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Aims: Clinical studies showed that the use of probiotics during critical illness reduced nosocomial infection and improved clinical outcome. However, the functional mechanisms of probiotics is remains unclear. Therefore the aim of current study is to explore the protective effects and understand the underlying mechanisms for the beneficial effects of live combined Bacillus subtilis and Enterococcus faecium (LCBE) in cecal ligation puncture (CLP)-induced sepsis.

Methods and Results: Seven-week-old C57BL/6J mice were divided into three groups: sham group (6 mice), CLP-control group (20 mice, pretreatment with saline for 7 days before CLP surgery) and CLP-probiotics group (14 mice, pretreatment with LCBE enteric-coated capsules for 7 days before CLP surgery). In survival experiment, mice were monitored for 7 days after CLP. After the procedure, mice were sacrificed, and, serum, and peritoneal lavage fluid were collected and intestinal ileal samples were harvested.

Results: Our results showed that the mortality was significantly reduced in mice CLP-probiotics group vs. CLP-control group (P < 0.05). Also, treatment CLP-probiotics group decreased the injury scores CLP-probiotics group when compared to CLP-control group. Additionally, levels of pro-inflammatory cytokines IL-6 and TNF-α levels in the serum and intestinal ileal tissues of CLP-probiotics group were reduced when compared to CLP-control group (P < 0.05). However, no significant differences in anti-inflammatory levels of IL-10 and TGF-β1 were observed between CLP-control and CLP-probiotic groups. Furthermore, our experiments showed that that probiotic treatment suppressed the macrophage activation and transformation from M-type to M1-type, inhibited the mast cells (MCs) degranulation, and activation of AKT (kinase B) pathway.

Conclusion: In conclusion, our data shows that probiotics have a protective role in CLP septic mice through reducing intestinal inflammation, altering macrophage polarization and MCs degranulation, and regulating AKT signaling.

Significance and Impact of Study: This study demonstrated the protective effects and mechanisms involved in the protective role of live combined Bacillus subtilis and Enterococcus faecium (LCBE) in CLP-induced septic mice model.

Keywords: AKT pathway, live combined Bacillus subtilis and Enterococcus faecium (LCBE) enteric-coated capsules, macrophage activation and transformation, mast cell degranulation, CLP sepsis

INTRODUCTION

Sepsis is life threatening organ dysfunction caused by a dysregulated host response to infection, and continues to be the leading cause of mortality in the intensive care unit in developed countries (Hotchkiss et al., 2013; Vincent et al., 2013; Deutschman et al., 2016). Accumulating evidence showed that abnormal host immune responses, inflammatory cytokines trigger of a “cytokine storm” resulting in subsequent systemic inflammatory response syndrome (SIRS), septic shock, and multiple organ dysfunction syndrome (MODS) and death (Höflich and Volk, 2008; Hotchkiss et al., 2013). Significant advances have been made in understanding the pathogenesis of sepsis, development of new therapeutic agent toll-like receptor 4 antagonists that have been evaluated in clinical trials, however, there are only few successful results (Fink and Warren, 2014; Kuzmich et al., 2017). Patients with severe sepsis usually have severe injury in their gastrointestinal system (Mittal and Coopersmith, 2014; Klingensmith and Coopersmith, 2016). Therefore, it is essential to study the underlying mechanisms of sepsis-induced gastrointestinal injury and develop novel therapeutic strategies to decrease the morbidity and mortality in septic patients.

The gastrointestinal tract has long been hypothesized to play an integral role in the pathophysiology of sepsis, by acting as a motor that both drives and perpetuates multiple organ dysfunction. The gastrointestinal tract, a highly specialized intrinsic immune system, possesses the highest concentration of immune cells in the human body to maintain homeostasis and protect the body from incoming pathogens (Clark and Coopersmith, 2007). In the past decades, numerous studies have reported that macrophages and mast cells (MCs) were implicated in the mediation of sepsis by the modulation of inflammatory and immune responses in a mouse cecal ligation puncture (CLP) model (Gautier et al., 2014; Gautier and Launay, 2015). For example, previous studies demonstrated that macrophages increased acute lung injury (ALI) through increased expression of macrophage inhibitory factor (MIF) in a sepsis-induced ALI rat model (Wang et al., 2014). MCs increases the recruitment of neutrophils through release of several inflammatory mediators that includes tumor necrosis factor (TNF), histamine and leukotrienes, and reduced animal survival in lipopolysaccharide (LPS)-induced sepsis rodent model (Liboni et al., 2005). However, the exact role of macrophages, remain unclear in sepsis.

The human intestinal microbiota, composed of 1013 to 1014 microorganisms that play an important role in epithelial barrier and gut immune system (Dou and Bennett, 2017). Among the intestinal microbiota, probiotics that includes Bacillus subtilis, Bifidobacterium, Lactobacillus, and Enterococcus are living microorganisms that have beneficial effects on the host (Lievin-Le Moal and Servin, 2014). A growing body of experimental and clinical evidence has shown that probiotics exert their protective roles through inhibition of pathogen adhesion to intestinal surface, thereby improving function of gut epithelial barrier, and modulates immune function through regulation of secretion of various inflammatory mediators in several inflammatory bowel, infectious, gastrointestinal diseases (Markowiak and Slizewska, 2017). Therefore, probiotics could be used as a potential agent for the treatment of sepsis-induced gastrointestinal diseases, due to the barrier integrity and permeability of intestine. The expression of the tight junction (TJ) proteins decreased during weaning, and as a result, barrier integrity was impaired. This facilitated pathogen penetration and permits bacteriotoxins to enter the body. The consumption of probiotic bacteria contributes to intestinal function by maintaining paracellular permeability, enhancing the physical mucous layer, stimulating the immune system, and modulating resident microbiota composition and activity (Boirivant and Strober, 2007). Recently, Chen et al. (2016) have reported that probiotic pre-administration could significantly reduce the mortality rate in a mouse model of CLP-induced sepsis. However, the underlying mechanisms of probiotics in regulating sepsis-induced gastrointestinal injury have not been elucidated. In this study, we examined the protective effects of probiotics in CLP-induced sepsis, and also studied their role in on macrophage activation and transformation, MC degranulation, and AKT signaling activation.

