Schwaiger et al., 2022). Similar data were reported for Switzerland (Pipoz and Meylan, 2016), while incidence values from France (Lorino et al., 2005) and the Netherlands (Bartels et al., 2010) were lower (14.4 and 19.1%). Five to 10% of newborn calves die, and about half of the mortality in calves up to 1 month old is due to diarrhea (Kaske and Kunz, 2003; Brickell et al., 2009). The National Animal Health Monitoring System for U.S. dairy reported for 2014 that 56% of sick calves had digestive disorders with a mortality rate of 8.5%. Most cases of digestive disorders and death occurred in calves less than 1 month old (Urie et al., 2018).

The economic damage of neonatal diseases is not only based on the immediate events such as deaths, growth retardation and/or treatment costs, surviving animals mostly show negative effects on later health (e.g., increased animal losses until the end of the first lactation) and performance (e.g., later first calving age) (Donovan et al., 1998; Trilk and Münch, 2008).

Both infectious and non-infectious factors can cause diarrhea in calves. Known enteric pathogens include viruses like bovine rotavirus (BRV), bovine coronavirus (BCoV), bovine viral diarrhea virus (BVDV), bacteria like Salmonella (S.) enterica, Escherichia (E.) coli, Clostridium (C.) perfringens, and parasites like Cryptosporidium (Cr.) parvum. Additionally, emerging pathogens, e.g., bovine torovirus (BToV) or caliciviruses (bovine norovirus [BNoV] and Nebovirus) are known or suspected as causative agents of diarrheal disease (Cho and Yoon, 2014). Colostrum intake, housing type, and hygienic conditions are important non-infectious cofactors and may favor the development of clinical symptoms and influence the severity and outcome (Lee et al., 2019).

According to the current knowledge, the main prophylactic measures include comprehensive birth, housing, and feeding hygiene, timely and adequate colostrum supply to the calf, and vaccination of dams (Rademacher et al., 2011). Recently, we reported that Lactobacillus (Limosilactobacillus; L.) reuteri is the dominant Lactobacillus species in the feces of healthy calves during the first week of life (Schwaiger et al., 2020), which has since been confirmed (Fan et al., 2021). In addition, we showed that (i) in calves with diarrhea on day 2 postpartum, lactobacilli were significantly reduced even up to 24 h before the onset of clinical signs, and (ii) in particular, when the concentration of L. reuteri in the feces increased, the probability of occurrence of diarrheal disease decreased (Schwaiger et al., 2022). Several other studies described the probiotic effects of L. reuteri, e.g., vitamin and amino acid production, modulation of host immune responses and improvement of intestinal mucosa integrity (Aureli et al., 2011). This knowledge, together with the observations of our previous study, led us to hypothesize that possibly neonatal diarrhea in calves could be reduced by administration of L. reuteri, taking into account that L. reuteri have highly host specific effects (Duar et al., 2017). This paper describes the criteria for the isolation and selection of suitable L. reuteri strains explicitly from healthy newborn calves using clinical, microbiological, molecular biological and toxicological methods. This is followed by a description of an experiment on the effect of a mixture of two isolated L. reuteri strains on the incidence of diarrhea in calves during the first 2 weeks of life after oral administration.



2. Materials and methods


2.1. Origin of the L. reuteri isolates

In a recently published study (Schwaiger et al., 2020), we demonstrated that L. reuteri becomes the most common Lactobacillus species during the first week of life in healthy calves. A follow-up study has shown that lactobacilli were significantly underrepresented in calves with diarrhea on the second day of life, even 24 h before the onset of the disease. A total of 38 different species of lactobacilli were detected in the feces of all investigated calves (n = 150). A closer look at the Lactobacillus group using the logit model revealed the important role of L. reuteri in gut health, since the probability of diarrhea decreased significantly with increasing concentrations of L. reuteri (p = 0.036). Based on these results, we hypothesized that an earliest possible administration of L. reuteri might contribute to a reduced incidence of diarrhea (Schwaiger et al., 2022). A total of 46 strains of L. reuteri [identified by MALDI-TOF MS using a Bruker Microflex™ LT equipment (Bruker, 164 Billerica, USA) and the Biotyper Real Time Classification software v. 3.0 (Bruker Daltonics, Bremen, 165 Germany)] from the feces of 2-day-old calves (n = 38) of Simmental breed was available for the present study. L. reuteri DSM 20016 (German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) was included as a reference strain. Of these calves, n = 22 remained healthy during the first 14 days after birth, while n = 16 became ill with diarrhea. The calves were housed in calf-igloos or weather-protected individual boxes in 11 Bavarian dairy farms. All details on calf breeding regimes, data collection, as well as isolation and identification of bacteria can be seen in Schwaiger et al. (2020) and Schwaiger et al. (2022). Details on the breeding regimes of the present study are described below (see 2.5.1 Animals).



2.2. Characterization and selection of strains to be applied


2.2.1. DNA extraction of the isolates

DNA was extracted from culture material of the 46 L. reuteri strains using the Power Soil™ DNA Isolation Kit (MoBio Laboratories Inc., USA) according to the manufacturer’s instructions.



2.2.2. L. reuteri specific PCR

The primer pair REUT1 (5′-TGAATTGACGATGGATCACCAGTG-3′, forward) and LOWLAC (5′-CGACGACCATGAACCACCTGT-3′, reverse) synthesized by Metabion (Germany) was used to amplify a 1,000 bp sequence of the 16S rRNA gene (Chagnaud et al., 2001). The total volume of the PCR reaction was 25 μL, containing 12.5 μL of a commercially available master mix (PCR Master Mix, 2x, Promega Corporation, USA), to which 11.0 μL nuclease free water (Promega Corporation, USA), 0.25 μL (1 μM) primer REUT1, 0.25 μL (1 μM) primer LOWLAC, and 1.0 μL of template DNA were added. The reference strain L. reuteri DSM 20016 served as a positive control, nuclease-free water instead of template DNA as a negative control. The PCR was performed in a thermocycler (T3000, Biometra, Germany) under the following conditions: pre-incubation: 95°C, 600 s; amplification: denaturation 95°C, 30 s, annealing: 65°C, 30 s, elongation: 72°C, 60 s, 30 cycles; final elongation: 72°C, 600 s; cooling 4°C. The amplicons were separated by electrophoresis in a 1% agarose gel containing ethidium bromide and the profiles were visualized under UV-light.



2.2.3. Randomly amplified polymorphic DNA-PCR (RAPD-PCR)

Isolates identified as L. reuteri were characterized by a RAPD-PCR as described by Williams et al. (1990) using the primer OPA-18 (5′-AGGTGACCGT-3′; synthesized by Metabion, Germany) (Mättö et al., 2004). The total volume of the PCR reaction was 25 μL, containing 12.5 μL of a commercially available master mix (PCR Master Mix, 2x, Promega Corporation, USA), to which 10.5 μL nuclease free water (Promega Corporation, USA), 1.0 μL (0.4 μM) primer OPA-18, and 1.0 μL of template DNA were added. The PCR was performed in a thermocycler (T3000, Biometra, Germany) under the following conditions: pre-incubation 95°C, 300 s; amplification: denaturation: 94°C, 60 s, annealing: 32°C, 1 s, elongation: 72°C, 120 s, 45 cycles; final elongation: 72°C, 600 s; cooling: 4°C. The amplicons were separated by electrophoresis in a 1% agarose gel containing ethidium bromide and the profiles were evaluated visually under UV-light.



2.2.4. Determination of phenotypic antibiotic resistance

Antibiotic resistance of the L. reuteri isolates was determined by microdilution following the recommendations of the German Institute of Standardization DIN (DIN 58940-81: 2002) as previously described (Hölzel et al., 2010). Commercial microtiter plates pre-coated with various antibiotics in increasing concentrations (Merlin, Bornheim-Hersel, Germany) were used for this purpose. Briefly, a suspension of a L. reuteri strain in 0.9% NaCl solution was adjusted to Mc Farland 0.5 and 100 μL of this suspension were added to 13 mL Wilkins-Chalgren Broth (CM 643, Oxoid, Wesel, Germany). The wells of the microtiter plates were filled with 100 μL of the L. reuteri containing suspension, shaken for 5 min, sealed with an adhesive film, and incubated anaerobically [Anaerocult® gas generator system (Merck, Darmstadt, Germany)] at 37°C for 48 h. The evaluation was carried out visually in consideration of the cut-off values specified by EFSA Panel on Additives and Products or Substances used in Animal Feed (2018): ampicillin: 2 mg/L; gentamicin: 8 mg/L; kanamycin: 64 mg/L; streptomycin: 64 mg/L; erythromycin: 1 mg/L; clindamycin: 4 mg/L; chloramphenicol: 4 mg/L.

Instead of tetracycline (cut-off value: 32 mg/L), we used doxycycline (cut-off value: 8 mg/L) for technical reasons (see Discussion for more details). Since L. reuteri is intrinsically resistant to vancomycin (Klein et al., 2000), testing according to EFSA guidance is not required. We first determined the sensitivity of isolates to clindamycin, doxycycline, erythromycin, gentamycin, and kanamycin. Isolates found to be sensitive to these antibiotics were then tested against ampicillin and chloramphenicol and then against streptomycin.



2.2.5. Selection criteria for suitable isolates

The isolates eligible for further selection and characterization had to meet the following criteria in stages: (1) the species specific PCR must clearly confirm L. reuteri; (2) to avoid redundancies, L. reuteri isolates of the same sample and with the same RAPD profile were counted as one isolate; (3) the isolate must not originate from a calf with diarrhea; (4) the RAPD profile of an isolate from a healthy calf had to be found in at least 4 other isolates from 4 other healthy animals; and (5) the isolates had to meet the antibiotic sensitivity criteria.




2.3. Confirmation of identity of the selected strains by 16S rRNA-gene-PCR and DNA-sequencing

This PCR was performed on the finally selected L. reuteri isolates and the DSMZ reference strain and was carried out based on the method of Korthals et al. (2008) with the universal primer pair com1 (5′-CAGCAGCCGCGGTAATAC-3′, forward) and com2 (5′CCGTCAATTCCTTTGAGTTT-3′, reverse, synthesized by Metabion, Planegg, Germany) amplifying a fragment of approximately 400 bp of the 16S rRNA gene (Schwieger and Tebbe, 1998). The total volume of the PCR reaction was 25 μL, containing 20.37 μL nuclease free water (Promega Corporation, USA), to which 2.5 μL buffer (1.5 mM MgCl2), 0.5 μL dNTP mix (Quiagen, Germany), 0.25 μL (0.5 μM) primer com1, 0.25 μL primer com2, 0.13 μL hot start polymerase (Quiagen, Germany), and 1.0 μL of template DNA were added. The PCR was performed in a thermocycler (T3000, Biometra, Germany) under the following conditions: pre-incubation: 95°C, 900 s; amplification: denaturation 94°C, 60 s, annealing: 50°C, 60 s, elongation: 72°C, 70 s, 30 cycles; final elongation: 72°C, 300 s; cooling 4°C. The amplicons were separated by electrophoresis in a 1% agarose gel containing ethidium bromide and the profiles were visualized under UV-light.

Bands were excised from the gel with a scalpel and purified using a “Qiaquick Gel Extraction Kit” (Qiagen, Venlo, The Netherlands) as described by the manufacturer. Sequencing was carried out by Sequiserve (Vaterstetten, Germany), and the nucleotide sequences of the gene fragments were analyzed using the BLAST program.1



2.4. Further characterization of the selected isolates L. reuteri 6-1-5 Lac2 and 11-8-5 Lac 1

The L. reuteri isolates meeting the above-mentioned criteria were subjected to the following further investigations in order to confirm their general suitability for oral administration.


2.4.1. Acid and bile salt stability

Since potentially probiotic strains have to survive the gastrointestinal passage, the acid and bile salt stability of the remaining L. reuteri isolates were tested based on the method of Saarela et al. (2003). The test parameters used were based on those of Vlková et al. (2009) and Maldonado et al. (2012) for the selection of probiotic bacteria for young ruminants. In brief: L. reuteri isolates were incubated anaerobically in PBS (pH 7.2), in PBS adjusted with 1 M HCl to pH 2 and 3, respectively, and in PBS containing 0.5 and 1.5% ox gall powder, respectively (Fluka, Germany) up to 4 h at 37°C under continuous shaking on a horizontal shaker (150 rpm, Titramax 1000, Heidolph, Schwabach, Germany). After 0, 2, 3 and 4 h, aliquots were taken and the germ concentration was determined by the reference spatula method on MRS-Agar (Oxoid, CM361, Germany) as described by Gedek (1974).



2.4.2. Antimicrobial activity of supernatants of L. reuteri cultures against pathogens

An agar diffusion test as described by Schillinger and Lücke (1989) and modified by Maldonado et al. (2012) was used to investigate the antibacterial activity of supernatants of L. reuteri. Briefly, L. reuteri were incubated in MRS-bouillon (Merck, 1.10661, Darmstadt, Germany) for 18 h at 37°C under anaerobic conditions. The liquid culture was then centrifuged at 2,320 × g for 15 min. The supernatant was divided into two aliquots, the pH was determined, and one aliquot was adjusted to pH 6.5 using 1M NaOH. Before testing the antibacterial activity, the supernatants were filtered using a microfilter (0.2 μm, Sartorius, Göttingen, Germany). E. coli O101:K99 (Culture collection, Chair of Animal Hygiene, Technical University Munich, Freising-Weihenstephan, Germany), S. typhimurium (DSM 554) and C. perfringens (DSM 756) served as test organisms. The bacteria were suspended in physiological saline solution and the suspensions were adjusted to McFarland 0.5 (E. coli, S. typhimurium) and McFarland 2 (C. perfringens). Suspensions of E. coli and S. typhimurium were spread out to plate count agar (Oxoid, CM 271, Germany), those of C. perfringens to Schaedler agar (BD 212189, Becton Dickinson, Germany) containing 5% defibrinated sheep blood (1000100, Fiebig, Düsseldorf, Germany) and vitamin K1 (10 mg/L; 5.01890, Merck, Germany). Six holes (diameter 5 mm) were punched out of the agar using a sterile cork-borer (5 mm, VWR, Darmstadt, Germany) and filled with 35 μL of the native supernatants (pH 4.4) and with the supernatants adjusted to pH 6.5 by using NaOH. Pure MRS broth (pH 6.5) and pure MRS broth adjusted to pH 4.4 by using HCl served as controls. The test batches were left at room temperature (20–22°C) for 1 h to allow the liquid to diffuse into the agar. Subsequently, they were incubated aerobically or anaerobically (C. perfringens) at 37°C for 24 h.



2.4.3. MTT-test

Even if L. reuteri is “generally recognized as safe” (GRAS; Food and Drug Administration [FDA], 2023), the presence of possibly cytotoxic compounds in culture supernatants was tested using the MTT- test (Mosmann, 1983). In brief: Culture supernatants were prepared as described by Motevaseli et al. (2013). Monolayers of Vero-cells cultured for 24 h in microtiter plate wells served as test organisms. Two different experiments were performed to exclude only acid-related effects: (1) pH values of an aliquot of the culture supernatants were corrected to 6.5 (equal to pure MRS broth) using NaOH; (2) pH of MRS broth was corrected to 4.3 (equal to culture supernatants) using lactic acid. Sterile filtered culture supernatant was added to the Vero cells in dilutions of 1:1 to 1:124 (diluent: RPMI 1640, R8658, Sigma, Germany) and incubated at 37°C for 24 h. Twenty-five μl of an MTT solution (3-(4,5-dimethylthiaol-2-yl)-2,5-diphenyltetrazolium bromide; 5 mg/mL phosphate-buffered saline) was added, incubated again for 1 h and then the optical density (OD) was determined photometrically at 490 nm. Addition of culture medium instead of culture supernatants to the Vero cells served as cell control. The relative cleavage activity (CA) was calculated using the formula.
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2.5. Examination of the influence of the selected L. reuteri strains 6-15-5 Lac2 and 11-8-5 Lac1 on the incidence of diarrhea in newborn calves


2.5.1. Animals

170 newborn calves of Simmental breed of 10 dairy farms (17 calves per farm) in Bavaria, were included in the study. Four calves developed diarrhea before the first administration of the L. reuteri suspension (or the placebo) and were therefore excluded from further evaluation. The farms had comparable calf management and feeding designs. In brief: All calves were placed outside within 24 h after birth in weather-protected individual boxes. Colostrum (fresh, hand-milked) was fed as soon as possible after birth. For the first 5 days of life and 3 to 4 times per day, the calves received hand-milked milk from the mother cow, followed by a milk replacer. During the perinatal period no antibiotics were administered to the cows. Further detailed information regarding management systems and data collection were reported earlier (Schwaiger et al., 2022).

To avoid data bias, no probiotic containing starter was fed. If necessary, oral electrolytes were the only symptomatic therapeutic agents when diarrhea occurred. Clinical examination of all calves was performed by the farmers after prior instruction for at least 14 days, and the results considering common clinical parameters, sensorium, sucking reflex, skin turgor, eyeball position, heart rate, respiratory rate, appetite, and feces characteristics, were recorded (Stöber, 2012). The scoring system of the Clinic for Ruminants of the Veterinary Faculty of the University of Munich (Germany) was used for the diagnosis: “feces that have the consistency of water or pea soup or that flow through spread fingers are classified as diarrhea” (Prof. Wolfgang Klee, personal communication).



2.5.2. Preparation of L. reuteri suspension

The two selected L. reuteri strains were cultured in batches in 200 mL MRS broth for 24 h at 37°C under anaerobic conditions and constant shaking (150 rpm). The bacterial suspensions were centrifuged (370 × g), the pellets were washed three times with physiological saline, resuspended with buffered physiological saline (7.65 g NaCl, 0.724 g Na2HPO4, 0.21 g KH2PO4, distilled water ad 1,000 mL), and suspensions were photometrically adjusted to an extinction of 2.4 at λ = 600 nm (equivalent to 6–8 × 108 cfu (colony forming units)/ml). In addition, the total L. reuteri count was checked by plating a dilution series on MRS agar (anaerobic, 48 h, 37°C). Equal amounts of the suspensions of the two test strains were combined and 10 mL were filled into sterile glass vials and sealed with autoclaved rubber stoppers under aseptic conditions. Purity of the prepared suspensions was controlled by cultural examinations. For this, 0.1 mL of the prepared suspension was plated in duplicate on plate count agar (Oxoid, CM 271), blood agar (plate count agar with 7.5% defibrinated sheep blood [Fiebig, 1000100]) and Gassner agar (Merck, 1.01282), and incubated for 24 h at 37°C. In addition, contamination with Salmonella was ruled out by selective enrichment. In brief: 1.0 mL of the L. reuteri suspension was added to 5.0 mL buffered peptone water (10 g peptone [Merck, 1.07213, Darmstadt, Germany], 5.0 g NaCl, 3.75 g Na2HPO4, 1.5 g KH2PO4, sterile distilled water ad 1000 mL) and incubated aerobically for 24 h at 37°C; then, 0.1 mL of the enrichment was dropped onto MSRV-agar (Oxoid CM 910, Oxoid SR 161) and incubated aerobically for 24 h at 37°C. Salmonella growth is characterized by a turbid, milky layer covering the previously clear agar.



2.5.3. Placebo preparation and sterility control

Autoclaved corn starch (10 g) was suspended in 990 mL of buffered saline solution (7.65 g NaCl, 0.724 g Na2HPO4, 0.21 g KH2PO4, sterile distilled water ad 1,000 mL), and 10 mL of the suspension were transferred to sterile glass vials sealed with autoclaved rubber stoppers. Sterility of the placebo was checked by plating out 0.1 mL of each suspension on plate count agar, blood agar, Gassner agar and MRS agar and incubated for 24 h at 37°C under aerobic (all agar types) and anaerobic (blood agar) conditions. In addition, Salmonella enrichment was carried out as described above.



2.5.4. Experimental design

In agreement with the Government of Upper Bavaria, the feeding experiment did not count as animal testing in the sense of the Animal Welfare Act due to the GRAS status of L. reuteri. However, a special permit was issued by Government in accordance with § 68, 2 of the Food and Feed Code (file reference: 56-2660-2416-13). Ten farms participated in the study, each with 15 to 17 newborn calves, with approximately the same number of animals per farm receiving L. reuteri suspension or placebo. A dose of 6–8 × 109 CFU of L. reuteri or the placebo was administered orally to 83 calves each about 24 h after birth and on each of the following 3 days before morning feed. For the first 4 days, the calves received milk from the suckler cow, after which they switched to the usual milk replacer of the farm. The experiment was carried out as a double-blinded study: the farmers who cared for the animals and diagnosed “diarrhea” did not know whether they administered the suspension of L. reuteri or a placebo.



2.5.5. Detection of pathogens by sandwich ELISA

In case of diarrhea during the first week after birth, the presence of the most prevalent diarrhea pathogens BRV, BCoV, E. coli F5 (K99), and Cr. parvum was tested by using a digestive antigen sandwich enzyme-immunoassay (ELISA; BIO K 348, Bio-X Diagnostics, Rochefort, Belgium) according to the manufacturer’s instructions.



2.5.6. Statistics

All statistical analyses were carried out with the program “R” (version 4.0.3). For the cluster analysis dist(B, method “manhattan”), hclust(*, complete) was used. A generalized logistic mixed model (penalized quasi likelihood) that takes random effects into account was used to assess the differences between the L. reuteri and placebo groups (Bolker et al., 2009).





3. Results


3.1. Selection of L. reuteri isolates


3.1.1. Species specific PCR

Species-specific PCR of the 46 L. reuteri isolates previously identified by MALDI-TOF-MS (Schwaiger et al., 2022) showed amplicons with a specific band at 1000 bp in gel electrophoresis. In 4 isolates, one or two additional bands were detected at 100 bp and 400 bp, respectively. These isolates were excluded from further investigations because a clear identification could not be guaranteed.



3.1.2. RAPD-PCR

The remaining 42 isolates of L. reuteri and the reference strain DSM 20016 were characterized in more detail by RAPD-PCR. No amplicons were obtained from two isolates, so a total of 40 RAPD-PCR profiles were subjected to cluster analysis. In total, we were able to analyze 16 different profiles (9 single profiles and 7 profile-types derived from more than one isolate). The largest cluster comprises 13 isolates and is characterized by a single band at 1500 bp. The other clusters are formed by 2 to 5 isolates and usually have 2 or more bands. Details can be found in Figure 1.
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FIGURE 1
 Cluster dendrogram of 40 L. reuteri isolates from healthy and diarrheic calves and the reference strain DSM 20016 based on their RAPD profiles (measured as Manhattan distances).


Considering the origin of the isolates, 6 isolate pairs with identical profiles originated from the same sample. Assuming that L. reuteri isolates with the same RAPD profile deriving from the same fecal sample are identical, the number of possible candidates was reduced to 34. Individual isolates with different RAPD profiles (n = 10) and isolates from animals that developed diarrhea within the observation period (n = 13) were not considered further. Since the probability of a possible protective effect might increase with the abundance of the strains in the feces of healthy calves, isolates from different calves with the most frequently shared RAPD profiles were selected for further investigations. The remaining 11 isolates were then subjected to susceptibility testing to selected antibiotics. Figure 2 summarizes the individual selection steps.
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FIGURE 2
 Flow chart depicting selection criteria and decisions for choosing potentially diarrhea protective L. reuteri isolates.




3.1.3. Antibiotic resistance

In a first step, we tested the 11 isolates against clindamycin, doxycycline, erythromycin, gentamicin and kanamycin. Seven isolates did not meet the requirements. This was primarily due to resistance to clindamycin, erythromycin and/or gentamicin. All 4 remaining isolates were sensitive to chloramphenicol, but only 2 were sensitive to ampicillin. These two isolates (L. reuteri 6-15-5 Lac2 and 11-8-5 Lac1) were also susceptible to streptomycin. The results of the antibiotic susceptibility study of the L. reuteri isolates are summarized in Table 1.



TABLE 1 Minimum inhibitory concentrations (mg/L) of L. reuteri isolates in the microdilution test.
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3.2. Further characterization of L. reuteri 6-15-5 Lac2 and 11-8-5 Lac1


3.2.1. Acid and bile salt stability

Both isolates were stable to a 4 h exposure to 1.5% bile salts or to pH 7.0 and 3.0; a decrease in the initial germ content (about 108 cfu/mL) could not be determined. However, incubation of the isolates at pH 2 reduced the bacterial counts of L. reuteri 6-15-5 Lac2 and L. reuteri 11-8-5 Lac1 to 106 cfu/mL and 102 cfu/mL, respectively (Figure 3).
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FIGURE 3
 Influence of different pH-levels or oxgall powder concentrations on the viability of L. reuteri isolates 6-15-5-Lac2 (A) and 11-8-5 Lac1 (B).




3.2.2. Cytotoxicity of the supernatants determined by MTT test

During growth of the L. reuteri isolates in MRS broth, the pH changed from originally 6.5 to 4.3. To exclude only acid-related effects, two experiments with different pH values were performed (see Materials and Methods). The results are shown in Figure 4 and indicate that a pH level of 4.3 affects MTT cleavage activity more than pH 6.5. However, because the concentration-dependent courses of the cleavage activities were either nearly identical (pH 4.3) or even showed slightly higher values than the MRS control (pH 6.5), there is no evidence of acute cytotoxic activity in the supernatants.

[image: Figure 4]

FIGURE 4
 Influence of different concentrations of supernatans of L. reuteri isolates or MRS broth on the relative cleavage activity of Vero cells. (A) pH-values of the supernatants corrected to 6.5. (B) pH-values of the MRS broth corrected to 4.3.




3.2.3. Antimicrobial activity of the supernatants

As already described, the growth of L. reuteri alters the pH of the culture medium. For this reason, the tests were carried out with and without pH correction. As depicted in Table 2, minimal inhibition of E. coli (K99), S. typhimurium (DSM 554) or Cl. perfringens (DSM 756) was recorded only by the native supernatant fluids of L. reuteri 6-15-5 Lac2 and 11-8-5 Lac1 (pH 4.4). On the contrary, neither pure MRS broth corrected to pH 4.4 nor culture supernatants adjusted to pH 6.5 formed inhibition zones.



TABLE 2 Inhibition of pathogens by supernatants of L. reuteri isolates (grown in MRS-broth) in an agar diffusion test.
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3.2.4. DNA-sequences of the isolates L. reuteri 6-15-5 Lac2 and 11-8-5 Lac1

Analysis of the 2 isolates by species-specific PCR and 16S rRNA-gene-PCR revealed amplicons of approximately 1,000 bp and 400 bp, respectively. Analysis of the sequencing results by BLAST showed 99% sequence similarity for all PCR products (sequence length 409 and 999 bases) with the L. reuteri species of the database and between the two isolates. The sequences can be seen in Supplementary Table.




3.3. Influence of L. reuteri 6-15-5 Lac2 and 11-8-5 Lac 1 on the incidence of diarrhea in newborn calves

Of the 170 calves included in the study, 4 animals developed diarrhea within the first 24 h of life. Since the administration of the L. reuteri suspension or placebo only started on the 2nd day after birth, these animals were not included in the evaluation of the data, thus reducing the number of animals to n = 166.

The administration of the L. reuteri suspension or the placebo did not cause any immediate clinical abnormalities in any of the calves, neither in general behavior nor in feed intake.

Of the 166 calves included in the evaluation, 75 became ill with diarrhea in the first 2 weeks of life. Of these, 31 animals were in the L. reuteri group and 44 in the placebo group (Figure 5A); the difference is statistically significant (p = 0.048). Looking at the temporal course of the diarrhea incidences, it is noticeable that this difference is more pronounced between the 3rd and 10th day after birth (Figure 5B).
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FIGURE 5
 Influence of the administration of a combined suspension of L. reuteri isolates (6-15-5 Lac2, 11-8-5Lac1; 6-8×109 cfu/dosis, once a day) or a placebo on the incidence of diarrhea in newborn calves (n = 83 per group). (A) Number of calves with diarrhea during the first 2 weeks after birth (*p < 0.05). (B) Time distribution of the onset of diarrhea (arrows indicate the administration of the suspension of L. reuteri).


ELISA analysis of the diarrhea samples from the first week after birth for dominant pathogens showed that rotavirus and cryptosporidia were detected in 3 (13%) and 9 (39%) of 23 calves of the L. reuteri group, respectively, while this was the case in 10 (28%) and 15 (43%) of 35 calves of the placebo group. Coronaviruses were analyzed in 2 samples of the placebo group, whereas E. coli F5 (K99) was not detected in any sample. Overall, there were no significant differences in pathogen detection between the experimental and placebo groups.




4. Discussion

The effectiveness of the use of probiotics in calf husbandry in terms of increased performance and improved productivity parameters is well documented, but the available data on improved animal health and disease prevention seem to be less convincing (Alawneh et al., 2020). One reason for this observation may be that the probiotic strains used were not selected in a goal-oriented manner. To select a potentially diarrhea-preventive bacterial strain especially for calves, we proceeded as follows: (1) we studied the development of certain bacterial groups in healthy newborn calves, and (2) we investigated whether there are differences in terms of the quantitative development of these bacteria in healthy animals and animals that developed diarrhea (Schwaiger et al., 2020, 2022). Based on the study results, L. reuteri emerged as a possible diarrhea-preventive species.

As a first step, we verified the existing MALDI-TOF-MS identification results of 46 L. reuteri strains isolated from calf feces using species-specific PCR. Four isolates showed additional bands, which may be artifacts or due to contamination which led to their exclusion from further experiments. Nevertheless, this result again confirms that MALDI-TOF is a reliable identification method for bacteria (Dingle and Butler-Wu, 2013).

Further differentiation of the L. reuteri isolates using RAPD-PCR revealed 16 different band profile types, indicating gene variation within the species. However, it is striking that about one third of the L. reuteri isolates showed the same band profile, which might reflect that genetically distinct subpopulations of L. reuteri strongly correlate with their host and might indicate a strong host-symbiont association (Oh et al., 2010; Wegmann et al., 2015; Yu et al., 2018; Park et al., 2020).

Due to the risk of resistance transfer, EFSA guidelines specify that the susceptibility of a bacterial strain has to be tested for specific antibiotics if it is to be used as an additive in feed (EFSA Panel on Additives and Products or Substances used in Animal Feed, 2018). The goal is to minimize the spread of acquired resistance genes through horizontal gene transfer. At this point, it is important to point out again that we used doxycycline instead of tetracycline. Since doxycycline is approximately two to four times more potent than tetracycline (Dallas et al., 2013), this should be considered when evaluating MIC values. If the higher potency value of doxycycline is used as the basis for estimating a cut-off value, it would be set at 8 mg/L (compared to the EFSA cut-off value for tetracycline [32 mg/L]). If this estimate is used to evaluate the measured MIC values, 4 isolates show increased resistance to doxycycline. These isolates were excluded due to increased resistance to other antibiotics anyhow. The fact that only 2 of the 11 isolates tested met the criteria set indicates a quite significant prevalence of phenotypic antibiotic resistance in the L. reuteri species, a result comparable to that of Egervärn et al. (2007). Due to the growing problem of resistant bacteria in humans and animals, testing the antibiotic susceptibility of bacteria is an extremely important criterion when selecting candidates for a probiotic.

Further in vitro characterization of the two selected isolates (6-15-5Lac2 and 11-8-5Lac1) indicated that they could be suitable as potential probiotic microorganisms regarding the following aspects: (i) no exceptional cytotoxicity was observed in the MTT assay and the results were largely consistent with those of comparable studies (Motevaseli et al., 2013). At pH 6.5, both isolates showed even less cytotoxicity than the growth medium itself. The slightly higher cytotoxicity at low pH values of the culture medium is probably due to the acid produced by the test strains; it should be noted that the production of organic acids is considered a protective property of probiotic bacteria (O'Hara and Shanahan, 2007). According to the results of the study, together with the findings of other researchers, the selected isolates were classified as non-toxic, which supports the assumption that they are to be regarded as GRAS bacteria. (ii) In vitro assessment of the survivability of the two isolates in the gastrointestinal tract was also promising: both were found to be stable to high bile salt concentrations of up to 1.5%, which is approximately five times the physiological concentration in the chyme (Morelli, 2000). Only a pH of 2 resulted in a greater reduction in bacterial numbers within 4 h. Although the pH of the stomach contents of a fasting calf may fall below 2, it rises to values of 5 to 6 a few minutes after milk ingestion and then falls steadily to baseline within 6 to 8 h (Ahmed et al., 2002). Since both isolates were found to be stable at pH 3 and administration of the isolates was planned as part of the diet, there were no restrictions on their use as a possible probiotic.

The untreated culture supernatants (pH 4.4) of both L. reuteri isolates yielded low growth inhibition zones against the tested bacterial diarrheal pathogens (E. coli O0101:K99; S. typhimurium C. perfringens), but neutralization of the pH abolished the inhibitory effect. Since a growth medium adjusted to pH 4.4 did not result in the formation of an inhibition zone, the observed inhibitory effect cannot be attributed solely to the low pH. This is plausible since it is known that L. reuteri produces antimicrobial substances apart from lactic acid, such as ethanol, reuterin and reutericyclin (Mu et al., 2018). Additionally, it is also known that organic acids, such as lactic acid, exert their anti-bacterial effect in the acidic range (Ouwehand and Vesterlund, 2004). Since there were no investigations on the production of antimicrobial or otherwise protective substances in the present study, it would be interesting to have a closer look on those compounds in future research – ideally considering that, e.g., the gut microbiome and host immune responses can influence production and efficacy (Fernández et al., 2018; Fernández-Ciganda et al., 2022). When using organoid models, it may also be possible to make some statements about the mechanisms of action under near-realistic conditions, which could substantiate and explain the clinical effectiveness in vitro (Bozzetti and Senger, 2022).

A comparative four-day administration of the L. reuteri suspension or a placebo to newborn calves showed the diarrhea-protective potential of the two isolates: the incidence of diarrhea within the first 14 days was statistically significantly reduced by about 30%. This result may not seem very convincing at first sight, but it must be considered that the administration of the suspension was started only on the second day of life and that it lasted only 4 days. In addition, the experiments were conducted practically in 10 farms with different diarrhea incidences, which was taken into account in the chosen statistical model. It is well known that diarrhea in newborn calves occurs in two phases (about day 1 to 3 and about day 5 to 9; Lorino et al., 2005; Schwaiger et al., 2022). Since the first wave of diarrhea starts virtually after birth, its intensity might not have been influenced by administration of L. reuteri beginning on the second day; the delayed use of the L. reuteri suspension was due to a compromise with the farmers for logistical reasons. In addition, the growth kinetics of L. reuteri must also be considered. When culturing metabolically active L. reuteri strains in MRS broth (anaerobic, 37°C), the lag phase is between 2 and 5 h (Ehrmann et al., 2002). Our L. reuteri isolates were suspended in nutrient-free PBS which merely provides an environment to keep bacteria alive for a certain time, but it does not contain the nutrients which are necessary for the growth of L. reuteri. Moreover, they were stored at 4°C before administration, whereas optimum growth is around 37°C (DSMZ, 2023). Although it has not been verified in this study, it seems possible that under these suboptimal conditions their growth and metabolic activities are significantly reduced, which should result in a prolonged lag phase and thus a delayed onset of action.

Nevertheless, the incidence of diarrhea in the L. reuteri group was significantly lower than in the placebo group between days 4 and 10 of life. It can be assumed that administration of L. reuteri immediately after birth with the colostrum and over a longer period would have reduced the incidence of diarrhea even more significantly. The most effective administration regimen would need to be determined through an extensive follow-up study comparing different administration times and durations, where it would also be interesting to see to what extent other parameters such as weight gain, general health or, in the long term, subsequent fertility are influenced.

When looking at the incidence of known pathogens in the calves with diarrhea within the first week of life of both groups, no major differences can be observed. Only fewer rotavirus infections were detected in the L. reuteri group, compared to the placebo group (13% versus 28%), but this result is not statistically significant. However, this observation is not entirely uninteresting or to be dismissed out of hand, since inhibition of rotaviruses by L. reuteri has already been described in various studies (e.g., Alak et al., 1997; Sagheddu et al., 2020).

In summary, our studies confirm that L. reuteri are of particular importance for the intestinal health of newborn calves. The significant reduction of calf diarrhea in the first critical 14 days of life by a 4-day prophylactic administration of a mixture of L. reuteri 6-15-5Lac2 and 11-8-5Lac1 isolated from healthy calves impressively underlines this. The protective effect could be even more pronounced if an improved administration regimen is developed in terms of onset, frequency, and duration.
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Background: Atopic dermatitis (AD) has increased rapidly with rapid urbanization; however, the treatment options for AD are lacking because the commonly used therapies can only alleviate symptoms. Limosilactobacillus reuteri (L. reuteri), FN041 is a specific strain isolated from human breast milk, and its protective potential against AD has been confirmed. This study aims to assess the efficacy of maternal consumption of L. reuteri FN041 during late pregnancy and lactation in preventing infantile AD.

Methods: First, a randomized, double-blind, placebo-controlled intervention study will be conducted on 340 pregnant females with babies at high risk for AD. These subjects will be randomly divided into four groups of different doses of L. reuteri FN041 (1 × 109, 5 × 109, and 1 × 1010 CFU/d) along with a placebo. The safety and efficacy of maternal use of L. reuteri FN041 for preventing infantile AD will be analyzed, and the most efficient dosage of L. reuteri FN041 will be determined. Subsequently, a multicenter cohort study of 500 pregnant females with babies at high risk for AD will be conducted to promote the maternal application of L. reuteri FN041. These subjects will be administered L. reuteri FN041 at the optimal dose determined during the first stage of late pregnancy and lactation, and their babies will be analyzed for AD development. Recruitment was initiated in October 2022.

Discussion: The primary outcome is the cumulative incidence of AD at 24 months after maternal consumption of L. reuteri FN041 during late pregnancy and lactation, whereas the secondary outcome is the efficiency of L. reuteri FN041 transfer from the mother’s gut to breast milk and then the infant’s gut after oral supplementation. This study will demonstrate the efficacy of edible probiotics isolated from breast milk in preventing or treating AD in infants. Accordingly, we provide population-based advice for administering specific probiotics for the primary prevention of AD in pregnant females. Understanding the underlying mechanisms of probiotic strains derived from breast milk can promote their application in preventing infant diseases associated with intestinal microbiota imbalance and immune disorders.

Clinical trial registration: https://www.chictr.org.cn/, identifier [ChiCTR2300075611].
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Introduction


Background and rationale

Atopic dermatitis (AD) is an immune-associated inflammatory skin disease characterized by recurrent severe itching and dry skin (Langan et al., 2020). Severe itching affects sleep, growth, and development of young children (Nicholas et al., 2022; Wollenberg et al., 2023). Without effective intervention, infants with AD are susceptible to developing asthma, allergic rhinitis, and conjunctivitis (Elezbawy et al., 2023). The prevalence of AD among urban infants in China is rapidly increasing and similar conditions have been observed in other developing countries (Elezbawy et al., 2023). AD usually occurs early in life. In China in 2019, the total prevalence of AD in infants aged 1–12 months was 30.48%; among which, the incidence in infants aged 3 months was approximately 40.81% (Guo et al., 2019). Currently, clinical therapy commonly involves the use of glucocorticoids and immunosuppressive drugs; however, these drugs alleviate the clinical symptoms of AD only to a certain extent and may cause side effects (Wollenberg et al., 2023). Further, treatment with drugs is challenging in terms of limitations in drug selection for infants and young children (Wollenberg et al., 2023). Therefore, it is necessary to find suitable prevention and therapeutic strategies for infants and young children with AD.

Infant gut microbiota colonization and abnormal immune response are involved in the development of AD (Mahmud et al., 2022). In children with AD, the diversity of the gut microbiota and relative abundance of Lactobacilli and Bifidobacteria are substantially decreased, whereas the abundance of pathogenic bacteria such as Escherichia coli, Clostridium difficile, and Staphylococcus aureus is notably increased, compared to healthy individuals (Kim and Kim, 2019). Alterations in the gut bacterial community are correlated with disease severity (Kim and Kim, 2019). Previous data have revealed that exclusive breastfeeding in the first 3 months of life is associated with a lower incidence of AD in infants with a family history of allergic diseases (Gdalevich et al., 2001). This protective effect may be related to the microorganisms supplied by breast milk, which ensures a continuous supply of bacteria throughout the lactation period for infants (Lyons et al., 2020).

Interestingly, a recent meta-analysis summarized 21 relevant randomized controlled trials conducted in different countries and confirmed that supplementing mothers with composite probiotics before and after delivery can prevent infantile AD, whereas supplementing infants with probiotics may not effectively prevent the onset of AD (Amalia et al., 2020). Among these studies, five observed that probiotic mixture interventions during pregnancy and lactation reduced the incidence of AD in infants by approximately 28% (Amalia et al., 2020). However, in studies using a single probiotic strain, lactobacillus rhamnosus HN001 (HN001) or lactobacillus rhamnosus GG (LGG), for maternal supplementation did not reduce the incidence rate of AD in infants (Ou et al., 2012; Wickens et al., 2018). However, supplementation of both mothers and infants with HN001 during pregnancy and lactation can significantly reduce the incidence of AD by 2 years (Wickens et al., 2008). The main reason behind the poor preventive effects of probiotics against AD when administered to mothers during pregnancy and lactation, rather than to infants, may be explained by the fact that probiotics such as LGG cannot be effectively transmitted through breast milk to the infant’s intestines (Simpson et al., 2018). The key to preventing AD in infants via maternal consumption of probiotics is to use strains that can be transmitted from the mother’s gut to breast milk.

The infant gut microbiota changes rapidly in early life and gradually shifts to the adult composition during the first year after birth (Pickard et al., 2017). Breastfeeding has been suggested to be a key factor in establishing the infant gut microbiome (Baldassarre et al., 2018). According to entero-mammary pathway hypothesis, some bacteria in the mother’s gut can be transported to the breast through the lymphatic system and enter the infant’s gut via breast milk (Rodriguez, 2014). Our previous work demonstrated that secretory immunoglobulin A (sIgA)-coated bacteria are the key bacteria for vertical transmission from mother to child (Ding M. et al., 2022; Qi et al., 2022). In the agricultural and pastoral areas of the Gannan Tibetan Autonomous Prefecture of China, the relative abundance of Limosilactobacillus reuteri in human milk is far higher than that in other urbanized areas, which may contribute to the low incidence of allergic diseases (Chen, 2013; Ding et al., 2019). We previously used targeted sIgA immunomagnetic bead enrichment and separation technology to isolate a strain of sIgA-coated L. reuteri (isolation number FN041, patent strain storage number GDMCC60546) from the breast milk of Gannan females. This strain is included in the list of bacterium strains that can be used for food released by the National Health Commission and is a probiotic that can be used in ordinary food.

We also observed that maternal supplementation with L. reuteri FN041 during late gestation and lactation, along with offspring supplementation with L. reuteri FN041 after weaning, could effectively protect against AD (Zhao et al., 2022). In mice, the protective effect of maternal intervention with the sIgA-coated L. reuteri strain, which can be transmitted to milk, may modulate the intestinal microbiota community and the immune response of the offspring (Zhao et al., 2022; Qi et al., 2023). Moreover, further research has proven that the protective effect imparted by maternal supplementation with L. reuteri FN041 was much stronger than that imparted by the L. reuteri FN041 supplementation only in infant mice to prevent AD after weaning (Zhou et al., 2022). Therefore, assuming that maternal consumption of L. reuteri FN041 during pregnancy and lactation may be effective in preventing AD in offspring, we conducted a randomized controlled trial to provide data on this primary prevention strategy for AD.



Objectives

This study aims to assess the incidence of infantile AD after maternal consumption of L. reuteri FN041 during late pregnancy and lactation. The optimum dosage will be determined by analyzing the efficacy of maternal supplementation with different doses of L. reuteri FN041 in preventing AD in offspring. Additionally, the secondary objective is to identify the transfer efficiency of L. reuteri FN041 from the mother’s gut to breast milk and then to infant’s gut after oral supplementation.



Trial design

The study is divided into two stages. In the first stage, a multicenter, randomized, double-blind, placebo-controlled intervention study will be conducted in 340 pregnant females with babies at high risk for AD recruited from the Wuxi Maternity and Child Health Care Hospital affiliated with Jiangnan University and the Affiliated Hospital of Qingdao University. These subjects will be randomly divided into four groups (n = 85 for each group): (1) placebo group administered with the carrier solid beverage daily, (2) group administered with L. reuteri FN041 solid beverage at a dose of 1 × 109 CFU/d, (3) group administered with L. reuteri FN041 solid beverage at a dose of 5 × 109 CFU/d, and (4) group administered with L. reuteri FN041 solid beverage at a dose of 1 × 1010 CFU/d. Their offspring will be examined for AD development during the 2 years after birth so that the efficacy of maternal use of L. reuteri FN041 in the prevention of AD can be analyzed by calculating the cumulative incidence of AD in infants. Adverse reactions will be also recorded. Studies have reported that the most efficient dosage of L. reuteri FN041 can be determined within 6 months after birth, as infantile AD often develops in early life and peaks in the third month of life (Guo et al., 2019).

In the second stage of L. reuteri FN041 promotion and application, a multicenter cohort study in an expanded research population will be conducted. A total of 500 pregnant females with babies at a high risk for AD will be recruited from four tertiary hospitals: Wuxi Maternity and Child Health Care Hospital affiliated with Jiangnan University, Affiliated Hospital of Qingdao University, Suzhou Municipal Hospital, and Changzhou Maternal and Child Health Hospital. These subjects will be administered with L. reuteri FN041 at the optimal dosage determined in the first stage during late pregnancy and lactation; subsequently, their babies will be followed up for AD development for 2 years after birth.




Methods


Eligibility criteria

According to the World Allergy Organization guidelines, a child may be considered at high risk for allergy if a biological parent or sibling has a history of allergic rhinitis, asthma, eczema, or food allergy (Fiocchi et al., 2015). The recruited pregnant females with babies at high risk for AD must meet the following inclusion criteria: healthy pregnant female (14–16 weeks of gestation), the mother or father of the fetus, or previous child of the couple diagnosed with any of the allergic diseases, including asthma, eczema, food allergy, or allergic rhinitis. This information will be confirmed by specific recruiters prior to recruitment. The risk of developing AD in infants without a family history of allergies is approximately 27%, whereas that in infants with one or two parents with an atopic history increases to 37.9 and 50.0%, respectively (Böhme et al., 2003). The population we aim to recruit meets the recommended probiotic target audience according to the guidelines of the World Allergy Organization (Fiocchi et al., 2015). The exclusion criteria are as follows: pregnant female under 16 years of age, multiple pregnancies, known fetal abnormalities, oral administration of immunosuppressive drugs or antibiotics, heart valve disease or immunodeficiency, undergoing dental surgery under antibiotic prevention, history of transplantation or HIV, long-term continuous use or ongoing use or intent to use probiotics before admission, external fertilization pregnancy, previous participation in research, deemed unsuitable for inclusion in the study owing to other medical reasons, and gestational diabetes.



Sample size calculation

The cumulative incidence of AD in high-risk infants at 1 and 2 years of age is reported to be approximately 40.1 and 41%, respectively, based on previous studies conducted in other countries (Rautava et al., 2012; Chaoimh et al., 2023). According to a previous study carried out in 2022 in our hospital, the overall point prevalence of AD in infants aged 0–24 months was 50.5% in Wuxi (Ding Y. et al., 2022). The expected cumulative incidence of AD after L. reuteri administration is approximately 20%, with a relative 20% reduction in AD incidence of 40% through intervention. Assuming that the first type of error would be 2.5% and the efficacy would be 80%, we calculated the sample using online tools.1 The sample size in each group would be 74. Considering a 10% dropout rate, each group should recruit 85 research subjects in the first stage. In the second stage of the trial, the sample size is expected to be approximately 500, which is considered sufficient to further verify the efficacy of maternal use of L. reuteri FN041 in the prevention of infantile AD.



Informed consent

The researchers will screen and record the medical history of participants and obtain written informed consent from the recruited participants with a detailed explanation. On the informed consent form, the recruited subjects will be asked whether they agree to share their data and donate their breast milk, cord blood, and feces.



Interventions


Intervention strategy

The L. reuteri strain used in this study is a probiotic supplement derived from breast milk and formulated in the form of a solid beverage with highly acceptable properties. The solid beverage contained fructooligosaccharides, erythritol, stachyose, resistant dextrin, strawberry juice powder, and vitamin C. The products of the solid beverages with and without L. reuteri have the same taste and are packed at 1.5 g per package. Limosilactobacillus reuteri has been reported to colonize the intestines of almost all vertebrates and mammals, has good biocompatibility, and is widely used for food production. We previously used targeted sIgA immunomagnetic bead enrichment and separation technology (patent number ZL201610975479. X) to isolate a strain of sIgA-coated L. reuteri FN041 (patent strain storage number: GDMCC60546) from Gannan breast milk. This species is included in the list of bacterium strains that can be used for food released by the National Health Commission and is a probiotic that can be used in ordinary food. Genome sequencing analysis revealed that L. reuteri FN041 has no horizontally transmissible antibiotic resistance or pathogenic genes.

The selected doses (1 × 109, 5 × 109, and 1 × 1010 CFU/d) of L. reuteri FN041 in the first stage are in the reported safe range and the optimal dosage will be determined and subsequently applied in the second stage. The World Allergy Organization recommends probiotic administration to pregnant females at high risk of bearing a child with allergy during pregnancy and, in case of breastfeeding, lactation (Fiocchi et al., 2015). Therefore, oral intervention with the respective solid drinks for the recruited subjects in the two stages will start from the gestational age of 32–36 weeks until delivery. The mothers will continue to consume the corresponding solid drinks daily for 6 months, from 1 to 3 days after delivery, during the lactation period. All the solid drinks are suggested to be taken orally at bedtime once daily.



Criteria for discontinuing or modifying allocated interventions

Participants will be allowed to withdraw from the research at any time without consequences.



Strategies to improve adherence to interventions

The project team comprises pediatricians, dermatologists, pediatric nurses, and clinical researchers. This study will ensure that the health or interests of the research subjects are not harmed. We will acknowledge the support of research participants to gain active cooperation. At the beginning of the project, technical training will be provided to the researchers, and specific researchers will regularly contact the subjects to record data. Researchers will regularly follow up, promptly inquire, and collect information on changes in the physical condition of pregnant females and infants and ensure the consumption of probiotics. A mobile app will be developed to strengthen the interaction between researchers and subjects. Participants who fail to complete the entire experimental process will be inquired about their reasons. To ensure the reliability of the results, every effort should be made to keep the number of dropouts below 10%; otherwise, additional research will have to be conducted.



Relevant concomitant care permitted or prohibited during the trial

During the research period, neither mothers nor infants will use any probiotic products other than those used in this experiment. Mothers will be encouraged to breastfeed their infants and will be provided with the necessary medical guidance.



Allocation and blinding

The participants recruited in this study will be grouped randomly in the first stage of project implementation so that they are consistent with each group according to their age, economic situation, educational level, and other influencing factors.

In the first stage, both the on-site and laboratory analyses will be conducted using a double-blind method. The samples of L. reuteri and placebo used in the experiment will be processed and produced by a third-party company. The project organizer, researchers, and participants will not be informed about the intervention methods they receive. The biological samples analyzed by laboratory technicians (including blood, breast milk, and feces) will be blinded to their specific sources and grouping situations until the end of all experiments.

In the second stage, a multicenter cohort study will be conducted, in which the recruited subjects will not be blinded because this stage has been designed to explore the efficacy of maternal intervention with L. reuteri in preventing infantile AD.




Statistical methods

The data obtained in this study can be divided into continuous and categorical variables, which are presented as the mean ± standard deviation or median with interquartile range and frequency with percentage, respectively. Continuous variables will be analyzed for differences among the groups using ANOVA, whereas categorical variables will be analyzed using the chi-squared test. A two-sided p-value of <0.05 will be considered statistically significant.



Participant timeline

Pregnant females will be recruited at 14–16 weeks of gestation and receive intervention strategy at 32–36 weeks of gestation. Their infants will be followed-up for 2 years after birth. Clinical follow-up will be conducted in the hospital at 1, 3, 6, 8, and 12 months of age, and telephone follow-up will be conducted at 2, 4, 5, 10, and 24 months of age. Two specific pediatric attending doctors are responsible for the clinical follow-up of the infants. Infants suspected of having AD will be referred to the pediatric dermatology clinic, and two designated pediatric dermatologists will jointly diagnose and assess disease severity. Questionnaire surveys will be completed at each clinical and telephone follow-up. Parents will be instructed to contact the project team immediately and take the infant to two designated pediatric dermatologists for diagnosis and treatment if the baby is suspected of developing AD during 0–2 years of age. A detailed flowchart of the study is shown in Figure 1.
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FIGURE 1
 Timeline of the study.




Data collection and sample collection

Clinical follow-up of the infants will be conducted at 7 and 42 days of age, and telephone follow-up will be conducted at 6, 12, and 24 months of age. Questionnaire surveys will be completed at each clinical and telephone follow-up. The infant-specific questionnaire is designed based on the International Study on Asthma and Allergy in Children. Detailed information on birth parity, number of births (single or multiple births), gestational age, mode of delivery, weight (including birth weight), length (including birth length), feeding mode (breast, formula-, or mixed-fed), maternal and infant exposure to antibiotics and probiotics, parental smoking, family history of allergic diseases, infection, and other potential confounding factors will be recorded.

The mother’s feces will be collected within 1 week before intervention with solid beverage and the first week after delivery, whereas breast milk samples (approximately 5–10 mL each time) will be collected at 1–6 (colostrum), 7–15 (transitional milk), and 16–30 (mature milk) d after childbirth. Cord blood will be collected at the time of birth. Fecal samples (approximately 0.5–6 g each time) will be collected from infants in the colostrum, during transitional lactation, and at the ages of 1, 6, and 12 months after birth.

The maternal dietary survey is designed to be carried out before and after probiotic intervention (that is, 6 months after delivery). The dietary and nutritional status survey will be conducted using a 24-h dietary recall method to investigate the intake of various foods by the study participants within 3 days. Their energy and nutrient intake will be analyzed. The food frequency questionnaire will be used to collect information on the types and frequencies of food intake among all study participants and evaluate their dietary structure.