MATERIALS AND METHODS

CLP-Induced Sepsis and Treatment With Probiotics

Seven-week-old male C57BL/6J mice, approximately 22 g body weight, were purchased from Beijing Vito Lihua Company, and housed in the animal facility of Shandong University for acclimatization for at least 1 week before use. All mice were provided with free access to autoclaved food and water under specific pathogen-free conditions with an alternating 12 h light/dark cycle at 25 ± 2°C. All experimental procedures were compliant with the Guidelines for Laboratory Animal Use and Care from the Chinese Center for Disease Control and Prevention and the Rules for Medical Laboratory Animals from the Chinese Ministry of Health, under protocol CAU-AEC-2013-073 approved by the Animal Ethics and Care Committee of Shandong University. All experiments were carried out in accordance with the National Institutes of Health and ARRIVE guidelines on the use of laboratory animals.

After 6 h of chow and water were removed, mice were orally gavaged with 200 μl/day probiotic capsule (400 mg/kg), containing 250 mg inulin powder and 0.5 × 108 colony forming unit (CFU) of B. subtilis and 4.5 × 108 CFU of E. faecium (Beijing Hanmi Pharmaceutical Co., Ltd., China), or normal saline 1 week prior to perform CLP surgery. Subsequently, mice were randomly divided into three groups: Sham group, CLP-control group and CLP-probiotics group, and CLP surgery was performed as described below. Briefly, mice were firstly anesthetized with 1% phenobarbital sodium (40 mg/kg) by intraperitoneal injection and then a 1.0 cm median laparotomy incision was opened, the cecum was isolated, and the distal part of ileocecal valve/cecum was ligated with a 4-0 silk thread, without disrupting bowel continuity. The ligated cecum was punctured twice with an 18-gauge needle, and a small amount of feces was extruded to ensure the patency of the puncture site before returning it back to the abdominal cavity. Sham-operated animals underwent an identical surgical procedure including laparotomy and mobilization of the cecum, but without CLP. The mice were provide with phosphate-buffered saline (PBS, 50 ml/kg body weight) were subcutaneously injected. Postoperative pain was managed with intraperitoneal injection of meloxicam (1.5 mg/kg; R&D systems, United States), ceftriaxone (50 mg/kg; R&D systems, United States) and Meronidal (50 mg/kg; R&D systems, United States) every 12 h for 2 days (Echtenacher et al., 1996; Mallen–St Clair et al., 2004).

Assessment of Mortality Rate

Survival studies were conducted to determine whether probiotic capsule [live combined B. subtilis and E. faecium (LCBE) enteric-coated capsule] pretreatment could reduce the mortality rate in CLP-induced sepsis. After CLP operation, i.e., sham group (n = 6), CLP-control group (n = 20), and CLP-probiotics group (n = 14), the mortality of mice was monitored every day until the seventh day.

Collection of Serum, Peritoneal Lavage Fluid, and Ileal Tissues

After 72 h of CLP surgery, the mice were sacrificed and serum was firstly collected from the eyeballs of all mice to measure the serum cytokine levels. Then, pre-cooled PBS was used to repeatedly wash the abdominal cavity and the peritoneal lavage fluid was collected. Next, the abdominal cavity was opened using a midline incision and the ileal tissues were washed twice with ice cold PBS to reduce blood contamination.

Histological Analysis of Ileal Tissues

The paraformaldehyde-fixed and paraffin-embedded tissues were cut into 5 μm-thick sections, followed by deparaffinizing in xylene and dehydrating with graded ethanol. After washing with PBS twice, HE staining was performed histological scoring was done by two trained investigators in a double blind study. A histopathological score was calculated according to the scoring criteria as Chiu’s previous description (Gekara and Weiss, 2007): Grade 0, normal intestinal mucosa villi; Grade 1, increase of spaces against intestinal mucosal epithelium, with capillary congestion and villus swelling; Grade 2, expansion of spaces under intestinal mucosal epithelium, with minor separation between epithelial layer and tunicae propria; Grade 3, extensive expansion of spaces in intestinal mucosal epithelium, with broken villus tips; Grade 4, villus breakage and shedding of lamina propria, and exposure of lamina propria capillaries; Grade 5, incomplete lamina propria, with bleeding and ulcers.

Cytokine Assay

The ileal tissues were homogenized with the PBS, after sonication and centrifugation at 5,000 rpm for 10 min, the supernatant was utilized to measure the levels of TNF-α, IL-6, and IL-10, also the serum levels were measured using the TNF-α, IL-6, and IL-10 test kit (Beijing Roche Pharmaceutical Co., Ltd., China) according to the manufacturer’s instructions.