Outcomes


Primary outcomes

In both stages of the trial, the cumulative incidence of AD within 2 years of delivery will be analyzed as the primary outcome. The diagnosis of AD is based on the Williams standard, as previously described, which is widely applicable to outpatient and general population epidemiological investigations in research (Williams et al., 1994). Skin itching is the primary criterion. The secondary criteria are as follows: (1) history of skin involvement on the flexor side, including the cubital fossa, cochineal fossa, anterior malleolus, and neck; (2) history of asthma, allergic rhinitis, or AD in first-degree relatives of children under 4 years of age; (3) history of dry skin throughout the body; (4) eczema on the flexed side (on the cheek or forehead and limbs on the extended side in children under 4 years of age); and (5) onset before the age of 2 years. Infants who meet the main criteria, along with three or more secondary criteria, will be diagnosed with AD. Once diagnosed with AD, disease severity will be assessed using the SCORAD index. Accordingly, infants will be divided into mild (SCORAD: 0–24 points), moderate (SCORAD: 25–50 points), and severe (SCORAD: >50 points) groups (Oranje et al., 2007).



Secondary outcomes

The severity of gastrointestinal and respiratory symptoms will be analyzed as a secondary outcome. Meanwhile, regulatory T cells in umbilical cord blood at birth (n = 20 for each group) will be analyzed via flow cytometry and the levels of transforming growth factor-β, interleukin (IL)-10, IL-12, IL-13, IL-4, interferon-γ (IFN-γ), tumor necrosis factor-α, and total IgE will be determined using enzyme-linked immunosorbent assay. Further, colostrum and 42-day mature milk level of transforming growth factor-β and IL-10 will be tested. Moreover, the relative abundance of sIgA-coated L. reuteri FN041 will be analyzed in breast milk and infant feces using strain-specific PCR, depending on the genome sequence information. Lactobacillus strains will be isolated and determined using 16 s rRNA sequencing, metagenomic sequencing will be performed to analyze L. reuteri FN041 (n = 10 for each group), and StrainPhlAn3 will be used to analyze the data at the strain level (Walsh et al., 2017).





Discussion

Given that AD is a common pediatric skin disease with an increasing economic burden and limitations of clinical medication, there is an urgent need to develop new strategies for disease prevention in infants. Studies on the gut–skin axis have revealed the key role of gut microbiome dysbiosis in the development of immune-mediated AD (Mahmud et al., 2022). Supplementing mothers with probiotics during late pregnancy and lactation is effective in preventing AD in their offspring, whereas supplementing infants alone with probiotics may not be effective in alleviating AD (Baldassarre et al., 2018). Probiotic supplementation during pregnancy increases the IFN-γ level in cord blood and immunomodulatory factors in breast milk (Prescott et al., 2008). Infants may develop AD when they have impaired IFN-γ activation, which disrupts the Th1/Th2 balance and leads to AD (Herberth et al., 2010; Brar and Leung, 2016). Studies have also revealed that human breast milk is a source of commensal bacteria that are beneficial for the gut health of offspring (Lyons et al., 2020). Gut-specific strict anaerobes and facultative anaerobic bacteria such as Bifidobacteria and Lactobacilli can be detected in breast milk (Gronlund et al., 2007). Two IgA molecules in the intestinal tract bind to each other through secreted fragments to form sIgA, which can wrap around bacteria in the intestinal tract (Rochereau et al., 2013). sIgA-coated bacteria can be transported into intestinal Peyer’s patches and carried by dendritic cells to the mammary glands (Macpherson and Uhr, 2004).

The mechanism of probiotic transmission from mothers to infants remains unclear, which hinders the isolation, screening, and application of probiotic strains for AD prevention. We previously observed that sIgA-coated bacteria are key functional bacteria for vertical transmission between mother and child and that breast milk is a good source of sIgA-coated probiotics (Cui et al., 2020; Ding M. et al., 2022). Limosilactobacillus reuteri is a well-studied probiotic bacterium detected in breast milk (Mu et al., 2018). Previous studies have reported the therapeutic potential of L. reuteri in the management of allergic diseases (Forsythe et al., 2007; Karimi et al., 2009). Using a patented technology developed by our group, sIgA-coated L. reuteri FN041 was isolated. Preclinical experiments have confirmed the therapeutic potential of L. reuteri FN041 in preventing AD (Qi et al., 2021; Zhou et al., 2022). Maternal mice supplemented with L. reuteri FN041 can promote the expression of intestinal antimicrobial peptides and enhance the mucosal barrier function and intestinal sIgA production by remodeling the gut microbiota in their offspring (Qi et al., 2021).

A previous study showed that no adverse reactions were observed in individuals supplemented with live L. reuteri at a daily dose of 1 × 108 to 1 × 1010 CFU (Mobini et al., 2017). A meta-analysis of eight randomized controlled trials of probiotic application in >1,500 pregnant females also revealed that probiotic consumption from 32 to 36 weeks of gestation did not increase the incidence of abortion or malformations and had no effect on birth weight, gestational age, or delivery mode (Dugoua et al., 2009). In the first stage of this clinical trial, we will assess the safety of maternal L. reuteri FN041 supplementation. We aim to determine the optimal dose of maternal L. reuteri FN041 during pregnancy and lactation for infantile AD prevention. In the second stage of the study, we intend to promote the application of maternal L. reuteri FN041 supplementation in a multicenter setting to evaluate the incidence of AD after the intervention. In addition, L. reuteri FN041 in breast milk and infant feces, detected using metagenomic sequencing and StrainPhlAn3 analysis, indicate that a specific strain L. reuteri FN041 can be transmitted to infants through breast milk, providing new evidence for vertical transmission in maternal and infant microbiomes.

Importantly, previous clinical studies have confirmed the protective action of a mixture of probiotics against AD. Here, we aim to identify the potential role of a more efficient single strain of L. reuteri FN041 in AD prevention. We have discovered that its ability to adhere to mucus is far superior to that of LGG and L. reuteri DSM17938 (unpublished data), which may explain its better preventive effect against AD than LGG and L. reuteri DSM17938 in an established AD mouse model (Zhou et al., 2022).

In addition, the regulations regarding the consumption of probiotics by infants in China are strict. Currently, only 14 strains of probiotics are allowed for infants under 1 year of age, and the approval of these 14 strains for infant consumption is mainly based on safety considerations rather than functional perspectives. Notably, all commercial strains used to prevent AD in clinical practice are isolated from the intestines of Western adults, and China has not yet developed probiotics for preventing AD. Therefore, there is an urgent need to identify probiotics in domestic breast milk that can effectively prevent infantile AD. The results of this clinical trial provide evidence for the efficacy of L. reuteri strain FN041 isolated from breast milk in preventing or curing AD in infants and provide practical advice for the supplementation of specific probiotics for the primary prevention of AD in pregnant females. Because the immunological mechanisms of AD are similar to those of other allergic diseases, understanding the mechanisms of breast milk-derived probiotic strains can contribute to their application in maternal nutritional intervention strategies to prevent diseases caused by the interaction between the infant intestinal microbiota and the immune system.


Trial status

This study is in its first stage, from October 2022 to December 2025. Subject recruitment in the first stage commenced from July 2023 and will be continued till December 2023. Subject recruitment in the second stage will start from July 2024 to December 2024.
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Background: Allergic rhinitis (AR) is a common nasal inflammatory disorder that severely affects an individual's quality of life (QoL) and poses a heavy financial burden. In addition to routine treatments, probiotic intervention has emerged as a promising strategy for preventing and alleviating allergic diseases. The main objective of this study was to determine the effect of a novel multi-strain probiotic mixture on AR symptoms and investigate potential targets underlying the probiotic intervention.

Methods: A randomized, double-blind, placebo-controlled clinical study was conducted on AR patients who were allergic to autumnal pollens (n = 31). Placebo or a novel probiotic mixture, composed of Lactobacillus rhamnosus (L. rhamnosus) HN001, L. acidophilus NCFM, Bifidobacterium lactis (B. lactis) Bi-07, L. paracasei LPC-37, and L. reuteri LE16, was administered after 2 months. The therapeutic efficacy was evaluated by a symptom assessment scale. Before and during the pollen season, blood samples were collected, and peripheral blood mononuclear cells (PBMCs) were isolated for further tandem mass tags (TMTs)-based quantitative proteomic analyses. Potential targets and underlying pathological pathways were explored using bioinformatics methods.

Results: During the pollen season, the rhinoconjunctivitis symptom score of participants who were administered probiotics (probiotic group, n = 15) was significantly lower than those administered placebo (placebo group, n = 15) (P = 0.037). The proteomic analyses identified 60 differentially expressed proteins (DEPs) in the placebo group, and subsequent enrichment analyses enriched a series of pathways and biological processes, including signaling pathways of inflammation, coagulation cascade, lipid, carbohydrate and amino acid metabolic pathways, and transcription and translation processes. Least Absolute Shrinkage and Selection Operator (LASSO) regression extracted five main elements, namely, GSTO1, ATP2A2, MCM7, PROS1, and TRIM58, as signature proteins. A total of 17 DEPs were identified in the probiotic group, and there was no pathway enriched. Comparison of DEPs in the two groups revealed that the expression levels of the high-mobility group nucleosome-binding domain-containing protein 2 (HMGN2) and Histone H1.2 presented an opposite trend with different interventions.

Conclusion: Our data showed that AR symptoms alleviated after treatment with the novel multi-strain probiotic mixture, and the proteomic analyses suggested that HMGN2 and Histone H1.2 might be targets of probiotic intervention for seasonal AR.

KEYWORDS
allergic rhinitis, probiotics, randomized placebo-controlled trial, proteomics, high-mobility group nucleosome-binding domain-containing protein 2 (HMGN2), Histone H1.2


Introduction

Allergic rhinitis (AR) is a common nasal inflammatory disorder, and it is characterized by pruritus, sneezing, rhinorrhea, and nasal obstruction (Bousquet et al., 2008). Although AR is not a fatal illness, it severely affects an individual's quality of life (QoL) and poses a heavy financial burden (Dierick et al., 2020). Furthermore, AR underlies multiple complications such as asthma and atopic dermatitis (Togias, 2003; Gabryszewski and Hill, 2021). In China, it is estimated that 17.6% of the population is affected by AR, and the prevalence has been progressively increasing (Wang et al., 2016; Tong et al., 2020). China's nationwide map of AR shows that grass and tree pollen are one of the most common types of aeroallergens, and related cases are concentrated in the northern area (Wang et al., 2018).

The classical allergic reaction of AR is the predominance of immunoglobin E(IgE)-mediated type 2 immune response (Zhang et al., 2021). The new antigen is captured by antigen-presenting cells (APCs), generally dendritic cells (DCs) and macrophages. APCs process antigen to allergenic peptides, which are presented to cognate naïve T cells under the presence of interleukin-4 (IL-4), IL-13, and other cytokines, provided by mast cells, basophils, and other cell types in earlier processes. Cognate naive T cells are then activated and differentiated into T helper type 2 (TH 2) cells, engaging with cognate B cells and inducing B cells to undergo an IgE class switch (Galli and Tsai, 2012). The released IgE molecules subsequently bind to high-affinity receptors (FcεRI) expressed on the surface of mast cells and basophils located in the nasal mucosa. In addition to interplaying with B cells, TH 2 cells release a wide spectrum of cytokines, such as IL-4, 5, 10, and 13, exacerbating TH2-dominated inflammation reactions. When the sensitized individual re-encounter the allergen, it binds to allergen-specific IgE on mast cells and basophils and leads to the cross-linking of IgE and FcεRI. Once many dimeric or higher-order oligomeric receptor molecules are cross-linked, mast cells are activated and release preformed mediators, leading to canonical symptoms of AR (Knol, 2006; Palmer et al., 2017).

Probiotics are defined as live microorganisms that confer the desirable effects to the host when provided with an adequate amount (F. Who, 2011). Recently, supplementation with probiotics emerges as a novel intervention in the prevention of allergic diseases (Plaza-Diaz et al., 2019; Jamalkandi et al., 2021). A body of clinical trials has been carried out to explore the role of this non-pharmaceutical agent in the treatment of AR (Ishida et al., 2005; Xiao et al., 2006a,b; Tamura et al., 2007; Ivory et al., 2008; Gotoh et al., 2009; Kawase et al., 2009; Nishimura et al., 2009; Koyama et al., 2010; Nagata et al., 2010; Wassenberg et al., 2011; Singh et al., 2013; Costa et al., 2014; Dölle et al., 2014; Dennis-Wall et al., 2017; Jalali et al., 2019; Kang et al., 2020). However, highly heterogeneous results were obtained, which may be caused by different strains of probiotics, dose, and duration. The potential mechanism underlying probiotic treatment may attribute to its role in the correction of TH1/TH2 imbalance by targeting cytokines or immune cells (Luo et al., 2022). For example, Lactobacillus rhamnosus (L. rhamnosus) HN001 is a well-characterized probiotic strain often used in probiotic products. In addition to surviving in adverse gastrointestinal conditions and adhering to the intestinal mucosa, this probiotic strain possesses strong immunomodulatory activities. For example, the bacterial strain can invoke IFN-γ, IL-2, and IL-10 secretion during the ongoing Th2-type immune response (Cross et al., 2002). L. acidophilus NCFM is another common strain in the probiotic industry. The ability to modulate immune responses and improve immune functions is demonstrated in the previous study. For example, it can affect the function of immune cells and the production of cytokines such as IL-12 and tumor necrosis factor (TNF)-α (Mathiesen et al., 2019; Wang et al., 2019). Moreover, L. acidophilus NCFM can promote IL-4 and IL-10 production by affecting the activity of T cells and DCs (Konstantinov et al., 2008). There are some types of probiotics, such as Bifidobacterium lactis (B. lactis) Bi-07 (Childs et al., 2014), L. paracasei LPC-37, and L. reuteri LE16, that show great potential in clinical treatment through their immunomodulatory effects but the underlying mechanism remains a mystery. The former clinical observations indicate that the effect of probiotics on AR is not clear and inconsistent; significant challenges still exist in designing efficient probiotic therapies. In addition, detailed mechanisms of the probiotic action have not been completely elucidated. In this study, we monitored the effect of a novel multi-strain probiotic mixture on relieving symptoms in subjects allergic to autumnal pollens. The selected five strains include L. rhamnosus HN001, L. acidophilus NCFM, B. lactis Bi-07, L. paracasei LPC-37, and L. reuteri LE16, with the function of immune modulation. Furthermore, to explore underlying immunological mechanisms of the seasonal AR and potential targets of the novel probiotic mixture, tandem mass tags (TMTs)-based quantitative proteomics was conducted on peripheral blood mononuclear cells (PBMCs), and subsequent bioinformatics analyses including enrichment analyses, protein–protein interaction (PPI), and least absolute shrinkage and selection operator (LASSO) regression were applied.



Materials and methods


Subjects

A total of 31 AR patients who are allergic to autumnal pollen allergens were recruited from the outpatient allergy clinic of Peking Union Medical College Hospital. AR was diagnosed according to the diagnostic criteria proposed by the World Health Organization (WHO) workshop (Bousquet et al., 2008) and Chinese experts from Allergic Rhinitis Committee (Zhang, 2015). Inclusion criteria were as follows: (i) patients diagnosed with AR, (ii) adult men and women (≥ 18 years old), (iii) patients with a history of classic rhinoconjunctivitis symptoms during the autumn pollen season for at least 2 years and without symptoms in other seasons, (iv) positive intradermal skin test (wheal ≥ 10 mm) to grass and tree pollens spread in autumn (Mugwork, Japanese Hop, Firebush, Cocklebur, Daisy, Dandelion, Plantain, Goosefoot, and Common Goldenrop) (Allergen Manufacturing Laboratory of Peking Union Medical College Hospital, Beijing, China), and (v) corresponding serum allergen-specific IgE (sIgE) of ≥ 0.7 KUA/L (ImmunoCAP, ThermoFisher Scientific Inc. Waltham, MA, USA). Exclusion criteria were as follows: (i) patients with a history of asthma, immunodeficiency, chronic infection, or tumor; (ii) pregnancy or lactation, (iii) patients with a history of allergen immunotherapy, (iv) regular consumption of probiotic-supplemented foods, and (v) administration of antibiotics, immunosuppressive medications, monoclonal antibodies, or a large dose of corticosteroids in a month preceding this study. This study was approved by the Medical Ethics Committee of the Peking Union Medical College Hospital (JS-1649). Before enrollment, all participants were provided with written informed consent.



Probiotics and placebo

The probiotics used in this study were a multi-strain mixture that composes of 3 × 109 colony-forming units (CFU) L. rhamnosus HN001, 2 × 109 CFU L. acidophilus NCFM, 3 × 109 CFU B. lactis Bi-07, 1 × 109 CFU L. paracasei LPC-37, and 1 × 109 CFU L. reuteri LE16. Moreover, the products are synthesized by a pharmaceutical company that is specialized in probiotic-fortified food products. Participants were given either the probiotic powder or the placebo. The active sample consisted of the probiotic mixture (1010 CFU/g) and galactooligosaccharides, while the placebo contained only galactooligosaccharides. Products were provided in 2 g small packs and were identical in flavor and appearance.



Study design

This was a randomized, placebo-controlled, double-blind study conducted from May 1, 2017 to October 15, 2017. In May and June, AR patients meeting the inclusion criteria were enrolled in this study. The sample size was chosen according to the criteria of phase 1 clinical trials. Participants were allocated into two groups (namely, the probiotic group and the placebo group) using block randomization. Participants were administered probiotics or a placebo of 2 g pack each day starting from July 1, 2017.

They were given a uniform medication regimen to relieve symptoms during the pollen season. The routine medication involves oral antihistamines, nasal corticosteroids, and antihistamine eye drops. Participants were asked to record the medication score, symptom score, and adverse effects in the electronic daily diary. Blood samples were collected at two time points: before the probiotic or placebo intervention in May or June (T1) and during the peak of the pollen season when patients suffer from the most severe AR symptoms (T2). A portion of the blood samples was randomly selected and processed for later protein profiling analyses. The whole landscape of the study is presented in Figure 1.
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FIGURE 1
 Schematic representation of the study design. A total of 31 eligible patients were enrolled in the study. They were randomly assigned into two groups to receive probiotic or placebo treatment. One participants dropped out in the placebo group. After completing the clinical trial, 12 participants' blood samples were used for further analysis. DEPs, differentially expressed proteins; PPI, protein–protein interaction; LASSO, Least Absolute Shrinkage and Selection Operator.




Measurement

The visual analog scale (VAS score) provides details about the baseline severity of AR. The VAS was assessed by an allergist, and the score was based on rhinitis symptoms in the past pollen seasons. The score ranged from 0 (no discomfort) to 10 (maximal discomfort).

The symptom assessment scale (rhinoconjunctivitis symptom score) evaluates the frequency and severity of nasal and eye symptoms. The 4-point severity scale is presented in Table 1. The daily symptom score was the sum of all patients' symptom scores per day, ranging from 0 to 15.


TABLE 1 Symptom assessment scale.
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Rescue medication score evaluates the alleviating effect generated by taking medicine. Considering the different effects of anti-inflammatory drugs, they are assigned different scores. For example, oral antihistamine, 6 points per tablet; nasal corticosteroid, 1 point per spray; antihistamine eye drop, and 0.5 points per drop. The daily medication score was the sum of all subjects' medication scores per day.



Pollen counts

The pollen counts were evaluated through gravity sedimentation as previously reported (Candeias et al., 2021). The pollen granule-capture device was installed at Peking Union Medical Hospital, which was in the center of Beijing, China. Pollen counts were documented from August 1, 2017 to September 30, 2017 and were presented as the number of grains per 1,000 square millimeters.



PBMCs isolation and proteomic sample preparation

PBMCs were isolated using Ficoll density gradient centrifugation, as previously described (Boyum, 1964). After washing twice with phosphate buffer saline (PBS), cells were lysed with 8M Urea in PBS, 1% Protease Inhibitor Cocktail tablet (Roche), and 1 mM phenylmethanesulfonyl fluoride (PMSF). Protein concentrations were measured by BCA assay (Thermo Fisher Scientific). Each sample was diluted to 1 mg/ml for subsequent tandem mass tag (TMT) labeling.

In total, 200 μg of protein from each sample was used to conduct labeling. Protein extract was reduced with 5 mM dithiothreitol (DTT) at room temperature for 1 h and alkylated with 12.5 mM iodoacetamide (IAM) for 1 h in the dark. Samples were diluted with PBS, followed by trypsin digestion at a 100:1 protein/enzyme ratio overnight. The digested samples were desalted by Sep-Pak C18 columns (Waters, MA). Peptides from different samples were labeled with TMT reagents (Thermo Fisher Scientific), according to the manufacturer's instructions. Labeling reactions were quenched by using 5% hydroxylamine. All the TMT-labeled peptides from different samples were mixed and desalted by a Sep-Pak column.

Offline separation was conducted by a UPLC3000 system (Thermo Fisher Scientific) with an XbridgeTM BEH300 C18 column (5 μm, 150 Å, 250 mm × 4.6 mm i.d., Waters, MA). In brief, mobile phase buffer A is 2% acetonitrile and phase B is 98% acetonitrile. Both mobile phase buffers were adjusted by ammonium hydroxide to pH 10. The solvent gradient was set as follows: 8–18% phase B, 30 min; 18–32% phase B, 32 min; 32–95% phase B, 2 min; and 95% B, 6 min. Peptides were monitored at 214 nm and were collected. The collected fractions were dried by speed vac, reconstituted into 12 fractions, and re-dissolved in 0.1% (v/v) formic acid.



LC/MS-MS identification and quantification

A 120-min gradient elution separated peptides from each fraction at a flow rate of 0.250 μl/min with EASY-nLCII™integrated nano-High Performance Liquid Chromatography System (Proxeon, Denmark). A Thermo Orbitrap Fusion Lumos mass spectrometer was used. The analytical column was a fused C-18 silica capillary column (75 μm ID, 150 mm length; Lexington, MA). Mobile phase A consisted of 0.1% formic acid, and mobile phase B consisted of 100% acetonitrile and 0.1% formic acid. The Orbitrap Fusion Lumos mass spectrometer was operated in the data-dependent acquisition mode. The scan range was from 350 to 1,550 m/z with 120,000 resolution with automatic gain control (AGC) target value of 2e5. A data-dependent acquisition method was performed to collect MS/MS spectra at 30,000 resolution and a maximum injection time (IT) of 60 ms for the top 20 ions observed in each mass spectrum. The exclusion duration was 8 s, and the collisional energy was 35%.



MS data processing and analysis

The MS/MS spectra were searched against the UniProt Human database using the SEQUEST searching engine in Proteome Discoverer software version 2.1. Parameters for database searching were set as full tryptic specificity, and one missed cleavage was allowed. Carbamidomethylation (C) and TMTsixplex (K- and N-terminal) were set as fixed modifications. The oxidation (M) was set as variable modification. Precursor ion mass tolerances were set at 10 ppm for all MS acquired, and the fragment ion mass tolerance was set at 20 mmu for MS2 spectra acquired. The peptide spectral matches (PSMs) were validated at a 1% false discovery rate (FDR) under the percolator of the Proteome Discoverer software. Quantification was performed only for proteins with two or more unique peptide matches. The original proteomic data were taken pre-processing, such as removing outliers, filling missing values, and monitoring batch effect through R software.



Statistical and bioinformatics analyses

The results were expressed as “mean ± standard deviation (SD)” if the parameters complied with a normal distribution or as “median [P25, P75]” if they presented as an abnormal distribution. Statistical analyses include paired-sample t-test and independent-sample t-test. All the above statistical analyses were computed using SPSS statistical software and R software.

For bioinformatics analyses, the R package “clusterProfiler” was used to perform the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), while the R package “ggplot2” was applied to visualize the enriched pathways. PPI was constructed using the STRING online database (https://cn.string-db.org), and the network model was virtualized in Cytoscape (V3.9.1). CentiScaPe plugin was used to estimate the degree, betweenness, and closeness of nodes in the unweighted interaction network. The R package “glmnet” was used to conduct LASSO regression and variable selection was chosen using linear module strategy.




Results


Demographic characteristics of enrolled subjects

A total of 31 patients suffering from autumn seasonal AR were recruited, who were then randomly allocated into the probiotic group (n = 16) or placebo group (n = 15). As a participant missed multiple doses of probiotics, it was deemed as dropping out of the trial, and related recordings were not enrolled in later statistical analyses. There were 30 subjects, including 20 men and 10 women, who seriously followed the requirement and completed the clinical trial. Their age ranged from 23 to 62 years. Moreover, there was no statistically significant difference between the two groups in any aspects of the demographic and clinical features (Table 2). Notably, EOS% presented a statistical significance between the two time points (T1 and T2) in the placebo (P = 0.001) group while not presented in the probiotic group (P > 0.05). Although EOS% altered dramatically in comparison to the two groups, there was no statistical significance indicated by the independent-sample t-test. A detailed description is presented in Supplementary material 1.


TABLE 2 Baseline information about the probiotic group and the placebo group.
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Alleviating effect of administering probiotics on AR patients

In China, autumnal pollen spores and grains generally spread from August to October (Yao and Zhang, 2009; Li et al., 2015). Therefore, we monitored the pollen grain concentrations to define “pollen season” in 2017. According to the EAN definition of pollen season (Bastl et al., 2015, 2018), the autumn allergy season lasted for 43 days in Beijing, China, starting on 13 August 2017. The median is 116 (36, 228) grains per 1,000 square millimeters. Moreover, the peak of pollen concentration was from the last 7 days of August to the first 14 days of September (Figure 2A). Correspondingly, the clinical manifestations were more prominent at the end period of August and the onset period of September as indicated by the daily recorded symptom assessment scales (Figure 2A). The average rhinoconjunctivitis symptom score of the probiotic group (3.11 ± 1.03) was significantly lower than that of the placebo group (3.54 ± 0.85, P = 0.037) during the pollen season (Figure 2B). The correlation analysis between pollen counts and clinical manifestations was then performed, and the correlation coefficient showed that these two factors were highly related (0.742 in the placebo group and 0.864 in the probiotic group).
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FIGURE 2
 Amelioration effect evaluated by symptom score, rescue medicine score, and VAS score. (A) Daily pollen counts during pollen season and symptom scores of AR subjects in various groups. (B) Independent-sample t-test of symptom scores. (C) Independent-sample t-test of rescue medicine scores. (D) Independent-sample t-test of VAS scores. *informs P < 0.05; ns informs P > 0.05.


Considering that the alleviated symptoms in the probiotic group may be caused by pharmaceutical intervention or baseline severity of the AR, we, then, analyzed medication usage and the initial AR severity by calculating medicine score and VAS score. The medicine scores and VAS scores were not statistically significantly different between the two groups (P > 0.05; Figures 2C, D). The above results suggested that the ameliorating effect from probiotics was not caused by pharmaceutical intervention or baseline symptom severity. A more detailed description is presented in Supplementary material 2.



Safety evaluation

During the probiotic mixture or placebo administration period, no adverse event was reported. Just one participants in the probiotic group (1/15, 6.7%) experienced diarrhea after eating probiotic. However, the symptom was mild and relieved quickly without interrupting the continuous use of probiotics. Moreover, one subject in the placebo group also experienced diarrhea (1/15, 6.7%). No other adverse drug reactions (e.g., nausea, vomiting, fever, abdominal pain, and hematochezia) were observed, and none of the patients dropped out because of side effects.