Western Blotting (WB) Analysis

Radioimmunoprecipitation assay (RIPA) lysis solution (Beyotime, China), containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Nonidet P-40, and a mixture of protease inhibitors, was applied to extract the total protein of three independent samples from different treatment groups for 20 min on ice. After centrifugation at 12,000 rpm for 10 min at 4°C, the insoluble pellets were removed, and the total protein concentration in the supernatant was measured using a BCA protein assay kit (Thermo Scientific, United States). Samples containing equal amounts of protein (30 μg) per lane were fractionated based on their molecular weight by 8–10% sodium dodecyl sulfate-polyacrylamide gels for electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes at a constant current of 200 mA for 60 min. After blocking with 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 2 h at room temperature, the membranes were incubated with primary antibodies against β-actin (1:5000, as a reference control; Abmart, United States), TGF-β1 (1:1000; Abcam, United States), CD11c (1:500; Proteintech, United States), CD206 (1:500; Proteintech, United States), p-AKT (1:1500; Abcam, United States), Akt (1:2000; Abcam, United States), Claudin (1:500; Sigma, Shanghai), Occludin (1:1000, Sigma, Shanghai), and ZO-1 (1:500, Sigma, Shanghai) overnight at 4°C. Subsequently, the membranes were extensively washed with TBST and incubated with the corresponding secondary antibodies (including goat anti-mouse IgG and goat anti-rabbit IgG, 1:2000) for 1 h at room temperature, and finally visualized by enhanced chemiluminescence reagents (Beyotime, China). The relative expression level of proteins were analyzed using ImageJ software.

Analysis of Immunohistochemistry (IHC)

Paraformaldehyde-fixed and paraffin-embedded ileal specimens were used for analysis of IHC for CD68 detection. Briefly, the 5-μm sections were deparaffinized in xylene and dehydrated with graded ethanol. After washing with PBS twice, endogenous peroxidase activity was eliminated with 3% hydrogen peroxide (H2O2) in methanol for 15 min at room temperature. Next, the slides were heated at 100°C in a microwave oven for 20 min with citric acid buffer for antigen retrieval and then cooled for 20 min at room temperature. The slides were blocked with 2% bull serum albumin (BSA) at 37°C for 1 h and incubated with the primary antibodies diluted in blocking solution (Anti-CD68, 1:150 dilution; Abcam, United States) overnight at 4°C. The slides were washed with PBS three times and incubated with bio-tinylated goat anti-rabbit IgG at 37°C for 30 min. Subsequently, the slides were washed with PBS again and incubated with horseradish peroxidase-conjugated streptavidin for 5 min at room temperature, followed by immunodetection with diaminobenzidine (DAB). Finally, the slides were rinsed with PBS for 5 min, counterstained with Mayer’s hematoxylin for 1 min, dehydrated in a graded series of alcohol and sealed with cover slips. Images were visualized and captured under a light microscope.

Toluidine Blue Staining

The ileal tissue slices were baked at 65°C for 20 min and dewaxed in xylene. Then, the slices were immersed in toluidine blue solution (Sigma, United States) for 30 min staining. After dehydration in graded ethanol, the slices were sealed and the MCs were examined under light microscope.

Histamine Assay

The abdominal cavity lavage was centrifuged and the supernatant was applied to quantify histamine concentration with histamine ELISA kits (Elabscience Biotech, United States), according to the manufacturer’s instructions. The histamine concentration in serum was determined by a same kit. All experiments were performed in triplicates.

Statistical Analysis

Statistical analysis was performed using SPSS 18.0 software (IBM SPSS, United States) and GraphPad Prism 5.0 software (GraphPad Software, Inc., United States). All data is presented as mean ± the standard error of the mean (SEM) or median with interquartile range depending on the distribution and type of the data. Difference was examined using an unpaired, two-tailed Student’s T-test or assessed using either analysis of variance (ANOVA) followed by Bonferroni method or the Kruskal–Wallis test followed by Dunn’s multiple comparison method. The value of P < 0.05 was considered as statistical significance.

RESULTS

Pretreatment of LCBE Enteric-Coated Capsules Reduced Mortality in Septic Mice

To determine whether LCBE enteric-coated capsules pretreatment could decrease mortality rate in CLP-induced septic mice, 14 mice with LCBE enteric-coated capsules pretreatment and 20 control mice were subjected to CLP surgery, and that six mice were subjected to sham surgery. All mice were monitored for 7 days after surgery. The results showed that six sham group mice survived (Figure 1), and the survival in septic mice pretreated with LCBE enteric-coated capsules was significantly higher than that in control septic mice (P < 0.01), suggesting that probiotics could improve the survival of CLP-induced septic mice.
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FIGURE 1. Survival of septic C57BL/6J mice with or without LCBE treatment. Seven-week-old C57BL/6J mice pretreated with LCBE (n = 14) or normal saline (n = 26) for 1 week. All of C57BL/6J mice treated with LCBE and 20 of C57BL/6J mice treated with normal saline were subjected to CLP surgery, while the rest six of C57BL/6J mice treated with normal saline were carried out a sham laparotomy. After surgery, all mice were monitored for 7 days and survival of groups were compared. ∗∗P < 0.01 (CLP-probiotic vs. CLP-control).



LCBE Enteric-Coated Capsules Reduced Ileal Injury in Septic Mice

To assess the effects of LCBE enteric-coated capsules on ileal mucosal injury and integrity in CLP-induced sepsis, we measured villus length and calculated Chiu’s scores. As shown in Figure 2, increased histopathological changes were observed in CLP-treated mice, but not in sham mice, and pretreatment with LCBE enteric-coated capsules ameliorated the intestinal injury. Additionally, CLP surgery caused a significant decrease in villus length (205.5 ± 26.64 mm) and an apparent increase in Chiu’s score (3.833 ± 0.4773) as compared to sham group (villus length was 402 ± 40.39 mm and Chiu’s score was 0.3333 ± 0.2108) (P < 0.05). However, the villus length (302.7 ± 17.45 mm) was markedly elevated in probiotic-pretreated group (P < 0.05) compared to CLP-control group. The Chiu’s score (1.429 ± 0.3689) was significantly reduced in probiotic-pretreated group compared to CLP-control group. TJ proteins are important molecules for determination of the intestinal epithelial barrier, next, we measured the TJ proteins expression in ileal tissues. As shown in Figure 2D, TJ proteins (ZO-1, claudin-1 and occludin) expression was decreased in CLP-induced septic mice, but could be recovered by probiotic treatment. These results indicated that probiotics could ameliorate the histopathological injuries of ileal tissues in CLP septic mice.
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FIGURE 2. Histological analysis of intestines and injury scores in septic mice with or without LCBE treatment. (A) Representative images of HE staining sections of ileal in sham, CLP-control and CLP-probiotic groups under 40× and 100× magnification. (B) Villus length was determined to evaluate the impairments of ileal quantified in 12 oriented crypt-villus units. LCBE enteric-coated capsule pretreatment reduced the villus length. (C) Intestinal injury scores were evaluated using the Chiu’s grading system. (D) The expression of TJ proteins (ZO-1, claudin-1 or occludin) in ileal tissues were analyzed by Western blotting. All data were expressed as means ± SEM. N = 6 mice/group; ∗P < 0.05.



LCBE Enteric-Coated Capsules Suppressed the Expression of Pro-inflammatory Cytokines IL-6 and TNF-α, but Not for Anti-inflammatory TGF-β1 and IL-10

As illustrated in Figure 3, the levels of IL-6 and TNF-α in serum and intestinal samples of CLP mice were remarkably higher than those in sham group (P < 0.05). Moreover, when pre-treating with LCBE enteric-coated capsules, the expressions of IL-6 and TNF-α in serum and ileal tissues of CLP mice were significantly decreased. Additionally, the protein level of TGF-β1 was examined in intestinal samples by Western blot. The result indicated that TGF-β1 expression was significantly up-regulated in CLP-control group as compared to sham group (P < 0.05) but there were no significant difference between CLP-control group and CLP-probiotic group (Figure 4A). Similarly, IL-10 level were measured in serum and intestinal, the data indicated that the expression of IL-10 in CLP group was higher than that in sham group, but no significant difference was observed between CLP-control group and CLP-probiotic group (Figure 4B). These results implied that probiotics have a protective role by decreasing inflammatory component in CLP-induced sepsis model.
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FIGURE 3. The levels of pro-inflammatory IL-6 and TNF-α in the septic mice with or without LCBE treatment. (A) IL-6 level in serum and ileal tissues were examined by ELISA. LCBE enteric-coated capsules decreased the expression of IL-6. (B) TNF-α level in serum and ileal tissues were examined by ELISA. LCBE enteric-coated capsule treatment decreased the expression of TNF-α. All data were presented as means ± SEM. N = 6 mice/group; ∗P < 0.05.
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FIGURE 4. The levels of anti-inflammatory TGF-β1 and IL-10 in the septic mice with or without LCBE treatment. (A) The protein expressions of TGF-β1 in each group were determined by Western blotting assay (left panel). The quantitative analysis of TGF-β1 bands was presented in right panel. (B) IL-10 levels in serum and ileal tissues were detected by ELISA. All data were showed as means ± SEM. N = 6 mice/group; ∗P < 0.05.



LCBE Enteric-Coated Capsules Regulated Macrophage Activation and Transformation

Immunohistochemistry staining analysis showed a positive staining of CD68 molecule in CLP-control group, while the staining of CD68 molecule was apparently weak in CLP-probiotic group (Figure 5A), indicating that LCBE enteric-coated capsules inhibited macrophages activation. Furthermore, we examined the expression of CD11c, a marker of M1 type cell (Jingjing et al., 2013), and found that CD11c expression was significantly increased in CLP mice compared to sham group (P < 0.05, Figure 5B), But it was markedly decreased in CLP-probiotic group compared to CLP-control group (P < 0.05). In addition, no significant change in CD206, a marker of M2 type cell (Wu et al., 2016; Dou and Bennett, 2017), was observed among sham, CLP-control and CLP-probiotic groups (Figure 5C). Therefore, these findings suggest that probiotics exert their protective effects through suppression of macrophage activation and transformation.
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FIGURE 5. The effect of LCBE pretreatment on the macrophage activation and transformation. (A) CD68was stained in ileal tissues by IHC assay under 40× and 100× magnifications. (B) The protein expression of CD11cwas examined by Western blotting. Representative photographs of CD11c and β-actin blots were displayed in left panel. The bar graph was presented in right panel. (C) The protein expression of M2 type macrophage marker CD206 was examined. Representative photographs of CD206 and β-actin blots were exhibited in left panel. The bar graph was presented in right panel. All data were showed as means ± SEM. N = 6 mice/group; N = 6 mice/group; ∗P < 0.05.