Identification of differentially expressed proteins (DEPs) responsible for AR and subsequent bioinformatics analyses

A total of six participants were randomly sampled from the placebo group, and the whole blood was collected to isolate PBMCs for further proteomics. DEPs were, then, screened following the criteria: (i) ≥ 95% confidence level, (ii) the number of matching peptides ≥ 2, (iii) fold change > 1.2 or < 0.83, and (iv) false discovery rate (FDR) < 0.05. A total of 12,448 proteins were identified with 967 proteins statistically expressed in all samples (Supplementary material 3). There were 60 DEPs, 35 downregulated and 25 upregulated, screened in patients with placebo administration when comparing T1 and T2 (Supplementary material 4), reflecting the pathogenic condition of AR. In total, 60 DEPs, then, underwent GO and KEGG enrichment analyses. GO analysis informed that these DEGs mainly are enriched in the coagulation process, transcription and translation, cell phagocytosis, and nutrient metabolic pathways (Figure 3A). The KEGG enrichment result showed that the regulation of the actin cytoskeleton, ribosome activity, platelet activation, inflammatory signal pathways, lipid metabolism, and amino acid metabolism was significantly enriched (Figure 3B). PPI co-expression network highlighted functionally interacted proteins. The network, including four separate clusters, contains 60 nodes and 82 edges. To obtain key proteins that play dominant roles, the network was then analyzed by the CentiScaPe plugin to calculate the degree, betweenness, and closeness between nodes. Key proteins were, then, filtered in various clusters and marked red (Figure 3C). To identify AR signature proteins, LASSO regression was applied to extract the main elements correlated with AR symptoms. In this study, the response type was set as Gaussian, and the alpha was set to 1. Figure 3D describes the coefficient profile of six indicators, which are generated using five-fold cross-validation. Figure 3E presents 10-fold cross-validation for tuning parameter selection in the model via minimum criteria. As a result, glutathione S-transferase omega-1 (GSTO1) (coeff. = −0.0998), sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (ATP2A2) (coeff. = −0.107), minichromosome maintenance complex component 7 (MCM7) (coeff. = 0.0409), vitamin K-dependent protein S (PROS1) (coeff. = −0.0248), and E3 ubiquitin-protein ligase TRIM58 (TRIM58) (coeff. = −0.0522) were screened (Figures 3D, E).
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FIGURE 3
 Bioinformatics analyses of DEPs identified in placebo group. (A) GO enrichment analysis of DEPs screened in the placebo group. (B) KEGG enrichment analysis of DEPs screened in the placebo group. (C) Co-expression network of DEGs identified in the placebo group. (D) LASSO coefficient profile of DEGs identified in the placebo group. (E) The misclassification error of LASSO in the jackknife rates analysis.




Comparison of DEPs in two groups to reveal potential targets of the novel probiotics

To explore the potential targets of probiotics, six samples were randomly assigned from the probiotic group for further proteomic analyses. In a comparison of the time points of T1 and T2, 17 DEPs, composed of 6 downregulated and 11 upregulated proteins, were obtained in the probiotic group. The schematic landscapes of DEPs were notable differences in the two groups as indicated by principal component analysis and complex heap map (Figures 4A, B). There were only three common DEPs (MYH9, HMGN2, and Histone H1.2) in both groups (Figure 4C). Different from MYH9, whose expression levels were identical in two groups, HMGN2 and Histone H1.2 exist a significant reverse trend in groups with different intervention methods (Supplementary material 4).
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FIGURE 4
 Comparison of DEPs between the probiotic group and placebo group. (A) Principal component analysis implied segregation and aggregation among samples. (B) Heatmaps of proteins identified in the probiotic and placebo groups. (C) Venn image of DEPs screened in the two groups.





Discussion

Allergic rhinitis remains a constant challenge worldwide, and there was an urgent need to explore new effective treatment methods. Recently, probiotic intervention showed clinical benefits in various diseases by mediating immune function and presents a promising alternative for AR. Our research examined a novel probiotic mixture in alleviating AR-related clinical manifestations through a randomized, placebo-controlled, double-blind study. Furthermore, to explore the immunological mechanisms underlying probiotic intervention, TMT-based proteomic profiling was performed, and subsequent bioinformatics analyses were conducted.

Our results indicated that the novel multi-strain probiotics could effectively decrease EOS% without affecting other blood cells. The EOS% level is reported to be elevated in patients suffering from AR and the index can help to diagnose AR. In addition, the probiotic mixture could effectively alleviate AR clinical manifestations, and the symptom amelioration is independent of pharmaceutical therapy and the baseline severity, according to symptom scores, rescue medicine scores, and VAS scores. Moreover, the symptom loads were positively correlated with airborne pollen levels, which is in accordance with previous studies (Karatzas et al., 2018).

In this study, if the specific symptom was considered separately, significant decreases could be found in three nasal symptom scores, including sneezing, rhinorrhea, and nasal itching score in the probiotic group compared with the placebo group. However, no marked differences were identified in scores for eye itching between the two groups. Two studies (Xiao et al., 2006a; Gotoh et al., 2009) were conducted on Japanese AR patients who were allergic to cedar pollens and also had similar findings to our study. They reported that nasal symptom scores were significantly lower in the probiotic group than the control group while ocular scores did not differ between the two groups. Moreover, rescue medicines were requisite in almost all the literature reports mentioned above, indicating that probiotics alone could not completely control AR symptoms without the combined action of the symptomatic medication. Until now, probiotics still play an assistant role in the systemic treatment of AR, and further exploration is needed to develop novel probiotic products with a stronger effect.

The proteomic analysis identified a number of DEGs that may be involved in the development of AR, including chromosomal proteins, ribosomal proteins, and proteins mediating inflammation pathways. The GO and KEGG enrichment analyses supported the former and identified molecular signaling pathways in the pathophysiology of AR. For example, the inflammation pathways, such as the cGMP-PKG signaling pathway (Zhang X. et al., 2022) and AMPK signaling pathway (Zhang et al., 2022a), coagulation cascade (Hong et al., 2018), lipid, carbohydrate, and amino acid metabolic pathways (Gadzhimirzaev et al., 2011; Sun et al., 2021), transcription and translation processes, were reported to contribute to the initiation and exacerbation of AR. A total of 14 hub proteins, elongation factor 2 (EEF2), Ras-related protein Rab-10 (RAB10), Ras-related protein Rab-11B (RAB11B), S-adenosylmethionine synthase isoform type-2 (MAT2A), high-affinity immunoglobulin epsilon receptor subunit gamma (FCER1G), integrin alpha-2 (ITGA2), pleckstrin (PLEK), thrombospondin-1, (THBS1), histone cluster 1 h2b family member k (HIST1H2BK), gelsolin (GSN), caldesmon 1 (CALD1), rho-associated protein kinase 2 (ROCK2), myosin heavy chain 9/10/11/14 (MYH9), and alcohol dehydrogenase [NADP(+)] (AKR1A1), may play a pivotal role in the pathology of AR. These proteins are mainly chromosomal proteins, indicating that the main events in the development of AR may occur in the chromosome. Moreover, GSTO1, ATP2A2, MCM7, PROS1, and TRIM58 show great potential to be AR biomarkers as indicated by machine learning.

After the probiotic intervention, the expression level of non-histone chromosomal protein HMG-17, also named as the high-mobility group nucleosome-binding domain-containing protein 2 (HMGN2), elevated significantly, while Histone H1.2 present a sharp decrease. This informs that the novel probiotics moderate AR symptoms simply by targeting HMGN2 and Histone H1.2. HMGN2 is a non-histone chromosome protein, which is abundantly and ubiquitously expressed in the nuclei of higher eukaryotes (Srikantha et al., 1987; Landsman et al., 1989). Non-histone chromosomal proteins play a critical role in maintaining the structure of the chromatins and regulating chromatin-templated biological processes. For example, the high-mobility group nucleosome-binding (HMGN) proteins, a family of structural non-histone chromosomal proteins, destabilize higher-order chromatin structures to modulate the binding of nuclear regulatory factors, resulting in the regulation of gene expression and DNA replication (Crippa et al., 1992). Histone H1.2 is a variant of the linker histone H1, which serves as an intranucleosomal architectural protein and binds at the nucleosome entry and exit sites in a dynamic manner to form higher-order chromatin structures (Li et al., 2018; Höllmüller et al., 2021). HMGN2 has been reported to compete with histone H1 for binding to chromatin, blocking the chromatin-condensing activity of H1 (Postnikov and Bustin, 2016). Moreover, this type of competition may account for the opposite trend of these two proteins in this study (Ding et al., 1997). According to previous studies, the interaction of HMGN2 and Histone H1 could be triggered by the processes of ligand binding of the polypeptide hormone prolactin (PRL) and PRL receptor (PRLr) and the subsequent STAT5 activation (Schauwecker et al., 2017). Upon RPL-RPLr ligand binding, HMGN2 is recruited to the promoter of a STAT5 target gene, cytokine-inducible SH2-containing protein (CISH) gene, inducing the loss of both the linker histone H1 and nucleosome core particles. This process induces chromatin decompaction at the promoter CISH, allowing the recruitment of STAT5 (Reynolds et al., 1997; Yamashita et al., 2001). STAT5 serves as a critical factor in the modulation of T cell differentiation and function in the pathogenesis of AR (Zhang et al., 2022b). In sum, the novel probiotics achieve alleviating effects by elevating the expression level of HMGN2 and lowering the expression level of Histone H1. This event triggers CISH chromanone decompaction and the subsequent recruitment of STAT5. STAT5 regulates T-cell function and differentiation to confer clinical benefits for AR subjects.

There are some limitations to this research. For instance, the small sample size may introduce sample and selection bias. Thus, future clinical trials with a larger sample size should be performed to confirm the benefit of this multi-strain probiotic mixture in treating allergic airway diseases. Additionally, further research is required to certify and understand the regulatory role of HMGN2 and Histone H1.2 in seasonal AR.



Conclusion

This study showed that pollen-induced AR was effectively ameliorated by treatment with the novel multi-strain probiotic mixture. Further proteomic analyses suggested the alleviating effect may be achieved by targeting HMGN2 and Histone H1.2.
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Increasing evidence suggests that the pathogenesis of type 2 diabetes mellitus (T2DM) is closely related to the gut microbiota. Polyphenols have been shown to alleviate T2DM, but the effects of L. caerulea L. polyphenols (LPs) on the gut microbiota and metabolites remain elusive. In this study, the inhibitory effects of fermented L. caerulea L. polyphenols (FLPs) and unfermented L. caerulea L. polyphenols (ULPs) on α-amylase and α-glucosidase and the impact of LP on the gut microbiota and metabolites were investigated. Furthermore, the relationship between the two was revealed through correlation analysis. The results showed that ULP and FLP had the highest inhibitory rates against α-amylase and α-glucosidase at 4 mg ml−1, indicating a strong inhibitory ability. In addition, LP plays a regulatory role in the concentration of short-chain fatty acids (SCFAs) and tends to restore them to their normal levels. LP reversed the dysbiosis of the gut microbiota caused by T2DM, as evidenced by an increase in the abundance of bacterial genera such as Lactobacillus, Blautia, and Bacteroides and a decrease in the abundance of bacterial genera such as Escherichia-Shigella and Streptococcus. Similarly, after LP intervention, the relationships among microbial species became more complex and interconnected. In addition, the correlation between the gut microbiota and metabolites was established through correlation analysis. These further findings clarify the mechanism of action of LP against T2DM and provide a new target for T2DM interventions.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic disease characterized by inflammation and is commonly referred to as non-insulin-dependent diabetes (Wang et al., 2020). The hallmark of T2DM is elevated blood glucose levels and insulin resistance, accompanied by insufficient insulin secretion and dyslipidaemia (Kahn et al., 2006; Kubota et al., 2017). According to the International Diabetes Federation report, there are currently 463 million adults worldwide with diabetes, 90% of whom have T2DM. It is estimated that this number will reach 700 million by 2045 (Xia et al., 2022). The structural and functional damage of pancreatic β-cells is often attributed to the release of inflammatory factors. In severe cases, this can even cause insulin secretion dysfunction and transport function impairment (Yang et al., 2019). Currently, the conventional treatment options for T2DM mainly involve stimulating insulin secretion, reducing glucose production, and enhancing the effect of insulin on target tissues, thereby reducing blood glucose levels (Chen et al., 2022; Zhou et al., 2023).

In recent years, many studies have found that the intestinal microbiota (IM) is also a factor involved in diabetes treatment and is associated with inflammation, insulin resistance, and pancreatic function (Salamone et al., 2021). Due to its sensitive response to various factors, it is considered an important and valuable tool for the development and promotion of human health (Yang et al., 2020). Changes in the composition of the IM can trigger inflammation, which in turn leads to changes in various gut-heart and gut-liver axis indicators (Halim and Halim, 2019). Faecalibacterium, Roseburia, and Bifidobacterium can significantly reduce gut permeability (Cani et al., 2009), and a decrease in their abundance can induce inflammation, increase gut permeability, and upregulate the content of lipopolysaccharide (LPS) in circulation, further disrupting glucose metabolism and insulin signaling pathways (Sedighi et al., 2017). Thus, the steady state of glucose metabolism is disrupted, leading to T2DM.

Acetic acid, propionic acid, and butyric acid account for 90–95% of the total short-chain fatty acid (SCFAs) (Koh et al., 2016); SCFAs are primarily produced by the microbial fermentation of carbohydrates (Canfora et al., 2019). SCFAs are the main metabolic products of the IM involved in the response to carbohydrate utilization (Federici, 2019), and their types and concentrations are influenced by microbial species. For example, Bacteroidetes are producers of acetate and propionate, and Firmicutes can produce butyrate (Alexander et al., 2019). The level of SCFAs is an indicator of immune, inflammatory, and metabolic characteristics. SCFAs can lower the pH in the lumen, regulate glucose metabolism, and alleviate symptoms of T2DM (Kappel and Federici, 2019). IM imbalance can reduce SCFA levels (Xu et al., 2022). Under external stimuli, changes in the composition of the gut microbiota can regulate SCFA concentration and type.

Lipopolysaccharide (LPS) is an endotoxin secreted by gram-negative bacteria in the gut. LPS promotes the secretion of proinflammatory cytokines (TNF-α and IL-6) by monocytes and macrophages, leading to chronic inflammatory reactions (Liang et al., 2013). It also inhibits the phosphorylation of insulin receptors, resulting in reduced insulin sensitivity and insulin resistance, which are the main causes of T2DM.

Chronic postprandial hyperglycaemia is a characteristic of insulin resistance and can lead to dyslipidaemia and inflammatory gene expression (Rahimi-Madiseh et al., 2017). Postprandial hyperglycaemia occurs after high carbohydrate intake and can be prevented by hydrolysis of starch by α-amylase and α-glucosidase and glucose absorption in the small intestine (Taslimi et al., 2018). Currently, commercially available hypoglycaemic drugs are sufficient for the treatment of diabetes but have drawbacks such as adverse reactions and drug resistance (Venkatakrishnan et al., 2019). Polyphenols are a new type of natural hypoglycaemic compound that can lower blood sugar levels by inhibiting α-amylase and α-glucosidase in the small intestine (Pradeep and Sreerama, 2015).

Polyphenols are the seventh nutrient for humans and have the advantages of wide availability and abundant resources (Caprioli et al., 2016). Recently, it has been found that polyphenols play an outstanding role in disease treatment. For example, grape polyphenols can regulate the gut microbiota and increase the mRNA expression of key intestinal barrier genes (Lu et al., 2021). Curcumin has a significant therapeutic effect in alleviating high-fat diet-induced hepatic steatosis and obesity (Li et al., 2021a). Therefore, the use of polyphenols is considered a new therapeutic strategy for various metabolic diseases, such as T2DM, as they can regulate the gut microbiota and improve the inflammatory response (Son et al., 2019).

Lonicera caerulea L., also known as blue honeysuckle, is a small berry tree species that grows in the northern frigid zone. It is rich in nutrients, such as amino acids and vitamins, especially polyphenols, which are important active substances in L. caerulea L. (Sharma and Lee, 2021). However, there is still limited research on the development and functional verification of Lonicera caerulea L. polyphenols (LPs). This is partly due to the limited availability of L. caerulea L. resources and the low utilization rate of plant polyphenols. In particular, in L. caerulea L. cells, polyphenols exist in both free and bound forms. Additionally, conventional physical and chemical extraction methods have low yields and may leave chemical residues (de Araujo et al., 2021). Recent studies have found that LP can reduce oxidative stress damage by affecting lipid synthesis and has certain value in reducing fatigue (Golba et al., 2020; Dayar et al., 2021).

In recent years, in vitro fecal fermentation technology has been an effective tool for screening large amounts of substrates, including dietary components, drugs, and toxic or radioactive components. It can also determine changes in the gut microbial environment (Wang et al., 2019). The main purpose of fecal fermentation models is to cultivate complex gut microbial communities under controlled conditions for research related to microbiota regulation and metabolism (Nishikawa et al., 2009). Compared to animal experiments, in vitro fermentation experiments are more economical and allow easier control of experimental parameters. They can also be repeated multiple times, making them an important tool for studying the interactions between different compounds and the gut microbiota, and they can serve as preliminary experiments for animal studies (Jonathan et al., 2012). Cheng used L. caerulea L. pomace polyphenols for fecal fermentation; these compounds improved the microbial community structure, increased short-chain fatty acid production, and served as a predictor of gut health in subsequent in vivo studies in mice (Cheng et al., 2020). Additionally, apple peel polyphenols have also shown potential benefits for gut health when used in fecal fermentation, but the health-promoting effects of polyphenols in vivo need further research (Zahid et al., 2023).

Therefore, in this study, we hypothesized that using microbial fermentation can increase the extraction efficiency of LP. Fermented LP can reshape the microbial community composition and diversity in in vitro fecal fermentation, increase the content of SCFAs that maintain gut homeostasis, and reduce the content of LPS, which causes inflammatory reactions, making it an effective tool for preventing T2DM. The aims of this study were to (1) analyze the effect of fermented LP on key enzyme activities associated with T2DM and evaluate the possibility of using fermented LP to prevent T2DM, (2) establish an in vitro fecal fermentation system and reveal the effect of fermented LP on the microbial community structure from mouse feces, (3) explore the effect of fermented LP on SCFA and LPS contents, (4) explore the core microbial community for SCFA and LPS production, and (5) elucidate the mechanisms of the microbial metabolism pathway mediated by fermented LP. The results of this study will provide new insights into the mechanisms of action of LP in the mouse colon environment and provide a theoretical basis for further research on the effects of LP on T2DM.



2. Materials and methods


2.1. Preparation of LP

Lonicera caerulea L. was provided by Professor Junwei Huo of Northeast Agricultural University and Harbin Senmeiyuan Biotechnology Co., Ltd., and the variety is named Lanjingling. The Lactobacillus rhamnosus CICC6224 strain was purchased from the China Center of Industrial Culture Collection.

The LPs were divided into unfermented polyphenols (ULPs) and fermented polyphenols (FLPs). FLP was a homogenate obtained by crushing L. caerulea L. in deionized water at a ratio of 1:2.5, inoculating with 3.5% L. rhamnosus 6,224 (108 CFU mL−1) and fermenting for 28 h before extraction. ULPs were directly extracted by crushing L. caerulea L. in deionized water at a ratio of 1:2.5. The extraction method for ULPs and FLPs was improved according to Savikin (Šavikin et al., 2021). The fermentation broth or the homogenate of L. caerulea L. was added to a 60% ethanol solution and ultrasonically extracted at 50°C for 90 min with 550 W power (Wang R. et al., 2022; Wang S. et al., 2022). After extraction, it was placed into an ice box for quick cooling and centrifuged at 12000 r min−1 for 15 min to obtain the supernatant, which was further evaporated by vacuum rotation at 50°C to harvest crude polyphenols. AB-8 macroporous adsorption resin was pretreated and used to obtain purified polyphenols with the following steps: soaking in 95% ethanol for 24 h, washing in distilled water to neutral pH, soaking again in 5% sodium hydroxide solution for 5 h, and finally washing with distilled water to neutral pH (Zhang J. et al., 2022; Zhang S. S. et al., 2022). The treated AB-8 resin was placed in distilled water. A column (1.6 cm × 50 cm) was loaded with pretreated AB-8 by the wet method and allowed to settle naturally. After elution with deionized water for 12 h, crude polyphenols were added and loaded at a rate of 1 mL min−1 throughout (Shi et al., 2021). The harvested pure polyphenols were freeze-dried and were then ready for use. All of the reagents were supplied by Beijing Solarbio Technology Co., Ltd. (Beijing, China). Standards for mixed SCFAs and acarbose were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China).



2.2. Inhibitory effect of LP on α-amylase and α-glucosidase activities

First, 1 mL of α-amylase solution (0.6 mg mL−1), 1 mL of ULP and FLP at different concentrations (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0 mg mL−1) and 1 mL of soluble starch (2.0 mg mL−1) were mixed together and incubated for 20 min at 37°C. Then, 1 mL of DNS reagent was added, and the sample was heated for 5 min. This was followed by the addition of 10 mL of distilled water after cooling (Değirmencioğlu et al., 2021). The absorbance was determined at 540 nm, and acarbose was used as positive control.

[image: image]

A1 is the absorbance value of the sample. A2 is the absorbance value of the sample with PBS instead of α-amylase. A3 is the absorbance value of the sample with PBS instead of the sample. A4 is the absorbance value of the sample with PBS instead of the polyphenols and α-amylase.

Forty microlitres of ULP and FLP at different concentrations (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0 mg mL−1) were mixed with 40 μL of glucosidase (1 U mL−1) and thoroughly shaken for 1 min. After warming at 37°C for 10 min, 20 μL of PNPG (2.5 mmol L−1) was added, and the sample was shaken for 1 min. At the end of the shaking, 50 μL of Na2CO3 (0.2 mol L−1) was added to terminate the reaction, and the reaction was allowed to proceed for 30 min (Wang R. et al., 2022; Wang S. et al., 2022). The absorbance was measured at 405 nm, and acarbose was used as the positive control.
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A1 is the absorbance value of the sample. A2 is the absorbance value of the sample with phosphate buffer instead of PNPG. A3 is the absorbance value of the sample with phosphate buffer instead of the polyphenols. A4 is the absorbance value of the sample with phosphate buffer instead of the polyphenols and PNPG.



2.3. In vitro fecal fermentation test


2.3.1. Establishment of the fermentation model in vitro

The feces of high-glucose mice (C57BL/6 N) were purchased from Honfer White Rat Breeding Export Base (Tsingtao China) to simulate the intestinal environment of animals (Fan J. et al., 2022; Fan Y. et al., 2022). Samples of 2 g of clean feces from 5 high-sugar obese mice (blood sugar content >300 mg 100 mL−1) and 2 g of clean feces from 5 normal mice were collected and immediately transferred to sterile centrifuge tubes and stored at −80°C for future use within 2 h (Lu et al., 2023). The fecal samples used in this study were obtained from 7-week-old male mice.



2.3.2. Method and grouping of fecal fermentation in vitro

The feces of high-sugar mice or normal mice were mixed with phosphate buffer (pH 7.4) at a ratio of 1:6. The samples were homogenized to obtain a pretreated fecal slurry (Pfs), and most of the solid particles were filtered by four layers of sterilized cotton gauze. The fecal treatment liquid (Ftl) was obtained by mixing the Pfs with the reducing solution (2.52 g L-cysteine hydrochloride, 16 mL 1 mol L−1 NaOH, 2.56 g anhydrous sodium sulfide, 380 mL ddH2O) at a ratio of 1:5. Then, 27 mL of in vitro fermentation medium (8.0 g L−1 starch, 3.0 g L−1 peptone, 3.0 g L−1 tryptone, 4.5 g L−1 yeast extract powder, 0.4 g L−1 bile salt, 0.8 g L−1 cysteine hydrochloride, 0.05 g L−1 hemin, 4.5 g L−1 NaCl, 2.5 g L−1 KCl, 0.45 g L−1 MgCl2•6H2O, 0.20 g L−1 CaCl2•6H2O, 0.40 g L−1 KH2PO4, 1.0 mL L−1 Tween-80, 2.0 mL L−1 trace element solution) (Li et al., 2021b), 3 mL of Ftl and 2 mL of ULP/FLP were mixed and incubated in an anaerobic incubator (YQX-II) at 35°C for 48 h in triplicate. Samples were taken at 0, 6, 12, 24, and 48 h, respectively (Liu et al., 2020).

The in vitro fecal fermentation experiment was set up with four treatments: feces of high-glucose obese mice with unfermented polyphenols (ULP), feces of high-glucose obese mice with polyphenols after fermentation (FLP), feces of high-glucose obese mice with ddH2O instead of polyphenols (NC) and feces of normal mice with ddH2O (CK).




2.4. Key metabolite detection

Two millilitres of fecal fermentation samples at 0, 6, 12, 24, and 48 h from each treatment were centrifuged at 10000 r min−1 for 10 min at room temperature. The supernatant was filtered for metabolite detection. The levels of SCFAs were determined by HPLC and calculated by a standard curve of acetic acid, butyric acid and propionic acid, with concentration expressed as μmol mL−1. The lipopolysaccharide/endotoxin (LPS) ELISA kit (Shanghai Enzyme-linked Biotechnology Co., Ltd.) was used to determine the lipopolysaccharide content in the samples following the manufacturer’s instructions.



2.5. 16S rRNA gene sequencing analysis

Fecal fermentation samples were obtained at 0, 6, 12, 24, and 48 h for biodiversity analysis. DNA was extracted utilizing the Power Soil DNA Isolation Kit (D5625-01, Omega Biotek, Inc., United States). The PCR primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) targeting the 16S rRNA gene V3-V4 region were used to investigate the bacterial community structure.



2.6. Statistical analysis

In this experiment, data were expressed as means ± standard deviation (SD). The SCFAs and LPS content were analyzed using multiple comparison t-tests in SPSS 26, and the data was graphically visualized using Origin 2021. NMDS analysis was employed to explore the similarity or dissimilarity of community composition among different sample groups. NMDS considered the similarity or dissimilarity data as a monotonic function of the distances between points, replacing the original data with new columns in the same order while preserving the original data’s ordinal relationships for metric multidimensional scaling analysis (Fan J. et al., 2022; Fan Y. et al., 2022). Lefse analysis, a multilevel species differential discriminant analysis, utilized non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect features with significantly different abundances. Linear discriminant analysis (LDA) was used to estimate the effect size of each component (species) abundance on the differences. Network analysis was conducted using Gephi 0.95, and Spearman correlation analysis was performed among microbial genera. Microbial genera with a correlation coefficient (r) greater than 0.95 and a value of p (p) less than 0.05 were used for plotting (Sun et al., 2023). The correlation analysis between core microbiota and metabolites was visualized using Cytoscape v3.8.2. Core microbiota were selected based on their correlation with SCFAs, LPS, and microbes using Spearman correlation analysis, with a selection criterion of r > 0.8 and p < 0.05 (Kang et al., 2023). PICRUSt 2 is utilized for predicting the functional composition of microbial communities in samples based on amplicon sequencing data. Data statistical analysis was performed using Major Biopharm Technology online report.




3. Results and discussion


3.1. The effect of LP on α-amylase and α-glucosidase

First, we conducted an analysis of differentially abundant polyphenolic metabolites between ULP and FLP (Supplementary Figure S1). α-Amylase is a key enzyme that hydrolyses long carbohydrates to short glucose molecules for transport into cells. α-Amylase inhibitors block the metabolism of carbohydrates, such as that of starch to dextrin and oligosaccharides, in the body by inhibiting the activity of α-amylase in the intestine; this delays the digestion of carbohydrates in the small intestine, reduces sugar intake, and lowers postprandial blood glucose levels (Nan et al., 2022). The concentration of LP was positively correlated with the inhibition of α-amylase (Figure 1A). The inhibition of α-amylase increased from 20.17 to 70.87% when the LP concentration in the ULP group increased from 0.1 mg mL−1 to 4 mg mL−1, and the inhibition of α-amylase by LP in the FLP group increased from 23.12 to 81.98%. When the LP concentration in the ULP and FLP groups was greater than 1 mg mL−1, the inhibition of α-amylase by LP tended to stabilize. Compared with that of acarbose at the same concentration, the inhibitory effect of LP on α-amylase in the ULP and FLP groups was low, but the inhibitory effect in the FLP group was better than that in the ULP group (p < 0.05). The LP in fermented L. caerulea L. exerts a strong inhibitory effect on α-amylase and can be used as an α-amylase inhibitor.
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FIGURE 1
 Effects of ULP and FLP on α-amylase and α-glucosidase. (A) Inhibition of α-amylase activity. (B) Inhibition of α-glucosidase activity.


α-Glucosidase is located on the brush border membrane of small intestinal cells and participates in the metabolic pathway of starch and glycogen. It hydrolyses the α-1,4-glycosidic bond at the end of oligosaccharides to release glucose, ultimately leading to hyperglycaemia. Therefore, inhibiting the activity of α-glucosidase can delay the production of glucose at the source (Valdes et al., 2020). The concentration of LP was positively correlated with the inhibitory effect of LP on α-glucosidase (Figure 1B). When the concentration of LP in the ULP group increased from 0.1 mg mL−1 to 4 mg mL−1, the α-glucosidase inhibition rate increased from 35.12 to 90.25%; in the FLP group, the value increased from 37.24 to 93.78%. When the LP concentration in the ULP and FLP groups was greater than 1 mg mL−1, the inhibition of α-glucosidase by LP tended to stabilize. Compared to that of acarbose at the same concentration, the inhibitory effect of LP on α-glucosidase in the ULP and FLP groups was low (p < 0.05). Therefore, fermented LP has a strong inhibitory effect on alpha-glucosidase and can be used as an α-glucosidase inhibitor.



3.2. Effects of LP on key metabolites in the fecal fermentation system in vitro

Plant polyphenols can regulate the structure of the gut microbiota, promote the enrichment of SCFA-producing bacteria, and improve the content of SCFAs in the gut. Therefore, the content of SCFAs can be used as an indicator of the effect of polyphenols on the gut microbiota (Jiang et al., 2022). As fermentation progressed, the content of SCFAs in all four groups showed a decreasing trend, which might be related to the activity of the gut microbiota in the late stage of fermentation (Figure 2A). The content of acetic acid, propionic acid, and butyric acid in the NC, ULP, and FLP groups was consistently lower than that in the CK group (Figure 2B). These findings indicate that the structure of the gut microbiota in T2DM mice had changed, indirectly affecting the content of SCFAs. However, from 24 h onwards, the content of acetic acid, propionic acid, and butyric acid in the FLP group was higher than that in the ULP and NC groups. These findings indicate that the addition of polyphenols could improve the content of SCFAs in the feces of high-glucose mice, and the effect of fermented LP was superior to that of unfermented LP. LP was shown to stimulate the growth of SCFA-producing bacteria in the gut microbiota, produce beneficial SCFAs, and promote human health. Propionic acid and butyric acid were the most abundant SCFAs in all groups, and FLP had the best effect on the growth of SCFAs. Adding LP could alleviate gut microbiota disturbances in the T2DM group and bring the level of SCFA secretion from the gut closer to normal levels.
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FIGURE 2
 Environmental indicator detection. (A) Stacked chart of SCFAs. (B) Propionic acid, butyric acid, and acetic acid content charts. (C) Chart of LPS content. The statistical analysis was conducted using a t-test, and the error bars on the bar chart represent the standard deviation. The a-c labels on the bar chart were obtained through significance analysis using SPSS, where different letters indicate significant differences (p < 0.05).


The LPS content in all four groups showed an upwards trend with the extension of fermentation time (Figure 2C), indicating that the addition of LP changed the proportion of microbial species and regulated gut microbiota disorder (Zhang J. et al., 2022; Zhang S. S. et al., 2022). Excluding the CK group, the LPS content consistently showed the order NC > ULP > FLP. This finding indicates that the addition of LP could effectively inhibit the proliferation of gram-negative bacteria, reduce the secretion of LPS, and alleviate inflammatory reactions, and the effect of fermented LP was superior to that of unfermented LP.



3.3. Effects of LP on microbial composition and diversity of in vitro fermented feces

The average sequencing depth of 60 samples from the CK, NC, ULP, and FLP groups was 428 reads, and an average of 1,144 OTUs were identified per sample based on 97% sequence similarity of high-quality sequences. α-Diversity, which reflects the biodiversity of the microbial community in in vitro fermented feces, can be determined by two important parameters: species evenness and richness. The Chao1 and ACE indices reflect the number of OTUs in the community, while the Shannon index is used to evaluate microbial diversity. Table 1 shows that the α-diversity of the ULP and FLP groups tended to recover toward that of the CK group, indicating the need to study T2DM from a microbial perspective.



TABLE 1 α Diversity index statistical table.
[image: Table1]

At the phylum level, the microbial community structure of each group was mainly composed of four dominant phyla: Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria (Figure 3A). These phyla accounted for 99% of the total microbial content, and Desulfobacterota was the main phylum in the remaining 1%. Throughout the fermentation process, the microbial community in in vitro fermented feces gradually decreased in number. Thus, Firmicutes gradually emerged as the dominant strain, as they are often better adapted to extreme environments. Some studies have shown that the ratio of Firmicutes to Bacteroidetes is related to obesity (Zheng et al., 2018). Interestingly, in this study, LP intervention reversed the F/B ratio and reduced the abundance of Firmicutes. This finding suggests that LP intervention can improve the intestinal microbiota structure (Masumoto et al., 2016).

[image: Figure 3]

FIGURE 3
 Microbial diversity analysis in the in vitro fecal fermentation system. (A) Bacterial community structure at the phylum level. (B) Bacterial community structure at the genus level. (C) NMDS analysis at different times.


The genera whose abundance exceeded 1% in each group included Lactobacillus, Streptococcus, Escherichia-Shigella, Blautia, Bacteroides, Collinsella, Faecalibacterium, Parabacteroides, Subdoligranulum, and Phascolarctobacterium (Figure 3B). Among these, Lactobacillus was the core genus, especially at 24 and 48 h, when the changes in the genera of each group tended to stabilize. Lactobacillus is a probiotic that colonizes the human body, and the lactic acid it produces acts as a precursor for the production of acetate (Tian et al., 2023b). At 12 h, the relative abundance of Lactobacillus in the CK, NC, ULP, and FLP groups increased by 22, 26, 32, and 36%, respectively, compared to that in the initial fermentation period. Blautia is an acetate-producing bacterium that is commonly used in the preparation of enhanced hypoglycaemic and lipid-lowering drugs (Benitez-Paez et al., 2020). At 12 h, the relative abundance of Blautia in the CK, ULP, FLP, and NC groups increased by 1.19-, 0.75-, 1.78-, and 2.07-fold, respectively, compared to that in the initial period, with that in ULP and FLP being 1.55 and 2.3 times higher, respectively, than that in NC. Phascolarctobacterium is a genus of strictly anaerobic gram-negative bacteria that can produce acetate and propionate, which regulate host metabolism and emotional changes (Ogata et al., 2019). Compared to that at 0 h, the relative abundance of Phascolarctobacterium in the CK group increased by 0.19-fold at 12 h. In the ULP and FLP groups, although it showed a downwards trend, the relative abundance increased by 1.18 and 2.28% compared to the NC group. Faecalibacterium is one of the most important bacterial genera in the human gut microbiota, and these species are important producers of butyrate and a next-generation probiotics for preventing inflammation (Zou et al., 2021). The relative abundance of Faecalibacterium in the CK, ULP, FLP, and NC groups increased by 1.06-, 0.45-, 0.5-, and 0.3-fold, respectively, compared to that in the initial period, with the relative abundance in ULP and FLP being 3 and 4.23 times higher, respectively, than that in NC. In this study, Lactobacillus, Blautia, Phascolarctobacterium, and Faecalibacterium have been found to be positively correlated with the production of SCFAs, these bacteria may be related to the production of SCFAs in the fecal fermentation.

Bacteroides are gram-negative bacteria whose outer membrane vesicles can transport virulence factors that induce inflammation. However, they can efficiently degrade carbohydrates into glucose and small sugar molecules and produce acetate, isovalerate, and succinate through anaerobic respiration (Fernandez-Julia et al., 2021). From the beginning of fermentation to 12 h, all four groups showed a decreasing trend. The abundance in the FLP group was lower than that in the ULP group, but the difference was not significant (p > 0.05). Although this genus can produce SCFAs, the addition of LP did not increase its abundance. Collinsella species produce ursodeoxycholic acid in the intestine; ursodeoxycholic acid inhibits inflammation and apoptosis and functions as an antioxidant. Recent studies have found that Collinsella encapsulated by nanovesicles can be used to alleviate or treat diabetes (Qin et al., 2019). The relative abundance of Collinsella was increased by 2.1% in the CK group at 12 h, while the NC, ULP and FLP groups showed a decreasing trend. However, the abundance in the FLP group was 1.3 times higher than that in the ULP group. Parabacteroides can be used as an agonist of fructose-1,6-bisphosphatase, a key enzyme of gluconeogenesis, for the treatment of insulin resistance and disorders of lipid metabolism (Wang et al., 2018). The relative abundance of Parabacteroides increased 0.85-fold in the 12 h CK group compared with the 0 h group. The relative abundance of Parabacteroides at 12 h in the ULP and FLP groups showed a decreasing trend, but the abundance in the FLP group was increased by 12% compared with that in the ULP group. Although Collinsella and Parabacteroides are beneficial to humans, their abundance was not increased by the addition of LP.

Streptococcus is a genus of pathogenic bacteria in the human gastrointestinal tract that often cause various inflammatory and allergic reactions, leading to a decrease in the body’s functional immunity (Li et al., 2023). Compared to that at 0 h, the relative abundance of this bacterium at 6 h in the CK, NC, ULP, and FLP groups decreased by 7, 8, 12, and 13.4%, respectively. Escherichia-Shigella is a genus of bacteria associated with chronic metabolic diseases that can inhibit the expression of related genes, such as PPARα, leading to inflammation and damage to the body (Xin et al., 2022). At 12 h, the relative abundance of this genus decreased by 4% in the CK group but increased by 4% in the NC group. Compared to the NC group, the relative abundances of this genus in the ULP and FLP groups decreased by 2.69-fold and 6.36-fold, respectively, indicating that the addition of LP can help lower the abundance of Escherichia-Shigella and regulate glucose and lipid metabolism in the body. Subdoligranulum is a genus of gram-negative bacteria found in feces, and a study found that the relative abundance of Subdoligranulum in T2DM patients was higher than that in the normal group (Lin et al., 2021). In this study, the relative abundance of Subdoligranulum in the CK group tended to approach 0 at 12 h and decreased by 1.38-fold and 2.2-fold in the ULP and FLP groups compared to the NC group, respectively. Streptococcus, Escherichia-Shigella, and Subdoligranulum all promote inflammation, and the addition of LP can lower their relative abundances. However, since their actual initial abundances account for only 0.7, 0.45, and 0.2% of the microbiota, respectively, the overall impact on the functional properties of fermented feces is relatively small. These results suggested that LP can serve as a potential prebiotic, regulate the microbiota structure in the intestine of T2DM patients, increase the abundance of beneficial bacteria, reduce the abundance of harmful bacteria, and maintain the stability of the intestinal environment.

Nonmetric multidimensional scaling (NMDS) is a data analysis method that simplifies the research object in a multidimensional space and locates, analyses and classifies it in a low-dimensional space while preserving the original relationships between objects. The similarity or difference of the four bacterial communities was analyzed through NMDS, as shown in Figure 3C. A stress value of 0.0388 < 0.05 indicates excellent results. The bacterial communities of the in vitro fecal fermentation samples were divided into five groups. There were significant differences among the communities at different fermentation times, and the communities at the same fermentation time with different treatments were closer (The p-value of ANOSIM test was 0.001). Shortly after fecal fermentation began, the bacterial communities showed obvious succession. The distances among each treatment within the 0 and 6 h communities were large, indicating significant differences in the bacterial composition. However, the distances among the 12, 24, and 48 h communities were short. These findings indicate that the bacterial differences among the different sample groups decreased during the later stages of fermentation, and the community structure tended to be stable. These results indicate that the addition of LP could change the microbial community structure and ultimately stabilize the structure of the fermentation samples in each group.



3.4. Microbial composition differences

An UpSet plot analysis was conducted on the community at 24 h (Figure 4A). The analysis revealed that the four treatment groups shared 30 OTUs, and the CK, NC, ULP, and FLP groups had 8, 3, 9, and 15 unique OTUs, respectively. This indicated that LP intervention could increase the number of unique bacterial genera in the FLP group. As shown Figure 4B, a higher LDA score indicated a greater effect of species abundance on the differential effect, with an LDA score > 2 indicating statistical significance. Lactobacillus and Dubosiella were the two genera with the highest LDA scores, and significant differences were observed between the groups, indicating that they can serve as biomarkers. Dubosiella can prevent and alleviate obesity and its complications, including hyperlipidemia, fatty liver, insulin resistance, and glucose intolerance (Liu et al., 2023).
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FIGURE 4
 Analysis of microbial composition differences in in vitro fermented feces. (A) UpSet plot analysis at 24 h. (B) LDA score plot at 24 h.




3.5. Network analysis

The interrelationships among microbial genera (r > 0.95, p < 0.05) were analyzed by constructing a network diagram (Figure 5). The number of nodes represents the top 100 genera in each group in terms of relative abundance, and the number of edges represents the level of connection between genera in each treatment group. The CK, NC, ULP, and FLP network diagrams had 3,411, 2,404, 3,669, and 3,857 edges, respectively. The increase in the number of edges in the FLP microbial network indicated that LP intervention led to a more complex microbial network with closer interrelationships among species. Analysis of the average degree of the network revealed that the average degrees of CK (68.22), ULP (72.653), and FLP (77.919) were higher than that of the NC group (48.08), indicating that the degree of intragroup correlation in the NC group was lower than that in the other three groups. Furthermore, there was a clear clustering phenomenon in the ULP and FLP microbial network diagrams, indicating that the microbial network was well-organized and highly ordered (Zheng et al., 2021). Additionally, the addition of LP led to more concentrated microbial network modules with stronger connections between them, suggesting that LP might enhance the complementary effects between dominant groups and weaken the competitive relationships between different groups (Domeignoz-Horta et al., 2020). These results indicate that LP could increase the direct correlations among various bacterial genera, and the relationships between microbes are complex and closely connected, leading to more diverse microbial functions.
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FIGURE 5
 Network analysis of bacterial genera in different treatment groups during fecal fermentation. (A) CK; (B) NC; (C) ULP; (D) FLP. The size of the points represents the relative abundance.




3.6. Correlation analysis between the core microbiota and metabolites

To reveal the effects of the core microbiota on the production of SCFAs and LPS, a collinearity network was constructed to analyze the significant relationships (r > 0.8, p < 0.05) among SCFAs, LPS, and the microbiota, and core bacteria were screened. Each node represents a genus involved in SCFA formation. As shown in Figure 6, the core bacterial network diagram of the CK group was more complex than that of the other treatment groups. Compared with the CK group (49, 129), the NC group (31, 71) had fewer nodes and connections. In contrast, the number of nodes and connections in the ULP (35, 80) and FLP (35, 80) groups were closer to that of the CK group, indicating that the addition of LP enhanced the interactions between microbes and metabolites and increased microbial diversity.
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FIGURE 6
 Network analysis of the relationships among acetic acid, propionic acid, butyric acid, LPS, and related bacteria in different treatment groups during fecal fermentation. (A) CK; (B) NC; (C) ULP; (D) FLP. The size of the dots represents the relative abundance, while the color represents different phyla. Red and gray represent positive and negative correlations, respectively.


In the CK group, 45 core bacterial groups showed a negative correlation with acetic acid. The number of bacterial groups in the NC, ULP, and FLP groups was significantly lower than that in the CK group, which may be related to the metabolic disorders of bacterial groups in T2DM patients. With LP intervention, Lactobacillus showed a positive correlation in the ULP and FLP groups, which may be due to the differences in the gut microbiota between normal and diabetic mice and the changes in dominant bacterial species during fermentation. Lactobacillus can reduce gut pH, stimulate gut motility, accelerate the excretion of pathogenic bacteria, and inhibit the growth of pathogenic bacteria, such as Escherichia coli, Salmonella, and Clostridium. Therefore, the increase in the number of networks and nodes of Lactobacillus in the ULP and FLP groups also confirmed that an increase in acetic acid content in polyphenol-treated groups can alleviate gut microbiota disorders in T2DM patients (Tian et al., 2023a). In addition, compared with the CK group (36), the number of core bacterial genera involved in butyrate synthesis was significantly lower than that in the NC group (11). However, after LP intervention, the number of core bacterial genera involved in butyrate synthesis increased to 22 in both the ULP and FLP groups, leading to an increase in the butyrate content in these groups. Furthermore, the number of core bacterial genera involved in propionate synthesis was reduced by 16 genera in both the ULP and FLP groups (11) compared with the NC group (27), indicating that the addition of LP inhibited the activity of core bacterial genera involved in propionate synthesis. In both the ULP (30) and FLP (30) groups, the number of bacterial genera negatively correlated with LPS was significantly higher than that in the NC group (10). These findings indicate that the addition of LP can effectively reduce the number of LPS-producing bacterial species and reduce damage to the host, which is consistent with the results of Nugent (Nugent et al., 2023).



3.7. Corresponding microbial metabolic pathways

Firmicutes can produce acetate and butyrate through direct conversion of acetyl-CoA and the Wood-Ljungdahl pathway (Duncan et al., 2016), while Bacteroidetes can produce propionate through the acrylate pathway, the succinate pathway, and the propanediol pathway (Reichardt et al., 2014). The synthesis pathways of propionate and butyrate are relatively well conserved, with strong substrate specificity, and the synthesis pathways of acetate are more diverse (Ze et al., 2012). In this study, differential analysis was conducted on the key enzymes involved in the biosynthesis pathways of acetic acid, propionic acid, and butyric acid (Figure 7).
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FIGURE 7
 Analysis of polyphenol-mediated microbial metabolic pathways. (A) Differential analysis of short-chain fatty acid biosynthesis enzyme pathways in each sample. (B) Differential analysis of the mediation of blood glucose levels by polyphenol-regulated microbial metabolic pathways.


There were significant differences in enzyme abundance between the ULP and FLP groups and the NC group (Figure 7A). The enzyme abundances of propanediol dehydratase, succinyl-CoA synthetase, pyruvate kinase, 3-hydroxybutyryl-CoA dehydratase, enoyl reductase, methylmalonyl-CoA mutase, and lactoyl-CoA dehydratase in the FLP group were higher than those in the ULP group before 24 h, indicating that these enzymes are involved in the synthesis of acetate, propionate, and butyrate.

The calcium signaling pathway and insulin signaling pathway are two key pathways for the prevention and alleviation of T2DM. The differential analysis of these pathways (Figure 7B) indicated that glucose metabolism and Ca2+ ATP signaling capacity were higher in ULP, suggesting that LP can stimulate the gut microbiota to metabolize carbohydrates to produce SCFAs, increase glucose tolerance by metabolizing glucose, and increase the amount of calcium ions in the cytoplasm to promote insulin release in vitro. Additionally, compared to that in NC, the abundances of lipopolysaccharide assembly protein A, ATP-binding cassette transporters, export proteins LptA and LptC, and the NF-κB signaling pathway were significantly reduced in ULP and FLP, while the PPAR signaling pathway and AMPK signaling pathway were significantly upregulated. This indicates that LP inhibited the proliferation of gram-negative bacteria, reduced the secretion of lipopolysaccharides, and promoted insulin receptor phosphorylation. LP can improve glucose tolerance, eliminate insulin resistance, and prevent and alleviate T2DM through these two pathways.




4. Conclusion

The gut microbiota is the most complex microbial ecosystem in the body and closely related to T2DM. In this study, LP regulated the concentration of SCFAs, particularly favoring a trend toward recovery to the CK group in the experimental group. Furthermore, LP reversed the dysbiosis of the gut microbiota caused by T2DM, as evidenced by an increase in the abundance of bacterial genera such as Lactobacillus, Blautia, and Bacteroides and a decrease in the abundance of bacterial genera such as Escherichia-Shigella and Streptococcus. Similarly, after LP intervention, the relationships among microbial species became more complex and interconnected and the correlation between the gut microbiota and metabolites was established through correlation analysis. FLP exhibited superior performance compared to ULP. In summary, this study confirms that LP can improve the gut microbiota and provides a new target for the application of LP in the prevention of T2DM. Moreover, the results obtained in this study confirm the high medicinal potential of LP as a new plant resource. To evaluate its subsequent inhibitory effect on T2DM, further in vivo studies are needed.
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Introduction: Bamboo rats are rodents that eat bamboo, and their robust capacity for bamboo digestion is directly correlated with their gut flora. Chinese bamboo rat (Rhizomys sinensis) is a common bamboo rat in Chinese central and southern regions. As a single-stomach mammal, bamboo rats are a famous specificity bamboo-eating animal and their intestinal microbial composition may also play a key role in the digestion of cellulose and lignin. So, the gut microbiota of bamboo rat may play an important role in the adaptation of bamboo rats for digesting lignocellulose-based diet.

Methods: To study the microbiome differences of bamboo rats from different sexes, the microbial genomic DNA was extracted from each fecal sample and the V4 region of 16S rRNA genes was amplified and sequencing on an IlluminaHiSeq6000 platform. The operational taxonomic units (OTUs) were classified, the OTUs in different sexes was identified and compared at phylum and genus levels. For isolation and screening of cellulose degradation bacteria from bamboo rats, fresh feces from randomly selected bamboo rats were collected and used for the isolation and screening of cellulose degradation bacteria using Luria Bertani (LB) Agar medium containing Carboxymethyl cellulose. The cellulase activity, biochemical characterization and phylogenetic analysis of the purified bacteria strains were characterized.

Results and discussion: A total of 3,833 OTUs were classified. The total microbial diversity detected in the female and male rats was 3,049 OTUs and 3,452 OTUs, respectively. The Shannon index revealed significant differences between the two groups (p < 0.05), though they were all captive and had the same feeding conditions. At the phylum level, Firmicutes, Bacteroidota, and Proteobacteria were prominent in the microbial community. At the genus level, the microbial community was dominated by Lachnospiraceae, Lactobacillus, Bacteroides, and Prevotella, but there was a significant difference between the two groups of bamboo rats; ~90 bacteria genus in the female group was significantly higher than the male group. Among them, Bacteroides, Colidextribacter, and Oscillibacter were significantly higher genera, and the genera of Lachnoclostridium, Oscillibacter, and Papillibacter had the highest FC value among the male and female bamboo rats. The KEGG function annotation and different pathways analysis revealed that membrane transport, carbohydrate metabolism, and amino acid metabolism were the most enriched metabolic pathways in the two groups, and multiple sugar transport system permease protein (K02025 and K02026), RNA polymerase sigma-70 factor (K03088), and ATP-binding cassette (K06147) were the three different KEGG pathways (p < 0.05). Two cellulose degradation bacteria strains—Bacillus subtilis and Enterococcus faecalis—were isolated and characterized from the feces of bamboo rats.

KEYWORDS
bamboo rat, 16S, gender, gut microbiome, cellulases producing bacteria


1 Introduction

A bamboo rat is a type of fossorial muroid rodent and gets its characteristic name from eating bamboo (Zhan et al., 2009). Bamboo rats belong to the subphyla Vertebrata, class Mammalia, order Rodentia, and family Rhizomyidae in animal taxonomy. The Rhizomyidae family has three main genera—Tachyoryctes, Cannomys, and Rhizomys, of which the Rhizomys genus has three species, namely the Chinese Bamboo Rat (Rhizomys sinensis), the Hoary Bamboo Rat (Rhizomys pruinosus), and the Large Bamboo Rat (Rhizomys sumatrensis) in China (Xu et al., 2016; Guo Y. T. et al., 2021). Bamboo rats are distributed in many provinces of China, such as Yunnan, Guizhou, Guangdong, and Guangxi, and the Chinese bamboo rat is common in the middle and southern regions of China. This species is a large solitary living rodent weighing approximately 1–4 kg, with a body length of 25–35 cm, a gray back and abdomen, small eyes and ears, and short limbs, living in dark and cool burrows underground in the wild. They inhabit bamboo thickets, pine forests, or evergreen broad-leaved forests at altitudes between 1,500 and 2,800 meters (Plestilova et al., 2016). The diet of Chinese bamboo rats includes shoots and roots of bamboo in addition to sugarcane or tapioca in cultivated lands (Wannaprasert, 2018).

Since 1990, the Chinese bamboo rat has been gradually domesticated and cultured in captivity (Ma et al., 2018). Besides, the bamboo rat breeding industry has gained widespread attention because of the deliciousness of their meat. However, due to changes in habitats and food sources, the transmission risk of zoonotic pathogens, such as Cryptosporidium spp. (Li et al., 2020b), Penicilliosis marneffei (Huang et al., 2015), Giardia duodenalis (Ma et al., 2018), Enterocytozoon bieneusi (Zhao et al., 2023), Talaromyces marneffei (Qu et al., 2023), and SARS-CoV-2 (Chen et al., 2022) has been reported in bamboo rats. Infections from these pathogens could seriously affect the health and economic significance of these animals (Guo Y. et al., 2021). After the COVID-19 outbreak, the captive breeding of bamboo rats was banned to avoid the risk of new and re-emerging infectious diseases. Currently, the Chinese bamboo rat is the most widely distributed species of bamboo rat, with a stable population and no survival crisis.

The animal gut is a complex digestive system. The host-associated microbial communities include various microorganisms (bacteria, archaea, fungi, and protozoa) and viruses (Hallen-Adams and Suhr, 2017). The microbial composition is influenced by host genetic factors (Kurilshikov et al., 2021), disease (Sanchez et al., 2015), diet, and gender (He et al., 2019). Bamboo rats mainly feed on bamboo, a low-nutrition food with approximately 70–80% of its composition being lignocellulosic components (Hu et al., 2017) that the single-stomach mammal cannot digest. Their ability to digest cellulose and lignin in bamboo largely depends on the composition of their gut microbiota (Xiao et al., 2022), which, consequently, may play an important role in their adaptation to digesting lignocellulose-based diets.

The phylogenetic composition of gut microbiota is influenced by diverse factors that include host gender. Sex biases in the gut microbiome drive host metabolism (Xie et al., 2017), the regulation of autoimmunity (Markle et al., 2013), and the response to various diseases (Krumsiek et al., 2015). For instance, in pigs, host gender significantly influences the phylogenetic composition of the gut bacterial community (Xiao et al., 2016). Currently, the bamboo rat still receives attention as a valuable wild animal resource and experimental animal model (Cao et al., 2020). However, research on the bamboo rat is relatively scarce, and further studies on its intestinal microbes are needed.

The bamboo rat is a famous specificity bamboo-eating animal, and cellulose degradation bacteria (CDB) may play a key role in its intestinal microbial composition for digesting a lignocellulose-based diet. However, the adaptation and mechanism of bamboo rats for digesting lignocellulose-based diet remain poorly understood. CDB has been isolated by many scholars from animal gastrointestinal tract and feces (Sari et al., 2017; Li et al., 2020a; Zhao et al., 2021), but there has been little research on bamboo rats. Therefore, the screening, isolation, and identification of CDBs from bamboo rats would be of great significance.