LCBE Enteric-Coated Capsules Inhibited MC Degranulation and Histamine Secretion

Toluidine blue staining showed that the granulation of MCs in CLP-control group was obvious, but not in CLP-probiotic group (Figure 6A). The levels of histamine in serum and peritoneal lavage fluid in CLP-control group were significantly higher than those in sham group (P < 0.05). Nevertheless, the levels of histamine in serum and peritoneal lavage fluid in CLP-probiotic group were lower than those in CLP-control group (P < 0.05, Figure 6B). Thus, these results suggest that probiotics exert their protective effect through inhibition of the MCs degranulation.
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FIGURE 6. The effect of LCBE pretreatment on MCs degranulation and histamine secretion. (A) The representative images of toluidine blue staining to identify the degranulation of MCs. The degranulation of MCs was marked by red arrow. (B) The histamine contents in serum and peritoneal lavage fluid were measured by ELISA. All data were illustrated as means ± SEM. N = 6 mice/group; ∗P < 0.05.



LCBE Enteric-Coated Capsules Promoted the AKT Activation

In order to investigate the molecular mechanisms mediated by LCBE enteric-coated capsules in the gastrointestinal system of septic mice, the activation of AKT and phosphorylated-AKT (p-AKT) in intestinal samples were determined by Western blotting analysis. The results showed that p-AKT level in CLP-probiotic group were elevated when compared with CLP-control group (P < 0.05, Figure 7), indicating that AKT signaling pathway was regulated by probiotic pretreatment.
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FIGURE 7. The effect of LCBE pretreatment on p-AKT and total AKT expression in the ileal tissues of the septic mice. (A) Total AKT and phosphorylated AKT (p-AKT) in the ileal tissues of three groups were determined by Western blotting. (B) Relative levels (p-AKT/AKT) of each group were quantitatively analyzed. All data were illustrated as means ± SEM. N = 4 mice/group; ∗P < 0.05.



DISCUSSION

Sepsis is a common and life-threatening systemic illness with high mortality in critically ill patients (Vincent et al., 2011). Despite significant efforts have been made in diagnostic and therapeutic approaches of sepsis in recent years, there has been no effective drugs (Richter et al., 2017). Therefore, understanding the underlying mechanisms of sepsis could reduce the mortality and morbidity associated with this disease. Previous studies have demonstrated that impaired function of vital organs, especially in gastrointestinal tract, is one of the major causes of septic death (Kell and Pretorius, 2017). For example, Jingjing et al. (2013) confirmed that there were a positive correlation between the severity of gastrointestinal dysfunction and prognosis of sepsis. Additionally, there is an imbalance between proinflammatory and anti-inflammatory response imbalance resulting in tissue hypoperfusion and ischemia, and impaired intestinal mucosal barrier function and subsequent death. Due to disruption of intestinal barrier, the intestinal wall becomes leaky and permeable to various macromolecular substances, bacterial products and microbes penetrated through the intestinal wall into the adjacent tissue or blood, and exuberating sepsis (Wu et al., 2016). Hence, it is important to maintain intestinal barrier function for the prevention of sepsis occurrence and progression. Over the past decades, it has been reported that probiotics, living commensal microorganisms colonized in intestinal tract benefit to the host, so the clinical therapeutic effects of probiotics are gradually received a special attention in gastrointestinal system’s diseases (Dylag et al., 2014; Sanchez et al., 2017).

A great deal of evidence has reported that probiotics exerted its key role in regulating the body’s immune system, inhibiting intestinal infections and maintaining gastrointestinal microbial flora balance (Sarowska et al., 2013; Dylag et al., 2014). Moreover, it could alleviate the incidence of MODS and promote the recovery of various organs of the body during MODS (Kell and Pretorius, 2017), but its potential mechanisms of probiotic in sepsis progression remains unknown. In this study, our data presented that LCBE enteric-coated capsules could not only reduce the mortality of CLP-induced sepsis, but also decrease ileal damages. Furthermore, LCBE enteric-coated capsules could down-regulate pro-inflammatory IL-6 and TNF-α expression in serum and intestinal tissues, but not for anti-inflammatory TGF-β and IL-10 expression. That is to say, LCBE enteric-coated capsules could reduce inflammatory response through decreasing the expression of pro-inflammatory factors and not altering the expression of anti-inflammatory factors.

Macrophages, an important type of immune cells, can be polarized into type M1 macrophages and type M2 macrophages, which have an opposite function in normal physical situation (Martinez, 2011). M1 macrophages show a strong ability of pro-inflammation and antigen presentation and play a host immune clearance function for pathogens and tumor cells, while M2 macrophages emerge a resistant to inflammation, promote wound healing and fibrosis, repair tissues and accelerate tumor growth and infiltration (Xaus et al., 2001; Kozicky and Sly, 2015). Therefore, the polarization type of macrophages might influence different immune condition of body. It has been reported that macrophages could regulate innate immunity during sepsis (Kozicky and Sly, 2015), we thereby tested the changes of macrophages in this study. Our results revealed that LCBE enteric-coated capsules could inhibit macrophage activation and prevent them from macrophages to M1 type cell polarization. M1 macrophages usually released pro-inflammatory, such as IFN-γ, TNF-α, IL-1β, and IL-6 cytokines, to against the microbial inflammation or tissue inflammation damages (Martinez, 2011). LCBE enteric-coated capsules could suppress polymicrobial sepsis with the characteristics of macrophage activation and transformation (M1 polarization).

Mast cells are widely distributed in the connective tissue around the mucosal capillaries of the skin, respiratory tract, digestive tract and others (Galli et al., 1999, 2005). MCs could trigger the innate immune response through production of chemoattractants for neutrophils, which are crucial to bacterial clearance in the peritoneal cavity after CLP (Echtenacher et al., 1996; Mallen–St Clair et al., 2004). Gekara and Weiss (2007) have demonstrated that the infectious degree significantly aggravated in MCs-deficient mice, which suggest that MCs might strongly resist pathogen infection. Furthermore, Echtenacher et al. (1996) also observed that the mortality rate in MCs-lacked W/Wv mice was significantly higher than that in normal mice, while the mortality rate was decreased when intraperitoneally transplanting normal MCs into W/Wv-lacked mice. Therefore, MCs plays an important role during the development of various diseases. Our data in this study indicated that LCBE enteric-coated capsules could inhibit the degranulation of MCs, thereby suggesting the role of probiotics in regulation of MCs. Also, histamine levels released from MCs were further examined. Histamine levels were not only recognized as a “gold standard” for clinical diagnosis in acute allergic diseases, but also used as a marker of MCs degranulation (Busse and Smith, 2017; Yamazaki et al., 2017). The data suggests that levels of histamine, which is identified as an aggravating mediator that accelerate the development of major end-organ (that is, lung, liver, and kidney) injury, in both serum and peritoneal lavage fluid were decreased after using of LCBE enteric-coated capsules in CLP-induced sepsis. Consistently, we found that LCBE enteric-coated capsules could inhibit the degranulation of MCs in CLP-induced sepsis.

To elucidate the molecular mechanisms of LCBE-mediated protective effects, we studied the signaling pathway promoting the polarization of macrophages. Previous studies indicated that the regulated signaling pathways in polarization of macrophages mainly included JAK/STAT signaling pathway, PI3K/Akt signaling pathway, C-Jun N-terminal kinase (JNK) signaling pathway and Notch signaling pathway. Among these signaling pathways, we studied the changes of PI3K/Akt signaling pathway activation that regulate the activation of M1 or M2 macrophages and a variety of cellular behavior, such as cell activity, proliferation, differentiation and metabolism (Xaus et al., 2001). We found that LCBE enteric-coated capsules increased the AKT phosphorylation in CLP sepsis, suggesting that the protective role of probiotics might be implemented by up-regulation of AKT signaling pathway. Moreover, TJ proteins, including claudin-1, occluding and ZO-1, are critical regulation factors of barrier functions and cytoskeletal mediated leak pathway (Shen et al., 2011). Studies have proved that in some intestinal inflammatory diseases, the intestinal mucosal barrier was disabled by loss of expression and intercellular junctions of TJ proteins (Ivanov et al., 2004; Clark et al., 2006). Therefore, the protective of intestinal mucosal barrier may serve an important role in improving survival during sepsis. In the present study, we found that the LCBE enteric-coated capsules treatment can inhibit the loss of TJ proteins in CLP-induced-sepsis mice. Thus, probiotics can promote survival in sepsis through maintain the integrality of intestinal barrier functions.

Collectively, our study is the first to demonstrate that probiotic pretreatment improves survival and reduces intestinal injury and inflammation in CLP-induced sepsis. Further, Probiotics exhibit their anti-inflammatory effect by decreasing macrophages to M1 type polarization and inhibiting MCs degranulation. Moreover, LCBE enteric-coated capsules exert their protective role is through the inhibition of AKT signaling. Thus, based on our results we propose that probiotics may could be potential agents for the treatments of sepsis in critically ill patients.

AUTHOR CONTRIBUTIONS

LG, MM, and YW designed the study and wrote the manuscript. FL, YJ, and XC performed the experiments and collected the data. GW, CW, and XG analyzed the data and helped in editing the article.

FUNDING

This study was supported by a grant from National Natural Science Foundation of China (81201391 and 81401571), Shandong Province Key R&D Program (2017GSF218006, 2018GSF118016, and 2018GSF118019), Natural Science Foundation of Shandong Province (ZR2014HM014), and Special Fund for Clinical Medical Research of the Chinese Medical Association (13091450530).

REFERENCES

Boirivant, M. M., and Strober, W. W. (2007). The mechanism of action of probiotics. Curr. Opin. Gastroenterol. 23, 679–692. doi: 10.1097/MOG.0b013e3282f0cffc

Busse, P. J., and Smith, T. (2017). Histaminergic angioedema. Immunol. Allergy Clin. North. Am. 37, 467–481. doi: 10.1016/j.iac.2017.03.001

Chen, L., Xu, K., Gui, Q., Chen, Y., Chen, D., and Yang, Y. (2016). Probiotic pre-administration reduces mortality in a mouse model of cecal ligation and puncture-induced sepsis. Exp. Ther. Med. 12, 1836–1842. doi: 10.3892/etm.2016.3534

Clark, J. A., and Coopersmith, C. M. (2007). Intestinal crosstalk: a new paradigm for understanding the gut as the ”motor” of critical illness. Shock 28, 384–393. doi: 10.1097/shk.0b013e31805569df

Clark, J. A., Doelle, S. M., Halpern, M. D., Saunders, T. A., Holubec, H., Dvorak, K., et al. (2006). Intestinal barrier failure during experimental necrotizing enterocolitis: protective effect of EGF treatment. Am. J. Physiol. Gastrointest. Liver Physiol. 291, G938–G949. doi: 10.1152/ajpgi.00090.2006

Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., Bernard, G. R., Chiche, J. D., Coopersmith, C. M., et al. (2016). The third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 315, 801–810. doi: 10.1001/jama.2016.0287

Dou, J., and Bennett, M. R. (2017). Synthetic biology and the gut microbiome. Biotechnol. J. 13:e1700159. doi: 10.1002/biot.201700159

Dylag, K., Hubalewska-Mazgajm, M., Surmiak, M., Szmyd, J., and Brzozowski, T. (2014). Probiotics in the mechanism of protection against gut inflammation and therapy of gastrointestinal disorders. Curr. Pharm. Des. 20, 1149–1155. doi: 10.2174/13816128113199990422

Echtenacher, B., Männel, D. N., and Hültner, L. (1996). Critical Protective Role of Mast Cells in A Model of Acute Septic Peritonitis. New Delhi: Dept. of Agriculture.