In this study, the fecal microbiome of Chinese bamboo rats was analyzed using 16S rRNA gene sequence technology, and the microbial community from different sexes was compared. In addition, the CDB in the feces of bamboo rats was also isolated and screened, and the characteristics of lignocellulose-degrading enzymes were studied. This study may provide a basis for further understanding of the effects of sex on intestinal microbes of bamboo rats, and the CDBs from bamboo rats may play a role in the bio-utilization of cellulose resources.



2 Materials and methods


2.1 Animals and specimen collection

Animal breeding and care and all experiments followed the “Regulations for the Administration of Affairs Concerning Experimental Animals of China” (CNAS-CL60). All protocols and studies involving animals were conducted following the guiding principles of the Animal Care and Use Committee of Guizhou University of Traditional Chinese Medicine (permit No. 2019007).

All bamboo rats were purchased from an artificial breeding farm (26.4268 N, 106.8527 E) in Guizhou province and were fed at the Institute of Laboratory Animals of Guizhou University of Traditional Chinese Medicine. The captive breeding of bamboo rats was legal before the COVID-19 outbreak, but it is now banned. A total of 42 bamboo rats were used in this study, and none of the animals were in a state of breeding, pregnancy, or lactation. Three bamboo rats of the same sex were raised in a breeding unit. Fourteen breeding units (six male units and eight female units) were used for this research. Three grains of fresh feces from each bamboo rat in the same breeding unit were collected by freehand stimulation method. The three grains from the same breeding unit were mixed as a 16S rRNA sequencing sample, and a total of 14 sequencing samples were prepared and stored at −80°C until use.



2.2 Extraction procedures and 16S rRNA sequencing

All 16S rRNA sequencing samples were transported on dry ice to the Beijing Novogene company (Beijing, China) and stored at −80°C. Microbial genomic DNA was extracted from each fecal sample (0.2 g) using the CTAB/SDS method. The V4 region of 16S rRNA genes was amplified using the specific primers 515F 5′-CCTAYGGGRBGCASCAG-3′ and 806R 5′-GGACTACNNGGGTATCTAAT-3′ with the barcode. After PCR product quantification, qualification, mixing, and purification, sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer's instructions. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an IlluminaHiSeq6000 platform, and 250 bp paired-end reads were generated. All sequences were deposited in the Sequence Read Archive (SRA) under accession PRJNA980421.



2.3 Data analysis

Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/), a very fast and accurate analysis tool that is designed to merge paired-end reads when at least some of the reads overlap the read generated from the opposite end of the same DNA fragment. The splicing sequences were called raw tags. Sequences were analyzed using default parameters in the QIIME software package (Caporaso et al., 2010). Chimeric sequences were detected and removed using the UCHIME algorithm. Then, the effective tags were finally obtained. These sequences were grouped into operational taxonomic units (OTUs) using Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/) with a minimum sequence identity of 97%. The most abundant sequences within each OTU were designated as the representative sequence, and then the annotation taxonomic information was obtained against the Silva Database (Quast et al., 2013) (http://www.arb-silva.de/) based on the Mothur algorithm. MUSCLE software (Version 3.8.31) was used to study the phylogenetic relationship of different OTUs.

The information on OTU abundance was normalized using a standard sequence number corresponding to the sample with the least sequences. The relative abundance of the phylum and genus levels between male and female Chinese bamboo rats was analyzed using the stack image and heatmap tools on the online OmicShare platform (http://www.omicshare.com). The OTUs number in male and female rats was calculated at phylum and genus levels, and the percentage of different terms was calculated and presented in the stack image. The data was normalized using the Z-score method, the mean and standard deviation (SD) were calculated, and the fold change value (FC, mean/SD) was presented in a heatmap. Subsequent alpha and beta diversity analyses were performed based on this output normalized data. Alpha diversity was applied to analyze the complexity of the diversity of the sample of four indices, including Simpson, ACE, Chao 1, and Shannon. We conducted statistical tests of ANOVA, and Tukey HSD was used to test the statistical significance of alpha diversity indices and to confirm the significance of the two groups (Zhang et al., 2022). For beta diversity, principal coordinates analysis (PCoA) based on unweighted and weighted UniFrac distances (Lozupone and Knight, 2015) was applied to compare the gut bacterial community between male and female bamboo rats.

To study the difference in the bacteria genus between the male and female bamboo rats, the FC and p-value were calculated using the normalization relative abundance data at the genus level using the edgeR package (Robinson et al., 2010) in R software (Version 4.1.2). The volcano map was plotted using log2 (FC) as the X-axis and -log10 (p-value) as the Y-axis. The difference in bacteria genus between the male and female bamboo rats was further analyzed at a significance threshold of p < 0.05 and log2 (FC) >1. The top 10 bacteria genera were plotted using the Omicshare tools, a free online platform for data analysis (https://www.omicshare.com/tools).

To study the main functions of the microbial community, the obtained clean tags were annotated using the PICRUSt program, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) function was analyzed. Identified metabolites were annotated using the KEGG Compound database (http://www.kegg.jp/kegg/compound/), and annotated metabolites were then mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html). The relative abundance at the primary, secondary, tertiary, and KO levels of the KEGG pathway was analyzed. The difference pathways between the two groups were compared based on the normalization relative abundance data at a significance threshold of p < 0.05.



2.4 Isolation and screening of cellulose degradation bacteria

Eight healthy bamboo rats (four males and four females) from different breeding units were randomly selected for isolation and screening of cellulose degradation bacteria. Fresh feces of bamboo rats were collected by freehand stimulation method. About 1 g of fresh feces from each bamboo rat was diluted with sterilized phosphate buffer solution (PBS, pH 7.0), and serial dilutions from 10−3g/ml to 10−6g/ml were prepared using PBS. An aliquot of 50 μl of each dilution was incubated on Luria Bertani (LB) Agar medium containing 1% carboxymethyl cellulose (w/v), named LB-CMC Agar medium, under aerobic conditions at 37°C for 24 h.

Then, the Congo-red overlay method (Ariffin et al., 2008) was used to qualitatively screen the cellulose degradation bacteria. Specifically, the plates were flooded with about 10 ml Congo red stain (0.1%, w/v) for 30 min and then de-stained with 1N NaCl solution until the clear zones around the colonies were visualized. Based on visual inspection of colony morphologies such as shape, color, margin, and zone diameter, 2–3 colonies with similar morphology were picked and transferred to LB-CMC Agar medium. The selected bacterial colonies were further purified by streaking onto a new LB-CMC Agar medium for 4–5 generations. The purified bacteria strains were stored at −80°C with glycerol.



2.5 Preparation of crude enzyme solution and determination of the cellulose activity

The purified bacteria strains were activated and cultured in Luria-Bertani (LB) solid medium containing (g/L) NaCl (10.0), tryptone (10.0), yeast powder (5.0), and agar powder (10.0), under aerobic conditions at 37°C for 12 h. Then, the activated single colony was inoculated in Luria-Bertani (LB) liquid medium containing (g/L) NaCl (10.0), tryptone (10.0), and yeast powder (5.0) under aerobic conditions at 220 rpm and 37°C for 12 h. After that, they were cultured twice in LB liquid medium with 1.0% inoculum, and the optical density (OD) of the bacterial solution was adjusted to 1.0 at 600 nm (OD600 = 1.0) using LB liquid medium. The bacterial solution (0.5 ml) was inoculated in a 50 ml LB-CMC liquid medium containing 1% carboxymethyl cellulose (w/v) and was cultured at 220 rpm and 37°C for 24 h. The crude enzyme solution was obtained from the superstratum of the LB-CMC liquid medium and centrifuged at 3,000 g for 15 min.

The cellulose activity in the crude enzyme solution was detected by the 3,5-dinitrosalicylic acid (DNS) method (He et al., 2022). The degradation ability for endo-1,4-β-glucanase (CMCase) was detected using cellulose substances CMC. One unit (U) of enzyme activity was defined as the enzyme required for a substrate to produce 1 μg of glucose per minute.



2.6 Identification and phylogenetic study of the separated cellulose degradation bacteria

The genomic DNA from the overnight grown isolate was extracted by using the Rapid Bacterial Genomic DNA Isolation Kit from Sangon Biotech Co., Ltd. (Shanghai, China). The 16S rRNA gene was amplified by PCR from the cellulases producing bacteria genomic DNA using primers pairs, 7F (5′-CAGAGTTTGATCCTGGCT-3′) and 1540R (5′-AGGAGGTGTCCAGCCGCA-3′) (Zhang and Nan, 2012). Amplified products were checked for size and purity on 1% (w/v) agarose gel and were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China). The obtained sequences were aligned using the Basic Local Alignment Search Tool (BLAST) program of NCBI for homology analysis against the Ribosomal database (http://rdp.cme.msu.edu/index.jsp). The nucleotide sequences of the isolate and closely related strains from GenBank were also used for alignment, and a Neighbor-Joining (NJ) phylogenetic tree was built using the MEGA 7.0 program (Kumar et al., 2016).




3 Results


3.1 Characterization of bacterial community from bamboo rats

Sequencing analysis of 16S rRNA gene amplicons obtained 1,350,652 clean tags from all the tested samples (92,084–105,454 effective tags per sample). The length of the clean tags varied between 415 and 425 bp. Sequencing data quality was mainly distributed from 98.15 to 98.57% (Q20) to ensure normality of the subsequent advanced analysis. Rarefaction curves were calculated for the two groups (female and male) and are shown in Figure 1A. The two groups were sequenced sufficiently, and the curves reached complete saturation.


[image: Figure 1]
FIGURE 1
 Characterization of sequencing data and the identified OTUs between male and female Chinese bamboo rats. (A) The rarefaction curves for the female and male groups. (B) Venn diagram of shared OTUs between male and female bamboo rats.


A total of 3,833 OTUs were classified, and these OTUs were used for all downstream analyses. The total microbial diversity detected in the female and male groups consisted of 3,049 and 3,452 OTUs, respectively. Analyzing all these OTUs, it was found that 2,658 OTUs were shared between the two groups (Figure 1B). The number of detected OTUs varied highly among samples (948–2,123 OTUs). The group with female rats harbored between 1,590 and 2,123 OTUs (median = 1,879 OTUs), while the one with the male rats had between 948 and 1,911 OTUs (median = 1,371 OTUs).



3.2 Microbial community analysis for the female and male bamboo rats

To study the microbial community diversity between the two sexes of bamboo rats, the relative abundance of the microbial community in the male and female groups was analyzed at phylum and genus levels. At the phylum level (Figure 2A), Firmicutes (33.8% for male and 49% for female), Bacteroidota (46.3% for male and 33.8% for female), Proteobacteria (4.7% for male and 8.8% for female), and Actinobacteriota (3.2% for male and 2.5% for female) were the main enrichment of the microbial community, and the relative abundance of other bacteria was lower than 1%. The heat map of the species-relative abundance at the phylum level (Figure 2B) also showed that Firmicutes, Bacteroidota, and Proteobacteria were the main enrichment of the microbial community.
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FIGURE 2
 The species-relative abundance at the phylum and genus levels between male and female Chinese bamboo rats. (A) The stacked image at the phylum level. (B) The heat map at the phylum level. (C) The stacked image at the genus level. (D) The heat map at the genus level. The OTUs number in different sexes was calculated at phylum and genus levels, and the percentage of different terms was calculated and presented in the stack image. The data was normalized using the z-score method, and the fold change value (FC, mean/SD) was calculated and presented in a heatmap.


At the genus level (Figure 2C), the microbial community was dominated by the Lachnospiraceae NK4A136 group (21.2%), Lactobacillus (20.9%), Bacteroides (18.4%), and Prevotella (14.8%) in the feces of bamboo rats. Specifically, the dominant microbial genus in female bamboo rats was the Lachnospiraceae NK4A136 group (29.3%), Bacteroides (29.1%), Prevotella (21.8%), and Lactobacillus (6.2%); the dominant microbial genus in the male bamboo rats was Lactobacillus (35.6%), Streptococcus (13.7%), the Lachnospiraceae NK4A136 group (13.1%), and Psychrobacter (9.8%). The heat map of the species-relative abundance at the genus level (Figure 2D) also showed obvious differences between male and female Chinese bamboo rats.



3.3 Different bacteria genera between male and female bamboo rats

To investigate the differences in microbial diversity between male and female bamboo rats, the normalized OTUs data of the two groups were used, and the values of the alpha diversity index (Simpson, ACE, Chao 1, and Shannon) were calculated (Figure 3). The Shannon index had a significant difference between the two groups (p < 0.05), and the other diversity index (ACE, Chao 1, Shannon and Simpson) did not differ significantly between the two groups (p > 0.05).
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FIGURE 3
 Alpha diversity of gut microbiota in male and female rats. The evenness of the bacteria community was evaluated by the Shannon (A), ACE (B), Chao1 (C), and Simpson (D) index. Box plots show high, low, and median values, with each box's lower and upper edges denoting the first and third quartiles. The x-axis represents the information on samples. Statistical significance between different groups was indicated by a different letter (a or b); the same letters represent insignificant differences (p > 0.05), and different letters represent significant differences (p < 0.05).


For beta diversity, PCoA based on unweighted and weighted UniFrac distances were applied to compare the gut bacterial community between the male and female groups of bamboo rats. We found that the samples from the male and female groups were individually clustered based on unweighted (Figure 4A) and weighted (Figure 4B) UniFrac distances, which indicated that the species-abundance distribution of the gut microbiota of the two groups was different from each other, even though they are all captive and under the same feeding conditions.
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FIGURE 4
 Beta diversity of gut microbiota in bamboo rats based on unweighted and weighted UniFrac distances. PCoA shows beta diversity based on unweighted (A) and weighted (B) UniFrac distances at the OTU level. The variation explained by the plotted principal coordinates is indicated in the axis label.


To study the difference in the bacteria genus between the male and female bamboo rats, the volcano map (Figure 5A) was mapped using log2 (FC) as the x-axis and –log10 (p-value) as the y-axis. The result indicated that 90 bacteria genera in female bamboo rats was significantly higher than that in male rats with p < 0.05 and log2 (FC) >1 using the normalization relative abundance data at the genus level. The top 10 bacteria genus is listed in Table 1. The result showed that the bacteria genus from the female group, such as Bacteroides, Colidextribacter, and Oscillibacter, was significantly higher than that of the male group at a significance threshold of p < 0.05 and log2 (FC) >1, and the bacteria genus, such as Lachnoclostridium, Oscillibacter, and Papillibacter, had the biggest FC value between the male and female bamboo rats (Figure 5B).
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FIGURE 5
 Different bacteria genera between the male and female bamboo rats. (A) The volcano map was plotted using the normalization relative abundance data at a significance threshold of p < 0.05 and log2 (FC) >1. (B) The point-bar heatmap was plotted using the top 10 bacteria genera between the male and female bamboo rats.



TABLE 1 Top 10 different bacteria genera between male and female bamboo rats.
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3.4 KEGG function annotation and analysis

The results of KEGG analysis showed that 7 primary, 41 secondary, 299 tertiary, and 6,039 KO level pathways were identified. Among them, membrane transport (28,238,583 tags), carbohydrate metabolism (23,576,701 tags), and amino acid metabolism (21,324,722) were the most enriched metabolic pathways, and the results are shown in Figure 6A. To study the different KEGG pathways between female and male bamboo rats, the enriched KEGG pathways from the two groups were analyzed, and the top 10 different KEGG pathways at a significance threshold of p < 0.05 are shown in Figure 6B. The results showed that the top 3 different KEGG pathways (p < 0.05) were multiple sugar transport system permease proteins (K02025 and K02026, p = 0.026), RNA polymerase sigma-70 factor (K03088, P = 0.004), and ATP-binding cassette (K06147, p = 0.019).
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FIGURE 6
 KEGG function annotation and analysis. (A) The clean tags enrichment in the KEGG annotation pathway. The clean tags were mapped to the KEGG Pathway database, and the number of clean tags was labeled. (B) The differences in KEGG enrichment pathway between male and female bamboo rats. The clean tags from male and female bamboo rats were normalized and analyzed, and the difference pathways between the two groups were compared at a significance threshold of p < 0.05. The top 10 different KEGG pathways are shown.




3.5 Isolation and screening of CDB

Bamboo rats are a famous specificity bamboo-eating animal, and their intestinal microbial composition may also play a key role in the digestion of cellulose and lignin. So, isolating and identifying cellulolytic bacteria from bamboo rats is very interesting and meaningful. After isolation and screening of CDB on LB-CMC Agar medium plates at 37°C for 24 h, cellulose-solvent zones around colonies were formed. In the study, many bacterial isolates from the Chinese bamboo rats were initially identified to produce fiber degrading enzymes on CMC Agar plates (Figure 7A). Out of these isolates, two isolates encoded as ZS-03 and ZS-05 showed a maximum clearance zone (25.7 mm and 24.6 mm, respectively) when stained with Congo red. Therefore, the two isolates were selected for further study. The cellulase activity and biochemical characterization of ZS-03 and ZS-05 are shown in Table 2.
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FIGURE 7
 Screening and phylogenetic analysis for the isolated CDBs. (A) Cleaning zone of cellulolytic bacteria on CMC-Na selective medium after Congo red staining. (B) Electrophoresis of 16S rRNA gene PCR products for the two isolates—ZS-03 and ZS-05. (C) The NJ phylogenetic tree based on the data of the ZS-03 strain and the other bacteria strains, including Bacillus subtilis (MT513998.1), Bacillus tequilensis (KU179328.1), Bacillus licheniformis (KU179324.1), Bacillus amyloliquefaciens (HM753619.1), Bacillus axarquiensis (KJ787122.1), Bacillus velezensis (KU605233.1), Bacillus licheniformis (KF879276.1), Bacillus safensis (JX94168.1), Bacillus firmus (FJ607062.1), Cytobacillus kochii (NR117050.1), Bacillus haikouensis (KY933460.1), and Rossellomorea marisflavi (KX495281.1). (D) The NJ phylogenetic tree based on the data of the ZS-05 strain and the other bacteria strains, including Bacillus subtilis (MT513998.1), Bacillus tequilensis (KU179328.1), Bacillus licheniformis (KU179324.1), Bacillus amyloliquefaciens (HM753619.1), Bacillus axarquiensis (KJ787122.1), Bacillus velezensis (KU605233.1), Bacillus licheniformis (KF879276.1), Bacillus safensis (JX094168.1), Bacillus haikouensis (KY933460.1), Rossellomorea marisflavi (kX495281.1), Bacillus firmus (FJ607062.1), Cytobacillus kochii (NR117050.1), Enterococcus sp. (MK954176.1), Bacterium spbL1type3-1 (DQ321639.1), Enterococcus faecium (JX437938.1), Enterococcus sp.Org (JX905206.1), Enterococcus sp.T1-2006 (DQ462332.1), and Enterococcus faecalis (MW135195.1).



TABLE 2 Cellulase activity and biochemical characteristics of ZS-03 and ZS-05.
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3.6 Phylogenetic analysis

The agarose gel electrophoresis result of the PCR amplification product (using 7F and 1540R primers) of the strain ZS-03 and ZS-05 are shown in Figure 7B. The DNA fragments amplified by PCR were all single bands and about 1,500 bp. The PCR products of the two isolates, ZS-03 and ZS-05, were sequenced to obtain the length of 1,444 bp (GenBank ID: SUB13733541) and 1,457 bp (GenBank ID: SUB13733559) gene sequences, which was consistent with the electrophoresis result.

The homology between the ZS-03 strain and Bacillus subtilis (MT513998.1) was 99%, suggesting the ZS-03 strain was a close relative of Bacillus subtilis (Figure 7C). The homology between the ZS-05 strain and Enterococcus faecalis (MW135195.1) was 99%, suggesting the ZS-05 strain was a close relative of Enterococcus faecalis (Figure 7D).




4 Discussion

Gut microbes are closely related to the host's nutrient absorption and metabolism and can help the host perform specific physiological and biochemical functions (Zhang et al., 2023). Fecal samples are a non-invasive and sustainable method for observing animal gut microbiota. Although fecal samples cannot reflect the current dynamic changes of bacteria in the animal gut, they can still reflect the composition of the entire gut microbiota (He et al., 2019), which can help us understand the structure and differences of the gut microbiota of animals. The bamboo rat is a famous specificity bamboo-eating animal, and the gut microbiota of bamboo rats may play an important role in their adaptation to digesting lignocellulose-based diet.

In this study, 3,833 OTUs were classified by analyzing 16s rRNA amplicons from all fecal samples. The microbial community was dominated by Lachnospiraceae, Lactobacillus, Bacteroides, and Prevotella in the gut microbiotas of bamboo rats. Among them, Lachnospiraceae, Lactobacillus, and Bacteroides were the main microbial genus involved in lignocellulose utilization in bamboo rats (Xiao et al., 2022). Prevotella is well known as a dietary fiber fermenter, and the Prevotella-dominated microbiota are associated with complex carbohydrate consumption (Chen et al., 2017). So, in the gut of a bamboo rat, these associated bacterial members formed a strong inner-connected microbial community with richness in metabolic and fermentative functions. These findings indicate that the gut microbiotas of bamboo rats have a unique function to adapt to the utilization of complex lignocelluloses.

Host sex significantly influences the phylogenetic composition of the gut microbiota and drives host metabolism, the regulation of autoimmunity, and the response to various diseases. As a new potential resource for experimental animals, it is necessary to study the impact of sex on the structure of the gut microbiota of bamboo rats. In this study, the identified 3,833 OTUs were used to determine how sex variation affects the gut microbiota of bamboo rats. A similar study in pigs declared that the number of observable OTUs of gut microbiotas was insignificant between the two sexes. The α-diversity of the gut microbiota was significantly lower in females (He et al., 2019) even though they were all held under the same feeding conditions. At the taxonomic level and consistent with previous reports in bamboo rats (Xiao et al., 2022), the phyla Firmicutes (33.8% for males and 49% for females), Bacteroidota (46.3% for males and 33.8% for females), and Proteobacteria (4.7% for males and 8.8% for females) were the main enrichment of the microbial community of bamboo rats. These have been reported to substantially contribute to the taxonomic and metabolic variations in the gut microbiome of humans (Human Microbiome Project, 2012), ruminants (Xie et al., 2021), and giant pandas (Guo et al., 2020).

A previous study has indicated profound interactions between host sex and the gut microbiome (Yurkovetskiy et al., 2013) and the influence of androgens on gut microbial composition (Markle et al., 2013) in mice because of the bi-directional interaction between gut microbiota and sex hormones. For instance, Clostridium scindens can convert glucocorticoids to androgens (Ridlon et al., 2013), and the sex differences can be obscured by host genetics and environmental factors (Org et al., 2016). Many sex-biased bacteria have been reported in mice and humans. For example, Lactobacillus, Veillonellaceae, Enterobacteriaceae, Roseburia, Eubacterium, Sutterella, and Coprococcus represent sex-biased bacteria in mice (Yurkovetskiy et al., 2013; Org et al., 2016), while Eubacterium, Blautia, and Treponema represent sex-biased bacteria in humans (Schnorr et al., 2014). Likewise, Treponema and Bacteroides were over-represented in gilts (He et al., 2019), and it was found that Estrogen inhibited the overgrowth of Escherichia coli in rat intestine (Yang et al., 2018).

In this study, we found that Lachnospiraceae, Lactobacillus, Bacteroides, and Prevotella were the dominant microbial genus in the gut microbiotas of bamboo rats. Lactobacillus and Bacteroides have been previously mentioned as sex-biased microbial genera in mice (Yurkovetskiy et al., 2013) and pigs (He et al., 2019). Nevertheless, Bacteroides, Colidextribacter, and Oscillibacter were the significantly higher microbial genera based on the different bacteria genus analyses between the male and female bamboo rats. The bacterium from the Colidextribacter genus can produce inosine, which has a protective effect on LPS-induced acute liver injury and inflammation in mice (Guo W. et al., 2021). The bacterium from the Oscillospira genus involved in gluconate utilization is widely present in the digestive tract of herbivores and is involved in the butyrate kinase-mediated pathway (Chen et al., 2020). These findings indicate that Bacteroides, Colidextribacter, and Oscillibacter may represent sex-biased bacteria in bamboo rats, and the sex-biased microbial genus of bamboo rats is different from humans and other animals.

Bamboo rats are well-known for their unique ability to digest cellulose and lignin, which is attributed to their intestinal microbial composition. However, the adaptation and mechanism of bamboo rats for digesting lignocellulose-based diet remain poorly understood. The isolation and identification of CDBs from bamboo rats are pertinent to investigating the role CDBs may play in the bio-utilization of cellulose resources. Some CDBs have been isolated by many scholars from animal gastrointestinal tract and feces, such as Bacillus velezensis from Min pig (Li et al., 2020a), Enterobacteriaceae from bovine rumen fluid (Sari et al., 2017), and Enterococcus faecalis and Enterococcus faecium from Tibetan yak rumen (Zhao et al., 2021), but there are no related reports on the Chinese bamboo rat. In this study, two strains (ZS-03 and ZS-05) of cellulose-degrading bacteria from bamboo rats were isolated and characterized. The ZS-03 strain was classified as Bacillus subtilis, and the ZS-05 strain was classified as Enterococcus faecalis. The results of this experiment proved that it was feasible to isolate CDBs from the gastrointestinal tract system of bamboo rats.
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Objective: The primary objective of this study is to investigate the mechanism by which Bacillus coagulans TBC169 accelerates intestinal function recovery in patients who have undergone gynecological laparoscopic surgery, using metabolomics and gut microbiota analysis.

Methods: A total of 20 subjects were selected and randomly divided into two groups: the intervention group (n = 10) receiving Bacillus coagulans TBC169 Tablets (6 pills, 1.05 × 108 CFU), and the control group (n = 10) receiving placebos (6 pills). After the initial postoperative defecation, fecal samples were collected from each subject to analyze their gut microbiota and metabolic profiles by high-throughput 16S rRNA gene sequencing analysis and untargeted metabonomic.

Results: There were no statistically significant differences observed in the α-diversity and β-diversity between the two groups; however, in the intervention group, there was a significant reduction in the relative abundance of unclassified_Enterobacteriaceae at the genus level. Furthermore, the control group showed increased levels of Holdemanella and Enterobacter, whereas the intervention group exhibited elevated levels of Intestinimonas. And administration of Bacillus coagulans TBC169 led to variations in 2 metabolic pathways: D-glutamine and D-glutamate metabolism, and arginine biosynthesis.

Conclusion: This study demonstrated that consuming Bacillus coagulans TBC169 after gynecological laparoscopic surgery might inhibit the proliferation of harmful Enterobacteriaceae; mainly influence 2 pathways including D-glutamine and D-glutamate metabolism, and arginine biosynthesis; and regulate metabolites related to immunity and intestinal motility; which can help regulate immune function, maintain intestinal balance, promote intestinal peristalsis, and thus accelerate the recovery of intestinal function.
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 Bacillus coagulans; gynecological laparoscopic surgery; intestinal function; gut microbiota; metabolite


1 Introduction

Laparoscopy is a widely employed technique in the field of gynecology, offering several advantages compared to traditional surgery, such as reduced postoperative pain, decreased risk of complications, shorten hospitalization time, enhanced postoperative recovery, (Lee et al., 2010). The rapid recovery of intestinal motility after gynecological laparoscopies (GLs) is crucial, as it serves as a predictor for favorable postoperative clinical outcomes (Greenwood-Van et al., 2017). Conversely, delayed recovery of intestinal motility can impede postoperative recovery progress, resulting in increased gastrointestinal symptoms and higher treatment costs (Wu et al., 2022).