Fink, M. P., and Warren, H. S. (2014). Strategies to improve drug development for sepsis. Nat. Rev. Drug Discov. 13, 741–758. doi: 10.1038/nrd4368

Galli, S. J., Maurer, M., and Lantz, C. S. (1999). Mast cells as sentinels of innate immunity. Curr. Opin. Immunol. 11, 53–59. doi: 10.1016/S0952-7915(99)80010-7

Galli, S. J., Nakae, S., and Tsai, M. (2005). Mast cells in the development of adaptive immune responses. Nat. Immunol. 6, 135–142. doi: 10.1038/ni1158

Gautier, G., Attout, T., Fiore, F., Lebourdais, E., Msallam, R., Daeron, M., et al. (2014). Mast cells aggravate sepsis by inhibiting peritoneal macrophage phagocytosis. J. Clin. Invest 124, 4577–4589. doi: 10.1172/JCI75212

Gautier, G., and Launay, P. (2015). Mast cells aggravate sepsis in mice by inhibiting peritoneal macrophage phagocytosis. Med. Sci. 31, 127–128.

Gekara, N. O., and Weiss, S. (2007). Mast cells initiate early anti-listeria host defences. Cell Microbiol. 10, 225–236. doi: 10.1111/j.1462-5822.2007.01033.x

Höflich, C., and Volk, H. D. (2008). Immunmonitoring bei SIRS und sepsis auf grundlage des PIRO-Modells. Dtsch. Med. Wochenschr. 133, 2332–2336. doi: 10.1055/s-0028-1100924

Hotchkiss, R. S., Monneret, G., and Payen, D. (2013). Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy. Nat. Rev. Immunol. 13, 862–874. doi: 10.1038/nri3552

Ivanov, A. I., Nusrat, A., and Parkos, C. A. (2004). The epithelium in inflammatory bowel disease: potential role of endocytosis of junctional proteins in barrier disruption. Novartis Found. Symp. 263, 115–124. doi: 10.1002/0470090480.ch9

Jingjing, L. I., Shen, Y., and Emergency, D. O. (2013). The correlation analysis of gastrointestinal dysfunction with the severity and prognosis of sepsis. Med. J. Commun. 4, 45–52.

Kell, D. B., and Pretorius, E. (2017). To what extent are the terminal stages of sepsis, septic shock, systemic inflammatory response syndrome, and multiple organ dysfunction syndrome actually driven by a prion amyloid form of fibrin? Semin. Thromb. Hemost. 44, 224–238

Klingensmith, N. J., and Coopersmith, C. M. (2016). The gut as the motor of multiple organ dysfunction in critical illness. Crit. Care Clin. 32, 203–212. doi: 10.1016/j.ccc.2015.11.004

Kozicky, L. K., and Sly, L. M. (2015). Phosphatase regulation of macrophage activation. Semin. Immunol. 27, 276–285. doi: 10.1016/j.smim.2015.07.001

Kuzmich, N. N., Sivak, K. V., Chubarev, V. N., Porozov, Y. B., Savateeva, T., Lyubimova, N., et al. (2017). TLR4 signaling pathway modulators as potential therapeutics in inflammation and sepsis. Vaccines 5:E34. doi: 10.3390/vaccines5040034

Liboni, K. C., Li, N., Scumpia, P. O., and Neu, J. (2005). Glutamine modulates LPS-induced IL-8 production through IkappaB/NF-kappaB in human fetal and adult intestinal epithelium. J. Nutr. 135, 245–251. doi: 10.1093/jn/135.2.245

Lievin-Le Moal, V., and Servin, A. L. (2014). Anti-infective activities of lactobacillus strains in the human intestinal microbiota: from probiotics to gastrointestinal anti-infectious biotherapeutic agents. Clin. Microbiol. Rev 27, 167–199. doi: 10.1128/CMR.00080-13

Mallen–St Clair, J., Pham, C. T. N., Villalta, S. A., Caughey, G. H., and Wolters, P. J. (2004). Mast cell dipeptidyl peptidase I mediates survival from sepsis. J. Clin. Investig. 113, 628–634. doi: 10.1172/JCI200419062

Markowiak, P., and Slizewska, K. (2017). Effects of probiotics, prebiotics, and synbiotics on human health. Nutrients 9:E1021. doi: 10.3390/nu9091021

Martinez, F. O. (2011). Regulators of macrophage activation. Eur. J. Immunol. 41, 1531–1534. doi: 10.1002/eji.201141670

Mittal, R., and Coopersmith, C. M. (2014). Redefining the gut as the motor of critical illness. Trends Mol. Med. 20, 214–223. doi: 10.1016/j.molmed.2013.08.004

Richter, D. C., Heininger, A., Brenner, T., Hochreiter, M., Bernhard, M., Briegel, J., et al. (2017). Bacterial sepsis : Diagnostics and calculated antibiotic therapy. Anaesthesist 66, 737–761. doi: 10.1007/s00101-017-0363-8

Sanchez, B., Delgado, S., Blanco-Miguez, A., Lourenco, A., Gueimonde, M., and Margolles, A. (2017). Probiotics, gut microbiota, and their influence on host health and disease. Mol. Nutr. Food Res. 61:1600240. doi: 10.1002/mnfr.201600240

Sarowska, J., Choroszy-Krol, I., Regulska-Ilow, B., Frej-Madrzak, M., and Jama-Kmiecik, A. (2013). The therapeutic effect of probiotic bacteria on gastrointestinal diseases. Adv. Clin. Exp. Med. 22, 759–766.