Several approaches have been utilized to facilitate the recovery of intestinal motility, such as chewing gum, low-frequency electrical stimulation, coffee consumption, et al., although no consensus has been reached on this issue at present. Some of these methods are still unclear in effect; some are complex in operation; and some need to be combined with other enhanced recovery methods (Gungorduk et al., 2020; Turkay and Yavuz, 2020; Wu et al., 2022). Modifying microbiota-gut-brain interactions through probiotics has emerged as a promising therapeutic approach for gut motility disorders (Tillisch et al., 2013). Bacillus coagulans belongs to spore-forming organisms, which could promote the peristaltic activity of intestine, strengthen the health of intestinal cells and improve the intestinal microenvironment (Ara et al., 2002; Minamida et al., 2015). A recent study revealed the effective promotion of intestinal function recovery in patients post-GLs using Bacillus coagulans TBC169 (1.05 × 108 CFU, 3 times daily), with no reported adverse events (Li et al., 2022). Despite the effect of Bacillus coagulans TBC169 was evident, its underlying mechanism had not been investigated.



2 Materials and methods


2.1 Study design

This study enrolled 20 subjects who underwent laparoscopic surgery in the gynecology department of Shanxi Bethune Hospital between July and December 2022. The inclusion criteria were as follows: individuals who were aged between 30 and 70 years, underwent GLs, and the operation duration ranging from 1 to 4 h. The exclusion criteria included psychiatric disorders, a history of intestinal operation, drug allergy to probiotics, and poor compliance. Finally 20 patients who met the inclusion criteria were selected and then randomly assigned to either the Bacillus coagulans group (BC group, n = 10) or the control group (CT group, n = 10) in a ratio of 1:1. Demographic and clinical information including age (years), operative time (min), operation bleeding (mL), diagnosis, and operation types were collected for each patient. Patients in the BC group took Bacillus coagulans Tablets, Live (BCTL, TBC169, Qingdao Eastsea Pharmaceutical Co., Ltd., lot No: S202010112), 6 tablets (1.05 × 108 CFU) per dose, while patients in the CT group took 6 placebo tablets (Qingdao Eastsea Pharmaceutical Co., Ltd., lot No: S202107001) per dose. The specific administration time is shown in Figure 1. On the night before laparoscopic surgery, the patients took BCTL (TBC169) for the first time after bowel preparation, with a dosage of 6 tablets (1.05 × 108 CFU). The second dose, also consisting of 6 tablets, was administered 8 h after the completion of anesthesia recovery following the surgery. Subsequently, BCTL (TBC169) was taken 6 tablets every 8 h until the patient experienced intestinal gas expulsion, with the duration of medication typically lasting for 48–72 h.

[image: Figure 1]

FIGURE 1
 Schematic representation of patient medication administration. Patients took the first dose of BCTL or placebo after preoperative bowel cleaning at the night before operation; and since the patients woke up from anesthesia, they were administered BCTL or placebo every 8 h until the first flatus after surgery.


Each participant submitted a fecal sample after the first postoperative defecation. The primary outcomes of the study were α-diversity and β-diversity, gut microbiota (GM) composition and differential metabolites.

This study was approved by the Ethical Review Committee of Shanxi Bethune Hospital (approval number YXLL-2021-028). All patients were fully informed before they provided informed consents.



2.2 Fecal sample collection

Every subject was provided with a fecal kit box (10 mL), and instructed to collect a fecal sample after their first postoperative defecation and then submit it to researchers as soon as possible. Upon submission, the samples were promptly stored at −80°C until high-throughput 16S rRNA gene sequencing analysis and untargeted metabonomic analysis.



2.3 High-throughput 16S rRNA gene sequencing analysis

Total genomic DNA was extracted from fecal samples using the TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd.). The hypervariable region V3-V4 of the bacterial 16S rRNA gene were amplified with primer pairs 338F: 5′- ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′- GGACTACHVGGGTWTCTAAT-3′. PCR products were checked on agarose gel and purified through the Omega DNA purification kit (Omega Inc., Norcross, GA, United States). The purified PCR products were collected and the paired ends (2 × 250 bp) was performed on the Illumina Novaseq 6,000 platform. The qualified sequences with more than 97% similarity thresholds were allocated to one operational taxonomic unit (OTU) using USEARCH (version 10.0). Taxonomy annotation of the OTUs/ASVs was performed based on the Naive Bayes classifier in QIIME2 using the SILVA database (release 138.1) with a confidence threshold of 70%. α was performed to identify the complexity of species diversity of each sample utilizing QIIME2 software. β-diversity calculations were analyzed by principal coordinate analysis (PCoA) to assess the diversity in samples for species complexity. Analysis of variance (ANOVA) was used to compare bacterial abundance and diversity. Linear discriminant analysis (LDA) coupled with effect size (LEfSe) was applied to evaluate the differentially abundant taxa.



2.4 Untargeted metabolomics analysis

The details of chemical reagents used in this study are listed in Table 1.



TABLE 1 The details of chemical reagents.
[image: Table1]


2.4.1 Sample preparation

Firstly, we weighed 50 mg of freeze-dried fecal sample and added 1,000 μL extraction solution (volume ratio of methanol, acetonitrile and water was 2:2:1, containing internal standard, 2-Chloro-L-phenylalanine, which concentration was 20 mg/L) into the sample. The mixture was vortexed 30 s, and then centrifugated at 12,000 rpm for 15 min at 4°C following 10 min ultrasonic processing. After the centrifugation, we took 500 μL of supernatant for vacuum drying treatment, and then added 160 μL extraction solution (volume ratio of acetonitrile and water was 1:1) to the dried metabolite to make it dissolve again. The re-dissolved sample was vortexed 30 s, processed 10 min by ultrasonic, and centrifugated at 12,000 rpm for 15 min at 4°C. And then we obtained the supernatant for the further metabolomics analysis. Moreover, we took 10 μL supernatant from each sample and mixed together as a quality control sample.



2.4.2 LC/MS analysis

The LC/MS system for metabolomics analysis is composed of Waters Acquity I-Class PLUS ultra-high performance liquid tandem Waters Xevo G2-XS QTof high resolution mass spectrometer. The column used is purchased from Waters Acquity UPLC HSS T3 column (1.8um 2.1*100 mm). The mobile phases in this study were consisted of 0.1% formic acid aqueous solution (solvent A) and 0.1% formic acid acetonitrile (solvent B). The injection volume was 1 μL and the flow rate was 0.40 mL/min. And the gradient system was optimized as follows: 0 ~ 0.25 min, 98% A and 2% B, 0.25 ~ 10 min, 98% A and 2% B, 10 ~ 13 min, 2% A and 98% B, 13 ~ 13.1 min, 2% A and 98% B, 13.1 ~ 15 min, 98% A and 2% B, 15 ~ 16 min, 98% A and 2% B. Waters Xevo G2-XS QTOF high resolution mass spectrometer can collect primary and secondary mass spectrometry data in MSe mode under the control of the acquisition software (MassLynx V4.2, Waters). In each data acquisition cycle, dual-channel data acquisition can be performed on both low collision energy and high collision energy at the same time. The low collision energy is 2 V, the high collision energy range is 10 ~ 40 V, and the scanning frequency is 0.2 s for a mass spectrum. The parameters of the ESI ion source are as follows: Capillary voltage: 2,000 V (positive ion mode) or − 1,500 V (negative ion mode); cone voltage: 30 V; ion source temperature: 150°C; desolvent gas temperature 500°C; backflush gas flow rate: 50 L/h; Desolventizing gas flow rate: 800 L/h.



2.4.3 Data processing and analysis

The raw data collected through MassLynx V4.2 were processed by Progenesis QI software for peak extraction, peak alignment and other data processing operations, and identification was based on the Progenesis QI software and METLIN database. After normalizing the original peak area information with the total peak area, the follow-up analysis was performed. Principal component analysis (PCA) was used to show the overall metabolic differences between groups. According to the grouping information, T test was used to calculate the p value of each compound, and the fold change (FC) was calculated. The screening criteria of differential metabolites were p value <0.05 and FC > 1.2 or FC < 0.8. MetPA website1 was used for pathway analysis.





3 Results


3.1 Baseline characteristics of patients post-GLs

As described previously, 20 subjects enrolled in this study were randomized into the BC group (n = 10) and the CT group (n = 10). Baseline characteristics of subjects are shown in Table 2. Eventually, all 20 patients submitted fecal samples successfully. These samples from the BC group and the CT group were labeled as BCD1 ~ BCD10 and CTD1 ~ CTD10, respectively.



TABLE 2 Baseline characteristics of subjects.
[image: Table2]



3.2 Effect of BCTL on GM composition


3.2.1 α-Diversity and β-diversity

The α-diversity index is used to measure the species richness and diversity within a single sample. In this study, the results of the α-diversity data are presented in Figure 2. Confirmed by student’s t-test, there were no significant differences in α-diversity between BC group and CT group (Chao1, p = 0.631; PD whole tree, p = 0.998; Shannon, p = 0.791; Simpson, p = 0.888). As shown in Figure 2C (Shannon index), no significant differences were observed in species evenness.

[image: Figure 2]

FIGURE 2
 α-diversity data of the BC group and CT group: (A) Chao1 index, (B) PD whole tree, (C) Shannon index, and (D) Simpson index. β-diversity data of the BC group and CT group: (E) weighted unifrac distances, (F) unweighted unifrac distances. The boxplot shows the mean unifrac distances for BC group and CT group: (G) weighted unifrac distances (BC vs. CT, p = 0.886), (H) unweighted unifrac distances (BC vs. CT, p = 0.790). (In the boxplot above, “All between” represents the beta-distance data of all inter-group samples, and “All within” represents the beta-distance data of all intra-group samples).


QIIME was utilized in this study to conduct β-diversity analysis, which enabled the comparison of species diversity among different samples and could be computed based on the weighted unifrac and unweighted unifrac. PCoA and PERMANOVA were used to analyze the β-diversity. No significant difference was observed either between or within groups eventually (Figures 2G,H).



3.2.2 Gut microbiota composition

Figure 3 displays the relative abundance of the top 10 GM at the phylum level, the top 30 GM at the genus level, and the top 30 GM at the species level between different groups. This visualization provides insight into the composition and distribution of these microbial taxa within the studied groups. The relative abundance of GM was compared using ANOVA, revealing a significant difference in the abundance of unclassified_Enterobacteriaceae at the genus level between two groups. Specifically, the CT group exhibited a significantly higher abundance of unclassified_Enterobacteriaceae (p = 0.043). While there was no difference were observed at the phylum level and the species level.

[image: Figure 3]

FIGURE 3
 Relative abundance of GM at phylum level (A), genus level (B), and species level (C) between two groups; and results of LEfSe (D) and LDA scores (E).


In the study, LDA coupled with LEfSe were used to identify the biomarkers between BC group and CT group from phylum level to genus level (LDA>2). In CT group, the biomarkers included Holdemanella, Enterobacter and unclassified_Enterobacteriaceae at the genus level. Meanwhile, there were 1 biomarker in BC group, which was Intestinimonas at genus level (Figure 3D). The LDA scores of the aforementioned microbiota are shown in the Figure 3E. And the details of biomarkers were shown in Table 3.



TABLE 3 The details of biomarkers.
[image: Table3]




3.3 Effect of BCTL on metabolic profiles


3.3.1 Variety of fecal metabolic profiles

PCA, a multidimensional statistical analysis method with unsupervised pattern recognition, was used to examine overall metabolic differences among samples in each group and the degree of variation among samples within the group. As illustrated in Figure 4A, the scatter plots of the BC and CT groups exhibit partial overlap; however, there is a trend of separation between them.

[image: Figure 4]

FIGURE 4
 (A) PCA score plot. (B) Heatmap of the differential metabolites. (C) 2 metabolic pathways with significant variations in BC group.


Human Metabolome Database (HMDB) was utilized to annotate all the identified metabolites, resulting in a total of 70 metabolites being successfully identified. The screening criteria for differential metabolites included p < 0.05 and FC > 1.2 or FC < 0.8, and the final differential metabolites can be seen in Table 4. A total of 17 metabolites were considered as differential metabolites, 9 of them were significantly increased, while 8 of them were significantly decreased. The heatmap displaying the 17 differential metabolites is presented in Figure 4B. It allows for a quick observation of the overall trend in metabolite differences between the two groups.



TABLE 4 Statistics of differential metabolites.
[image: Table4]



3.3.2 Metabolic pathway analysis

The 17 differential metabolites identified in fecal samples have been classified into different categories, as shown in Table 4. These metabolites are categorized as follows: amino acids and peptides (7), bile acids (2), fatty acyls (6), carboxylic acid (1), and pyridines and derivatives (1). These differential metabolites were imported into the MetPA website (see footnote 1) for pathway analysis. The metabolic pathways with the impact >0.1 and p < 0.05 were considered potential target pathways. Compared with CT group, there were 2 target metabolic pathways in BC group: D-glutamine and D-glutamate metabolism, and arginine biosynthesis (Figure 4C).




3.4 Correlation analysis between differential metabolites and microbiota

Correlation analysis between the differential metabolites and differential microbiota was performed using the Hmisc package in R (version 3.6.1). The screening criteria for correlation were set as r > 0.5 or r < −0.5, with a significance level of p < 0.05. Ultimately, only one significant correlation was observed: Intestinimonas showed a positive correlation with Arg-Phe-Arg (r = 0.8056, p = 1.82 × 10−5).




4 Discussion


4.1 Impact of taking BCTL after GLs on GM composition

In this study, no statistically significant differences were observed in α-diversity and β-diversity between the BC group and CT group. One possible explanation for this finding could be that the intervention duration of BCTL was relatively short.

However, it is worth noting that despite the lack of significant differences in α-diversity and β-diversity between two groups, a notable finding emerged. Specifically, the abundance of unclassified_Enterobacteriaceae at the genus level was found to be significantly higher in the CT group compared to the BC group. This suggests a potential association between the administration of BCTL and the decreased abundance of unclassified_Enterobacteriaceae in the BC group. Unclassified_Enterobacteriaceae belongs to facultative anaerobic pathogens, and it is known to primarily degrade proteins and produce indoles. When the concentration of indoles rises beyond a certain threshold, it can disrupt the balance within the intestine (Verbeke et al., 2014; Seo et al., 2017). In the context of this study, the observed difference in abundance of unclassified_Enterobacteriaceae between the BC group and CT group suggests that the probiotic BCTL intervention may have the potential to inhibit the proliferation of harmful Enterobacteriaceae and help maintain intestinal balance.

In addition, the biomarkers with statistically significant differences between the two groups were identified using LDA and LEfSe analysis. Apart from unclassified_Enterobacteriaceae, the biomarkers specific to the CT group comprised Holdemanella and Enterobacter. Furthermore, the biomarkers in the BC group was Intestinimonas. It is possible that the recovery of intestinal function after GLs could be attributed to the alterations of the above GM.

Holdemanella was found to be related to a risk of anxiety and depression (Chen et al., 2021), however it was also considered a potential contributor to the stable state of health (Zhang et al., 2022). These differences provided a challenge of judging whether Holdemanella is a beneficial bacterium at present. The genus Enterobacter is recognized as a pathogenic bacterium in most cases (Ye et al., 2006), and it was found to be more prevalent in adults with chronic constipation (Khalif et al., 2005), suggesting a potential correlation with impaired intestinal motility. The enrichment of Enterobacter in the CT group indicates an imbalance in the intestinal microflora among patients. This imbalance has the potential to disrupt normal intestinal function and motility (Zhang et al., 2018). Therefore these kinds of bacteria might be related to delayed recovery of intestinal function.

As for biomarkers in BC group, the genus Intestinimonas was found to be a butyrate- producing bacterium (Kläring et al., 2013). Butyrate has been shown to enhance the barrier function of human colonic epithelial cell line, and influence the level of intestinal inflammation (Bach Knudsen et al., 2018; Nielsen et al., 2018). However, in this study, according to results of metabolomics analysis, the concentration of butyrate was not found to be up-regulated. This discrepancy could potentially be attributed to the relatively short time interval between the initiation of medication and the collection of fecal samples, which did not allow for the capture of changes in butyrate.



4.2 Impact of taking BCTL after GLs on metabolic profile

The results of PCA demonstrated a trend of separation of scatter points between the two groups. This suggests that there are discernible differences in metabolic profiles between patients who were administered BCTL and those who were given placebos. The observed separation supports the notion that the treatment with BCTL has an impact on the metabolic profile within the study population.


4.2.1 Variations in metabolic pathways

Glutamic acid (Glu) plays a significant role in maintaining intestinal mucosal barrier function. It responds to oxidative stress by promoting cell growth and preserving membrane integrity (Jiao et al., 2015). The occurrence and development of inflammation caused by oxidative stress are important factors in disrupting the balance of gut microbiota (Wang et al., 2023). In this study, we speculated that the down-regulation of Glu in patients taking BCTL may be attributed to increased absorption by intestinal epithelial cells. BCTL treatment might enhance the absorption and utilization of Glu in the intestine, contributing to the maintenance of intestinal balance and accelerated recovery of intestinal function following GLs. According to previous studies, there was a correlation between arginine consumption and inflammation in colon (Monaghan et al., 2023). In the study, BCTL might protect against intestinal inflammation through the down-regulation of Arg-Try, and the up-regulation of Arg-Phe-Arg. Additionally, there was a positive correlation between Intestinimonas, an anti-inflammatory microorganism, and Arg-Phe-Arg. This indicates that the increase in the latter’s level may be attributed to the influence of the former. The levels of Intestinimonas and Arg-Phe-Arg were both increased, which has a positive effect on the recovery of clinical intestinal function.



4.2.2 Metabolites related to the immune system

According to previous research, in rodents, the degree of insufficient gastrointestinal motility or intestinal obstruction was proportional to the degree of intestinal handling and inflammation; and the down-regulation of inflammation in the colon was associated with promoting colon contraction and reducing intestinal transit time (Kalff et al., 1998; Wang et al., 2023). In humans, although minimally invasive surgery such as laparoscopy has limited handling of the intestine, it still causes transient inflammation and delays the recovery of gastrointestinal motility (The et al., 2008). And there was evidence of a causal relationship between intestinal mucosal inflammation and changes in intestinal sensory and motor function in humans (Collins, 1996). The following differential metabolites related to the immune system may have a potential association with the accelerated recovery of intestinal motility in patients receiving BCTL.

Taurodeoxycholic acid (TDCA), a secondary bile acid, its enrichment could drive the inflammatory immune response in the small intestines of mice; and patients with inflammatory bowel disease had significantly higher levels of TDCA compared to normal individuals (Liu et al., 2023). This suggests a relationship between TDCA levels and intestinal inflammation. The observed down-regulation of TDCA in BC group may due to the reduction of intestinal inflammation.

(9Z)-Hexadecenoic acid, also known as palmitoleic acid (POA), is increasingly recognized as a health biomarker with important physiological and pathophysiological functions (Bermúdez et al., 2022). Previous studies conducted on animal models or cell cultures have shown that POA exhibited significant anti-inflammatory properties (Astudillo et al., 2018; de Souza et al., 2018). But its role in humans has not yet been fully explored. A study demonstrated the potential benefits of POA supplementation for patients with inflammatory bowel disease (Bueno-Hernández et al., 2017), suggesting a possible negative correlation between POA levels and intestinal inflammation. In this study, the up-regulation of POA in the BC group indicated a potential relationship between BCTL and the inhibition of intestinal inflammation.

Ascorbyl stearate (Asc-s) had shown anti-tumor properties without causing damage to normal cells, and due to its lipophilicity, it was easy to penetrate the cell membrane and be absorbed by cells (Fang et al., 2006; Mane and Kamatham, 2019). Subjects in this study included patients with gynecological tumors, and the down-regulation of Asc-s in BC group may be related to its uptake by cells, which suggests that BCTL may had an influence on promoting the uptake of anti-tumor active factors in patients with tumors.

Pyridoxamine is a beneficial anti-glycation agent. It can mitigate the detrimental effects of saccharification process caused by fermentable carbohydrates in the intestine of mice, reduce the mucosal irritation, and maintain the balance of intestinal mucus barrier (Kamphuis et al., 2022). Probiotic supplementation was found to increase pyridoxamine level in mouse fecal samples (Huang et al., 2021). However, in this study, it was down-regulated in BC group. This may be because the factors affecting its concentration in humans are complicated, including ingestion and vitamin B6 metabolism.

Stearidonic acid (SDA) belongs to long-chain omega-3 polyunsaturated fatty acid, and has been recognized for its potential health benefits (Li et al., 2022). It had been proven to possess anti-inflammatory and immunity-enhancing properties (Hsueh et al., 2011; Lucchinetti et al., 2022). As well as icosadienoic acid, which is an omega-6 fatty acid, might play a role in modulating inflammatory responses (Sergeant et al., 2016). The absence of these anti-inflammatory fatty acids may be associated with an intestinal inflammatory response (Galler et al., 2022). In this study, the up-regulation of SDA and icosadienoic acid in the BC group suggests their potential involvement in intestinal anti-inflammatory activity.

4-Hydroxybutyric acid (also known as gamma-hydroxybutyrate or GHB) is a precursor and a metabolite of gamma-aminobutyric acid (GABA) (LeBeau et al., 2006). GABA is one of the main neurotransmitters and plays a role in the gut-brain axis communication (Kasarello et al., 2023). GABA can reduce oxidative stress in the small intestine of mice, thereby alleviating intestinal barrier damage (Ji et al., 2023). In this study, BCTL may have an impact on GABA levels, which in turn influences the variation in 4-hydroxybutyric acid (GHB).



4.2.3 Metabolites related to intestinal motility

It was reported that Glycocholate (GC) can chelate calcium. Ca2+ is a signal involved in motility, can bind to glycine-conjugated bile salt micelles (Rajagopalan and Lindenbaum, 1982), thus increasing the intake of Ca2+ in the intestine. The enrichment of GC observed in this study may indicate an increase in intestinal Ca2+ concentration, which could be associated with improved intestinal motility.

It is well-recognized that potassium channel is important in gastrointestinal system regulation. According to an animal research, ethyl acetate (ETAC) suppressed both spontaneous and K+-induced contractions of rabbit jejunum. The inhibition of ETAC on transit of contents in the small intestine was similar to atropine sulfate, which is a drug with strong anticholinergic activity on intestinal transit (Rouf et al., 2003; Qazi et al., 2022). In conclusion, ETAC showed a negative correlation with intestinal motility. Therefore the down-regulation of ETAC in BC group suggests an increase in intestinal motility in patients taking BCTL.

Prostaglandin F1a (PGF1a) can lead to the contraction of circular muscle of the intestine (Wilson, 1974). And in an animal study, intra-arterial infusion of PGF could obviously stimulate intestinal motility (Shehadeh et al., 1969). The increase of PGF1a in BC group was related to the accelerated recovery of intestinal motility.

In this study, the researchers investigated the potential mechanism of TBC169 in promoting intestinal function recovery in patients undergoing GLs from the perspective of gut microbiota and metabolites. The degree of impact of gynecological diseases on the intestines of patients, as well as the amount of bleeding during gynecological laparoscopic surgery, might be confounding factors in the study. The greater the degree of intestinal involvement and the greater the amount of bleeding during surgery, the less effective BCTL will be in restoring intestinal function. To address the first confounding factor, we had taken measures to control its interference by selecting similar disease types and laparoscopic surgical techniques. However, in this study, the second confounding factor had not been controlled, and it is worth noting that the amount of bleeding in the CT group was significantly higher than that in the BC group. Moving forward, we plan to establish strict inclusion criteria for assessing the amount of bleeding in patients to address this issue in future studies. In addition, there were several limitations in this study. First of all, we found a substantial variation in the patient dosage across different clinical studies involving Bacillus coagulans. After reviewing the literature, in this study, we slightly up-regulated the dosages of Bacillus coagulans administered to patients compared to the instructions. Future studies should further investigate the optimal dosage of Bacillus coagulans for patients to accelerate the recovery of intestinal function. Secondly, the sample size in this study was relatively small. And we hope that we could expand the sample size for future research. Furthermore, due to the exploratory nature of this study, a double-blind method was employed exclusively for the patients, while the doctors and nurses were not involved in blinding procedures. In future research, we will add a preoperative sample group to collect fecal samples from patients before laparoscopic surgery. Then compare this group with the postoperative placebo group and the postoperative medication group to explore the changes in metabolites and microbiota in feces before and after surgery, and verify the changes in microbiota and metabolic profile before and after taking BCTL. We hope to provide more and stronger evidence for BCTL to promote postoperative intestinal function recovery in clinical laparoscopic surgery in the future.





5 Conclusion

In conclusion, this study demonstrated that consuming Bacillus coagulans TBC169 after gynecological laparoscopic surgery might inhibit the proliferation of harmful Enterobacteriaceae; mainly influence 2 pathways including D-glutamine and D-glutamate metabolism, and arginine biosynthesis; and regulate metabolites related to immunity and intestinal motility; which can help regulate immune function, maintain intestinal balance, promote intestinal peristalsis, and ultimately accelerate the recovery of intestinal function.
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BC (n=10) (n=10)

Age (years) 49.60£7.60 49401007
Operative time(min) 163.40447.77 109.40+58.04
Operation bleeding (ml) 39.00+25.14 109.00 181,50
uterine fibroids, 7(70.0%) 6(60.0%)
Diagnosis uterus adenomyosis 2(20.0%) 1(10.0%)
endometrial cancer 1(10.0%) 3(30.0%)
LTH 9(90.0%) 9(90.0%)
Operation types
LM 1010.0%) 1(10.0%)

LTH, Laparoscopic Total Hysterectomy; LM, Laparoscopic Myomectomy.
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Subjects ges in IBD Mechanism References
SCEAS Acetate 1 Activation of GPR43 Marchesi et al. (2007) and Masui et al.
(2013)
Propionate | Activation of CD4 T cells and Tregs and IL-10 Smith et al. (2013) and Xia et al. (2017)

Activation of ZO-1, claudin-1, claudin-8, occludin

Butyrate i Production of IL-22 by CD4 T cells and ILCs and through Marchesi et al. (2007), Chang etal. (2014),
GPR41 and HDAC inhibition and activation of Stat3 and mTOR | Chen G X. etal. (2018), Yang et al. (2020),
Activation of ZO-1, occluding, claudin-1, JAM-3 and Hansen etal. (2021)
Inhibition of NO, IL-6, IL-12p40 and HDAC in macrophage

Bile acid PBA L § Inversely correlated with SCFAs-producing bacteria Fiorucci etal. (2021) and Li N. etal. (2021)

ca B Activation of EXR to inhibit NF-xB and inflammatory cytokines | Ding et al. (2015) and Li N. et al. (2021)
and produce antimicrobial peptides

CDCA B Activation of EXR to inhibit NF-kB and inflammatory cytokines | Ding etal. (2015) and Li N. etal. (2021)

and produce antimicrobial peptides

SBA i Positively correlated vith SCFAs-producing bacteria Ding et al. (2015) and Li N. et al. (2021)
DCA i Activation of Tregs through induction of Foxp3 by inhibiting DC | Ding et al. (2015), Lavelle and Sokol
Activation of TGRS and regeneration of intestinal stem cells (2020), Sorrentino et al. (2020), Li N. et al.

(2021), and Cai etal. (2022)
Activation of FXR to inhibit NF-xB and inflammatory cytokines

and produce antimicrobial peptides
Inhibition of IL-8 induced by IL-1§

LCA 1 Inhibition differentiation of TH17 through RORyt and mitoROS  Ding etal. (2015), Hang et al. (2019),
Fiorucei etal. (2021), Li N. etal. (2021),
and Cai et al. (2022)

Activation of Tregs through Foxp3 Inhibition of NF-xB and

inflammatory cytokines
Activation of TGRS and regeneration of intestinal stem cells

Activation of FXR to inhibit NF-xB and inflammatory cytokines

and produce antimicrobial peptides

Tryptophan | Tryptophan | Inhibition of IL-8 induced by IL-1§ Lamas etal. (2016) and Lavelle and Sokol
(2020)
KYN 1 Activation of IL-6 via AHR in IEC and inhibition in Lamas etal. (2016) and Wang D. etal.
macrophages (2021)

Activation of IDO! with IL-6
Phosphorylation of JAK2 and STAT3
KYNA 1 Activation of AHR and AHR-1L-22 axis Elizei et al. (2017), Wang D. etal. (2021),
Activation of mitochondrial metabolism in IEC and glycolysis of |~ nd Michaudel etal. (2022)
Teells

Induction of T-cell differentiation to TH17

Inhibition of IL-23p19 in DC via activation of GPR35 and
reduction of cAMP.

Inhibition of IL-17 and reduction of TH17
Activation of IL-6 via AHR in IEC and inhibition of macrophages
Activation of IDO1 with IL-6

Phosphorylation of JAK2 and STAT3

Quinolinic 1 Nikolaus et al. (2017)

acid

S-HT " Induction of macrophage polarization (upregulation of M2and | de las Casas-Engel et al. (2013), Sikander
downregulation of M1) etal. (2015), Spohn et al. (2016), Banskota

Induction of epithelial proliferation via 5-HTR4 etal. (2017), and Coates ctal. (2017)

Activation of NF-xB, TLR and IL-8 via activation of NOX2

Indole 1 Activation of GIEL GJB3, GJB4, GJA8 and mucl Bansal etal. (2010) and Alexeev et l.
Inhibition of IL-8and NF-xB (2018)

A 1 Activation of IL-10R1 in IEC and stem cells Venkatesh ct al. (2014) and Alexcev et al.
Activation of transcription of AHR (2018)
Inhibition of TNF-oand activation of junctional protein
Activation of PXR

1Ald i Induction of SOCS3 with IL-10 Activation of IL-10RLin IECvia | Alexcev et al. (2015)
AHR

1A 1 Lamas et al. (2016)

SCEASs, short-chain fatty acids; PBA, primary bile acids; CA, cholic acid; CDCA, chenodeoxycholic acid; CBA, conjugated bile acids; SBA, secondary bile acids; DCA, deoxycholic acid; LCA,
ithocholic acid; UDCA, ursodeoxycholic acid; KYN, kynurenine; KYNA, kynurenic acid; IPA, indole-3-propionic acid; 1Ald, indole-3-aldehyde; IAA, indole-3-acetic acid; FXR, organic solute
transporter a/f. **The potency of EXR activation is CDCA >LCA =DCA > CA (Yang et al, 2020).






OPS/images/fmicb-14-1168924/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-14-1168924/fmicb-14-1168924-g001.gif
olon Length (cm)

bSs  DSS+Pp






OPS/images/fmicb-14-1168924/fmicb-14-1168924-g002.gif
womoo o





OPS/images/fmicb-14-1188455/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1188455/fmicb-14-1188455-g001.jpg
Synbiotics
Prebiotics .

L

———— Probi

\

—————— Postbiotics

Antibiotics, HSCT,
Phage cocktail

Tight junction
201 1
Cloudin 1

Occludin 1

Mus2 1 Cytokine

Immunocyte

)

Y'Y

Gene
PIK - AKE)

Plant-based diet @ ’

Expension of beneficial microorgansims

SCFAs

+ Protects intestinal barrier integrity|
~ Increase the abundance
of butyric acid bacteria

Western diet

“IL-6IL-1B7
* GPX4J, IEC activation
* Intestinal epithelial cell

Mediterranean diet g .

- CRP, fecal calprotectin,
FGF-19;

* Increase the abundance of

butyric acid bacteria

ioactive peptide, mEVT

Tregeell 00

@ Pathogenic microorgansims
ThiZeell g

 Beneficial microorgansims
Th2eell @ Pro-inflammatory factors

Anti-inflammatory factors

Thicell ® SCEas
Macrophage






OPS/images/fmicb-14-1188455/fmicb-14-1188455-t001.jpg
Researcher

Risk factor

Species

affected

Changes in
IBD

Mechanism

References

Matthew R. Kudelka

Suzanne Devkota

LiuH.

R. Caruso

Yasunori Ogura

Eran Elinav

Monika Schaubeck

Daniel N. Frank

Molecular
chaperone Cosme
delete in TECs

IL-10(~/-)

Atg16L1(T300A/
T300A)

NOD2and CYBB.
deleted in

monocytes

NOD2 deleted in

monocytes

Deficiency of

NLRP6 in mouse
colonic epithelial

cells

TNE (deltaARE)

Bacteroides,

Helicobacter

B. wadsworthia

Akkermansia

Tyzzerella,
Mucispirillum,

Ruminococcaceae

Mucispirillum

schaedleri

Salmonella
typhimurium, Shigella
flexneri 1A, Klebsiella
preumoniae,

Campylobacter jjuni

phyla Bacteroidetes

(Prevotellaceae)

Escherichia coli LF82

Lachnospiraceae
subgroup of
Firmicutes
Proteobacteria,
Bacillus subgroup of

Firmicutes

Decreased

Increased

Decreased

Increased

Increased

Decreased

Increased

Increased

Decreased

Increased

Human,

mice

Mice

Mice

Mice

Human

Mice

Mice

Human

Distal colon

Distal colon

Distal colon

Distal colon

Human
embryonic
kidney (HEK)
2937 cells

Distal colon

Distal colon

Colon, small

intestine

Lipocalin-2

increased, crypt
abscesses and
inflammatory
infiltate limited in
distal colon.

Release H.S to break

barriers; Associated

with T, | immunity

Mucin-degrading
bacterium; Protect
intestinal epithelium
and mucosal

fun

Opportunistic
pathogens

Positive associated
with fecal levels of
Len-2, colon shorten
intestinal

inflammation

Release LPS to
activate NOD2
expressing NF-xB

Intestinal
hyperplasia,
inflammatory cell
recruitment, leading
to exacerbation of
DSS colitis via
induction of CCLS

‘Triggered loss of
Iysozyme and
erypidin-2
expression, inducing

inflammation

Enhance epithelial
barrier integrity and
‘modulate the GI

immune response

(Unannounced)

Kudelka et al. (2016)

Devkota etal,
(2012)

Liuetal. (2021)

Caruso etal. (2019)

Ogura etal. (2001)

Elinay etal. (2011)

Schaubeck etal.
(2016)

Frank etal. (2007)





OPS/images/fmicb-14-1174800/fmicb-14-1174800-g001.jpg
Depression Probiotic: Bifidobacterium

\ B. longum RO175
5 infants 35624 547 receptor

7/ Treatment 8 aoolsconte Ko || i) 5.7 receptor
B breve M2CF22M7,etg| Il 5-HT receptor

- @ R

Wb = aaoc

Regulatlon of

< J/ ] 5-HT synthesis

Grm P

Hypothalamus

,‘% =N ; O Tryptophan @ sHTP__ @ ST

< | Anterior pituitary

o y - o

i T @ TNF-a

£ I @ IL6

2 Intestinal e LB

@ barrier ie

I3 Inflammatory IL-22 ® PNy
;ymklnss Trance A Thi
.’. a5 A Th2

Anti-inflammatory mechanism A Th17






OPS/images/fmicb-14-1174800/fmicb-14-1174800-t001.jpg
Bifidobacterium related

preparation

Experimental model

Content

Duration of
intervention

Results

Lactobacillus helveticus R0052
Bifidobacterium longum R0175
(Arsencault-Bréard et al., 2012)

Bifidobacteria infantis 35624
(Desbonnet et al., 2010)

Bifidobacteria infantis 35624
(Desbonnet et al,2008)

Lactobacillus reuteri NK33
Bifidobacterium adolescentis NK98.
(Han etal,, 2020)

Lactobacillus reuteri NK33
Bifidobacterium adolescentis NK98
(Jang etal,, 2019)

Bifidobacterium breve M-16V/
(Kosuge etal,, 2021)

Bifidobacterium longum subsp.
infantis EA1 Bifidobacterium breve
M2CF22M7 (Tian et al., 2019)

Bifidobacterium bifidum
Lactobacillus acidophilus
Lactobacillus casei (Akkasheh et al.,
2016)

Lactobacillus reuteri NK33
Bifidobacterium adolescentis NK98
(Lee etal,, 2021)

Bifidobacterium breve A-1 (Okubo
etal, 2019)

Bifidobacterium longum NCC3001
(Pinto-Sanchez etal., 2017)

Bifidobacteriun breve CCEM1025,
(Tian etal., 2022)

Bifidobacterium bifidum W23
Bifidobacterium lactis W52
Lactobacillus acidophilus W37
Lactobacillus brevis W63
Lactobacillus casei W56
Lactobacillus salivarius W24
Lactococcus lactis (W19 and W58)
(Steenbergen et al., 2015)

Sprague-Dawley rats

Sprague-Dawley rats

Sprague-Dawley rats

C57BLI6 mice

C57BLI6 mice

C57BLI6) mice

C57BLIG) mice

MDD patients

Healthy adults with subclinical
symptoms of depression, anxiety,

and insomnia

Patients with schizophrenia

Patients with IBS and diarrhea or

amixed-stool pattern

MDD patients

Healthy adults

L0x 10 live bacterial cells  2weeks

110" live bact

2weeks

110" live bacterial cells | 2weeks

1x10° CFU 5days
1X10° CFU 5days
5.0x10° nonviable cells | 33days
1x10° CFU Sweeks
2x10°CFU 8weeks
20x10° CFU weeks
5x10" CFU 4weeks
1x10° CFU 6weeks
1x10° CFU 4weeks
5x10°CFU dweeks

Intervened the development of
post-MI depressive behavior
Reduced IL-1p level Maintained
intestinal barrier integrity
Reduced swim behavior and
increased immobility in the FST
Restored noradrenaline
concentrations Attenuated the
exaggerated IL-6 response
Reduced 5-HIAA concentration
Elevated the serotonergic
precursor, tryptophan
Attenuated IFN-y, TNF-qand
116 cytokines Decreased
DOPAC in the amygdaloid

cortex.

Increased BONF'/NeuN" cell
population Suppressed NF-xB
action in the hippocampus

Alleviated gut dysbiosis

Suppressed depressive behavior
Suppressrf NE-xB activation in
lipopolysaccharide (LPS)
Suppressed the infiltration of
Thal* and LPS'/CD11b" cells
Suppressed corticosterone, IL-6,
and LPS levels in the blood
Induced hippocampal BONF
expression

Suppressed the I5-induced fecal
proteobacteria population
Prevented social interaction
impairment

Suppressed IL-1f increase in
the prefrontal cortex and
hippocampus

Modulated the gut microbiota
composition

Reduced depressive behaviors
of mice in the forced swim test,
sucrose preference test, and
step-down test

Improved the expression of
‘Tphl and secretion of 5-HTP in
RINI4B cells

Increased the level of 5-HTP
and brain-derived neurotrophic
factor concentration in the
brain

Reduced the serum
corticosterone level

Improved microbial dysbiosis
Decreased BDI total score
Decreased serum insulin levels
and serum hs-CRP
concentrations

Improved plasma total
glutathione levels

Decreased the BAI score and
BDI-IT score

Decreased serum IL-6 levels
Restored gut microbiota
composition

25% reduction in Hospital
Ansiety and Depression Scale
(HADS) total score

Improved Positive and Negative
Syndrome Scale (PANSS)
anxiety/depression score
Increased IL-22 and TRANCE

expression

Reduced depression scores of 2
points or more on HAD-D
scores

Reduced responses to negative
emotional stimuli in multiple
brain areas

Reduced urine levels of

methylamines and aromatic

amino acids metabolites

Decreased Hamilton
Depression Rating scale-24
(HDRS-24) rating score
Reduced the 5-HT turnover
Changed the tryptophan
metabolism of the gut
microbiome

Increased level of tryptophan,
5HTP 5-HT

Reduced overall cognitive
reactivity to depression and in
particular aggressive and

ruminative thoughts
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‘Values are mean:standard error. “*Means with no common superscripts differ significantly
(p<0.05) within a row. Different letters represent significant differences.
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Items Group C Group B A  GroupD
Plagml)  071£001°  072£001° 073002 076002
E:(pg/ 2023333 282151396 2481277 43152453
mL)

LHmIU/ | 1686£501  1408£392 146217  149%175
mL)

FSH 5664105 49£048% | 55:009" 468025
(m1u/

mL)

PRL 237241117 | 25413184 | 25868479 | 25953334
(WIU/mL)

‘Values are mean: standard error. **Means with no common superscripts differ significantly
(p<0.05) within a row. Different letters represent significant differences.
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Items Group C Group B Group A Group D

AST (UIL) 1204 2 1353 10214 £ 14.38° 120324 1041° 159.76 4 13.02°
ALT (U/L) 59.72+ 185" 26.04+0.13" 3044219 3657 +4.47"
ALP (U/L) 433491 14334 283.66 + 128.05 270.58 +133.17 323.85+68.33
TP (g/L) 51112465 2925378 163321327 57434326
ALB (g/L) 18.49 £3.33° 7.74%1.28" 16.27 £5.93" 1929+2.29"
TC (mmol/L) 2.78+0.56" 1.29%0.1" 273099 2.82+0.18"
TG (mmol/L) 13.16 £ 147 12.17 £ 0.86 1149 + 0.87 1132+ 1.56
LDL-C (mmol/L) 096 +0.1° 074 £0.11° L11£021% 121 £0.09
HDL-C (mmol/L) 1.39+£033" 0.56+ 0.1 1.24 £ 0.66" 1.78 £0.58"
VLDL (mmol/L) 0.94 £ 0.09* 0.75 £ 0.14" 1.05+0.24* L16+0.1*

‘Values are mean + standard error. *Means with no common superscripts differ significantly (p<0.05) within a row. Different letters represent significant differences.
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Period Items

Water,
Stage Days Feed [ .
9 Y light time
Implementation Stone
Water supply,
period 17 7 powder,
8h
50g/hen
Stone
Cut off water,
89 2 powder,
3h
20g/hen
Resume water
10 I Stopfecding | intermittently,
8h
‘Water supply,
o 4 Stop feeding o
8h
Recovery period Breeding
Water supply,
15 1 feed, 30g/
85h
hen
Breeding
Water supply,
16 1 feed, 60g//
9h
hen
Breeding
Water supply,
17 1 feed, 758/
95h
hen
Breeding
Water supply,
18 1 feed, 90g/
10h
hen
Breeding
Water supply,
19 1 feed, 110g/
105h
hen
Pre-laying
% | Water supply,
20-23 4 feed, 120g/
1h
hen
‘Water supply,
Laying feed, e
24-29 6 Daily increase,
120g/hen
05h
Water supply,
Laying feed. e
30-34 5 daily increase to
120g/hen
16h/d
2nd egg laying Laying
Water supply,
period 35-44 10 feed, 1208/
16h
hen

Laying feed, | Water supply,
120g/hen 16h

45-49 5

Laying feed, | Water supply,
120g/hen 16h
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Composition (%) Breeding, pre-laying, and laying feed ~ Nutrient Breeding, pre-laying, and laying

content (%) content feed content (%)
Corn 650 650 574 Crude protein, % 155 170 175
Soybean meal 164 164 200 AME, MJ/kg 28 275 27
Stone powder 60 60 381 Calcium, % 08 20 35
Wheat bran 70 70 3175 Available phosphorus, 0.60 055 0.60
%

Bone meal 15 15 25 Methionine, % 020 030 032
Shellfish powder 35 35 35 Lysine, % 045 0.60 065
Sodium chloride 03 03 037 Crude fibre, % 80 70 70
DL-Met 008 008 012 Crude Ash, % 100 130 150
Vitamin premi 002 002 0025 Moisture, % 120 120 120
Mineral premix” o) [ 01

Total 100.00

‘Vitamin premix per kilogram contains: vitamin A 150,000 U, vitamin D, 20,0001U, vitamin E 1,000 U, vitamin K 55mg, vitamin B, 15mg, vitamin B, § mg, vitamin B, 4mg, vitamin B,
0.4mg, niacin 30mg, pantothenic acid 0.55 mg, folic acid 0.4 mg, biotin 0.16 mg, choline chloride 450mg.
‘Provided per kilogram of diet: Cu, 12mg; Zn, 100 mg; Fe, 120 mg; Mn, 50 mg; Se, 0.4mg; I, 20 mg.





OPS/images/fmicb-14-1179953/fmicb-14-1179953-g003.jpg
>

Absorbance OD 600 nm

o

Absorbance OD 600 nm

1.5
1.2
0.9
0.6
0.3

- &

0.0

184
15
124
0.9+
0.6-]
03

0.0

12 18 24 30 36 42 48
Time /h

b, PR

— T T T T
12 18 24 30 36 42 48
Time /h

6

3

- Growth curve
- pH

o Growth curve
= pH

bsz

Absorbance OD 600 nm

Absorbance OD 600 nm

4

LN RN NN

&

LI IR )

r

pH=T





OPS/images/fmicb-14-1179953/fmicb-14-1179953-e005.jpg
Adhesion rate (%) = (A / As)x100%

(5)





OPS/images/fmicb-14-1179953/fmicb-14-1179953-e006.jpg
DPPH radical scavenging rate%
[AthnAl_(Aa\\ - u)n(lnll):|

h T
Aptank

x100%





OPS/images/fmicb-14-1179953/fmicb-14-1179953-g001.jpg
s 9eTUg
05

o

W






OPS/images/fmicb-14-1179953/fmicb-14-1179953-g002.jpg
OK271876.1 Pediococcus sp. strain EB-K-1

OK271795.1 Pediococeus sp. strain C2-K-4

GLPO6.

MW527199.1 Pediococcus acidilactici strain 17464
100

66

‘ MN611147.1 Pediococcus acidilactici strain 3-161
GLPO2

MT463430.1 Pediococcus acidilactici strain 5127






OPS/images/fmicb-14-1179953/fmicb-14-1179953-e001.jpg
Survivability (%) = Tieatmen' / Tnicial' % 100%

(1)





OPS/images/fmicb-14-1179953/fmicb-14-1179953-e002.jpg
Survivability (%) = Tcament® / T

2 x100%

)





OPS/images/fmicb-14-1179953/fmicb-14-1179953-e003.jpg
Cell Surface Hydrophobicity (%) = (1~ 42 / 4)x100%  (3)
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L. plantarum HDC-01 (OK 036442.
38 & L. plantarum JCM 1149 (NR 117813. l)
36} L. plantarum NRRL B-14768 (NR 042394.1)
L. plantarum CIP 103151 (NR 104573.1)
5 Lactplanibacillus argentoratensis DKO 22 (NR 042254.1)
Lactiplantibacillus pentosus 124-2 (NR 029133.1)
- L. plantarum NBRC 15891 (NR 113338.1)
2 L. plantarum JCM 1149 (NR 115605.1)
57 L. plantarum strain NBRC 15891 (NR 112690.1)
Lactiplantibacillus paraplantarum DSM 10667 (NR 025447.1)

4&3{; Lactiplantibacillus daoliensis 116-1A (NR 179285.1)
100! Lactiplantibacillus nangangensis 381-7 (NR 179288.1)
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WHC (%) = (W1/W2)x100
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EI = height of the emulsion layer / total height x 100,
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Diarrhea index = 2. fecal scores / number of calves x test days





OPS/images/fmicb-14-1249628/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1192249/fmicb-14-1192249-t003.jpg
Treatments! p values?

p NP-P Pro CP x Pro

SCFA, pmol/g

Acetate 32173 34208 37258 415.00° 13.09 015 001 077

Propionate 17.48 1650 1981 220 075 0.06 004 091

Butyrate 1437 1278 1348 1344 055 089 085 054

Valerate 263 190" 350 428 039 004 0.006 019
Lactate, pmol/g 167.32 20940 17427 205,82 1018 018 040 072
BCFA, pmol/g

Tsobutyrate 114 091 137 194 023 052 037 038

Tsovalerate 410 426 487 484 030 0.16 095 091

Polyamines, jig/g

Putrescine 55.50 48.87 55.45 7013 419 042 077 013
Cadaverine 5439 3619 52.80 58.36 410 077 081 0.04
Histamine 248 262 314 327 017 039 005 033
Spermidine 13005 10717 13078 14411 7.20 091 090 023
Spermine 697 669 681 7.86 023 0.08 073 027

Significant differences among treatments were determined using Kruskal-Wallis test. Mean values within a row without a common superscript differ significantly (p<0.05). NP, normal-level
protein diet; L. low-level protein diet; NP-P, normal-level protein diet + probiotic; LP-P, low-level protein diet + probiotic; SEM, standard error of mean; CP, crude protein; Pro, probiotics.
‘alues were reported as mean (=35 each treatment).

‘p values were calculated using multivariate ANOVA (MANOVA).
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Treatments? p values?

LP NP-P Pro CPxPro
pH 655 650 639 633 003 0.27 <0.001 090
Moisture content, % 2320 2436 228 289 176 018 002 0.007
Fecal score 263 2910 257 240" 065 059 0.008 003

t differences among treatments were determined using Kruskal-Walls test. Mean values within a row without a common superscript differ significantly (p<0.05). N, normal-level
protein diet; L. low-level protein diet; NP-P,normal-level protein diet + probiotic; LP-P, low-level protein diet + probiotic; SEM, standard error of mean; CP, crude protein; Pro, probiotics.
‘alues were reported as mean (n=35 each treatment).

‘p values were calculated using multivariate ANOVA (MANOVA).
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Composition Experimental diets

NP LP
Con 7499 79.87
Soybean meal (48%) 200 146
Tallow 188 199
pCP 128 138
Limestone 073 071
Salt 0.20 0.20
Methionine (99%) 0.08 0.10
Lysine 0.46 0.65
Threonine (99%) 0.13 0.22
Tryptophan (99%) 002 0.05
Mineral mix* 0.10 0.10
Vitamin mix’ 0.10 0.10
Choline 003 0.03
Total 100 100

Calculated values.

Crude protein (CP), % 160 140
Ca % 0.66 0.66
R% 056 0.56
Lys,% 112 L2
Met, % 032 032
Thr, % 072 072
Trp, % 0.19 0.19
ME, keal/kg 3,300 3,300
Fat, % 475 495
Fiber, % 248 238
Ash,% 448 429

NP, normal-level protein diet; LP, low-level protein diet.
‘Provided per kg of complete diet: Fe, 138 mg as ferrous sulfate; Cu, 84 mgas copper sulfate;
Mn, 24 mg as manganese oxide; Zn, 72 mgas zinc oxide; 1, 0.6 mg as potassium odide; and
Se, 0.36 mg as sodium selenite.

“Provided per kg of complete diet: vitamin A, 15,6001U; vitamin D3, 2,401U; vitamin E,
721U; vitamin K3 6 mg; thiamine, 4 mg; riboflavin, 20 mg; pyridoxine, 6 mg; vitamin B12,
$.04mg niacin, 0.6 mg; Ca-pantothenate, 54 mg; folic acid, 2.52 mg; and biotin, 0.40 mg.
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Placebo grou

(GE=RIS)
Age (mean = SD) 38.93+£10.95 39.00 +£7.58 0.99
Sex (female: male) 21 21 1
Total IgE (KUA/L) (mean % SD) 123.27 £99.02 78.44 £ 63.29 0.49
Eosinophils (x 10° cells/L) (mean % SD) T1 time point 0.22£0.10 023+£0.13 0.81
T2 time point 0.69 +0.54 0.48£0.22 0.31
EOS% T1 time point 369171 3.60 & 2.06 0.90
(mean = SD)
T2 time point 369+ 1.71 7.08 £2.02 0.24
Basophils (x 10° cells/L) (mean = SD) T1 time point 0.03 +0.15 0.03 £ 0.02 0.87
T2 time point 0.04 +0.02 0.04 £0.02 0.78
BASO% (mean % SD) T1 time point 0.43+0.25 0.40£0.23 0.75
T2 time point 0.69 £0.54 0.56 £0.28 0.44
Lymphocyte (x 10° cells/L) (mean = SD) T1 time point 1744077 2,02 4+ 0.49 0.25
T2 time point 1.83£046 1.83£048
LYMY% (mean % SD) T1 time point 30.16 +8.55 31.12+£633 0.74
T2 time point 28.35+5.34 27.76 £6.03 0.79

EOS%, percentage of eosinophils; BASO%, percentage of basophils; LYM%, percentage of lymphocytes.
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Symptoms Nasal itching Nasal sneezing Nasal rhinorrhea  Nasal stuffy nose  Eye itching

Score (I ELEW)] (times/day)

0 None <3 0 None None

1 Intermittent occurrence 3-9 <4 Sometimes Intermittent occurrence

2 Crawling sensation but 10-14 5-9 Often Strong feeling but
bearable bearable

3 Crawling sensation but >15 =10 Keeping mouth Persistent strong feeling
unbearable breathing all day and unbearable

0 (absent): patients with rare symptoms, 1 (mild): symptoms were not troublesome, 2 (moderate): symptoms were troublesome but not disabling or unbearable, 3 (severe): symptoms were
severe, disabling, and/or unbearable.
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Dongia 0218 0075 1536 0014
Haliangium 0211 0.067 1.652 0014
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Methanol 67-56-1 LC-MS grade Merck
Acetonitrile 75058 LC-MS grade Merck
2-Chloro-L-phenylalanine 103616-89-3 298% Shanghai Aladdin

Formic acid 64-18-6 LC-MS grade TCI
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Treatment Time (h) Viable Survival rate

count (x (%)
107CFU /
mL)

control 4 6.96 +0.31 100"
0.30% bile salt 4 463£025 62.64*
0.60% bile salt 4 235+0.12 33.76**
0.90% bile salt 4 1.81£0.24 26.01%*
pH2 5 403036 57.91%
pH3 5 584025 83.91%
pH4 5 6.42+038 92.24

‘Untreated control was considered 100%.
p<0.05; **p<0.01.
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Vancomycin s
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“S', Susceptible; “I', Intermediate; “R', Resistant.





OPS/images/fmicb-14-1276620/fmicb-14-1276620-g004.gif
i






OPS/images/fmicb-14-1120263/fmicb-14-1120263-t003.jpg
Animal sex Dose (g/  Text Animals Weight (X+SD) (g) Dead Death Rate
ke Al It %,
g bw) (n) Day 0 Day7 Day 14 nimals (n) (%)
Male 20 10 46732079 11453+ 359 237.63 5,87 0 0

Female 20 10 47.77£0.76 12007 £3.95 25970 +4.74 0 0
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Selected Medium and Inhibition zone

bacteria temperature (°C) (mm)

Control 803001
Gram-positive bacteria

Staphylococcus aureus

LB,37 2665+ 0.59%
ATCC2592
Streptococeus agalactiae

LB,37 2547£022%
CMCCB)32116
Staphylococcus sciuri

LB,37 244720254
ATCC 29059
Gram-negative bacteria
Shigella flexneri CICC

ele 18,37 25.27£0.19%

21678
E. coli ATCC 3521 18,37 2135+ 0.09%*
Salmonella enteritidis

1B,37 2239023+

CMCC (B) 50,335

p<005; **p<0.01.
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Auto aggregation (%) = (Ab0 — Abt) / Ab0 x 100
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Hydrophobicity (%) = 100 x (Abi — Abf) / Abi.
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