Shen, L., Weber, C. R., Raleigh, D. R., Yu, D., and Turner, J. R. (2011). Tight junction pore and leak pathways: a dynamic duo. Annu. Rev. Physiol. 73, 283–309. doi: 10.1146/annurev-physiol-012110-142150

Vincent, J. L., Martinez, E. O., and Silva, E. (2011). Evolving concepts in sepsis definitions. Crit. Care Nurs. Clin. North Am. 23, 29–39. doi: 10.1016/j.ccell.2010.12.002

Vincent, J.-L., Opal, S. M., Marshall, J. C., and Tracey, K. J. (2013). Sepsis definitions: time for change. Lancet 381, 774–775. doi: 10.1016/S0140-6736(12)61815-7

Wang, C., Zhou, G., and Zeng, Z. (2014). Effects of peroxisome proliferator-activated receptor-beta/delta on sepsis induced acute lung injury. Chin. Med. J. 127, 2129–2137.

Wu, Y., Chung, C. S., Chen, Y., Monaghan, S. F., Patel, S., Huang, X., et al. (2016). A Novel role for programmed cell death receptor ligand-1 (PD-L1) in sepsis-induced intestinal dysfunction. Mol. Med. 22, 830–840. doi: 10.2119/molmed.2016.00150

Xaus, J., Comalada, M., Valledor, A. F., Cardo, M., Herrero, C., Soler, C., et al. (2001). Molecular mechanisms involved in macrophage survival, proliferation, activation or apoptosis. Immunobiology 204, 543–550. doi: 10.1078/0171-2985-00091

Yamazaki, A., Nakamura, T., Omori, K., and Murata, T. (2017). The role of mast cell in inflammation. Nihon Yakurigaku Zasshi 149, 204–207. doi: 10.1254/fpj.149.204

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer, QM, declared a shared affiliation, with no collaboration, with one of the authors, GW, to the handling Editor at the time of review.

Copyright © 2019 Guo, Meng, Wei, Lin, Jiang, Cui, Wang, Wang and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Pharmacology

Protective Effects of Live
Combined B. subtilis and E.
faecium in Polymicrobial Sepsis
Through Modulating Activation
and Transformation of
Macrophages and Mast Cells





OPS/images/fphar-09-01506-g006.jpg
CLP-control

CLP-probiotics

(01]

E3 CLP-control
Bl CLP-probiotics

|
e

I L ] | |
S (=4 (= =] (=]
N o v

A g
(Jui/3u) piny uonesLLI
1euOoILIdd Ur 9 AJ JUTWR)STH

n
=,
p— )
.2
S
S
R
Eaa
S =
noOO
EIEM
*
*
<+ " Q - LS

(Jui/3u) WnIds ul [2AJ] JUIWE)SIH





OPS/images/fphar-09-01506-g007.jpg
A

Sham CLP-control CLP-probiotics
S1 S2 Cl1 (C2 C3 (4 P1 P2 P3 P4
p-AKT (60kDa) R . .

-

e AKT (55kDa) s s s ---

B

0.8-
Sham

> %k
g -l E 1 E=3 CLP-control
= | E3) CLP-probiotics
)
- %k
S 0.4 I 1
2,
=z '
=024 0 pee
o | . e
=4 e ﬁm

0.0 lllllllllllllll










OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-09-01506-g001.jpg
Survival rate (%)

i |

o
T

D
T

»
T

X)
T

--L-

Sham(n=6)
CLP-control(n=20)
CLP-probiotics(n=14)

3 4
Time(d)





OPS/images/fphar-09-01506-g002.jpg
Villus length (um)

CLP-control CLP-probiotics

x40

(@

2000- x*
[ | Sham
CLP- 1
1500- g oLp con:)r,ot, % E3 CLP-control
TR = B CLP-probiotics

&

1000- @
>m
=

500- =
o

0-

D Sham CLP probiotics CLP control

Claudin 1

Occludin

70-1

GAPDH





OPS/images/fphar-09-01506-g003.jpg
IL-6 level in serum (pg/ml)

TNF-a level in serum (pg/ml)

250

200

150

100

50

400

300

200

100

EB Sham
CLP-control
E3 CLP-probiotic

EA Sham
EZ CLP-control
E3 CLP-probiotic

IL-6 level in ileum (pg/ml)

TNF-a level inileum (pg/ml)

©w
S
=3

200

100

150

100

EA Sham
E3 CLP-control
E3 CLP-probiotic

Sham
E3 CLP-control
BE3 CLP-probiotic





OPS/images/fphar-09-01506-g004.jpg
TGF-1 (25kDa)

IL-10 level in serum (pg/ml)

CLP
Sham Control Probiotics

B-actin (43KDa) S S S—

4000+

3000+

2000+

E&A Sham
E3 CLP-control
Bl CLP-probiotics

TGF-p 1/B-actin ratio

50000

40000+

30000+

— [Sod
S o
S e
S ©
7 3

IL-10 level in ileum (pg/g)

E3 Sham
E3 CLP-control
Bl CLP-probiotics

Sham
E3 CLP-control
Bl CLP-probiotics






OPS/images/fphar-09-01506-g005.jpg
CLP-control CLP-probiotics

oneamon
D ——
ar
St o
B —

Pacin (OAD1) —————






