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Abstract. 
A novel bacteriocin secreted by Clostridium butyricum ZJU-F1 was isolated using ammonium sulfate fractionation, cation exchange chromatography, affinity chromatography, and reverse-phase high-performance liquid chromatography (RP-HPLC). The bacteriocin, named CBP22, contained 22 amino acids with the sequence PSAWQITKCAGSIAWALGSGIF. Analysis of its structure and physicochemical properties indicated that CBP22 had a molecular weight of 2264.63 Da and a +1 net charge. CBP22 showed activity against E. col K88, E. coli ATCC25922, and S. aureus ATCC26923. The effects and potential mechanisms of bacteriocin CBP22 on the innate immune response were investigated with a lipopolysaccharide- (LPS-) induced mouse model. The results showed that pretreatment with CBP22 prevented LPS-induced impairment in epithelial tissues and significantly reduced serum levels of IgG, IgA, IgM, TNF-α, and sIgA. Moreover, CBP22 treatment increased the expression of the zonula occludens and reduced permeability as well as apoptosis in the jejunum in LPS-treated mice. In summary, CBP22 inhibits the intestinal injury and prevents the gut barrier dysfunction induced by LPS, suggesting the potential use of CBP22 for treating intestinal damage.

1. Introduction
Prebiotics, first identified in 1905, have been used to manipulate microorganisms in the host to improve measurable health outcomes [1]. The probiotic Clostridium butyricum (C. butyricum) has been widely reported to have beneficial effects on hosts, including the prevention of bacterial and viral infections, immunoregulation, alleviation of acute pancreatitis and liver damage, and the reduction of lipogenesis, as well as having antitumor effects. We previously isolated the C. butyricum ZJU-F1 strain from the feces of a healthy pig and preserved it in the China General Microbiological Culture Collection Centre (CGMCC No. 8939, Shanghai, China). Our previous studies have shown that C. butyricum ZJU-F1 can alleviate growth retardation and intestinal barrier dysfunction caused by weaning [2]. However, the specific components of C. butyricum that are responsible for the beneficial biological functions are, as yet, unclear.
Much of our knowledge of the mechanisms of probiotics is based on bacteriocins. Bacteriocins are a class of bioactive polypeptides or proteins that are encoded by specific bacterial genes and synthesized in the ribosome. During the last decade, bacteriocins have been widely studied in the field of food preservation and alternative antibiotics. A growing number of studies have shown that bacteriocins have multiple biological functions, including antiviral activities, antiinfection of the gastrointestinal tract, spermicidal activities, and anticancer activity [3–6]. For example, plantaricin, a bacteriocin secreted by Lactobacillus plantarum, potentially benefits diet-induced obese mice via fortifying tight junctions between intestinal epithelial cells [7]. Bacteriocin Lmo2776 of Listeria monocytogenes can target the commensal Prevotella copri and modulate intestinal infection [8].
To date, three bacteriocins of C. butyricum, butyricin 7423, butyricum M588, and perfringocin 1105, with molecular weights of 32.5 kDa, 8 kDa, and 76.0 kDa, respectively, have been characterized [9, 10]. Sequence analysis of a bacteriocinogenic plasmid of C. butyricum found that butyricum M588 with 83 amino acids is encoded by the gene ORF3 and has high antibacterial activity against Clostridium beijerinckii and C. pasteurianum [10]. Butyricin 7423 alters the permeability of C. pasteurianum cell membranes, allowing the release of metabolites and ions [11]. It has been reported that the growth performance improvement of C. butyricum was associated with reducing or preventing the barrier damage caused by ETEC K88 in piglets and broiler chickens [12–14]. Mechanistically, studies have shown that C. butyricum regulation of immune response is through the TLR2-mediated MyD88-independent signaling pathway [15, 16]. However, the potential biological functions and mechanisms of action of bacteriocins secreted by C. butyricum in intestinal health have not yet been elucidated.
The intestine contains the largest number of immune cells of any tissue in the body to maintain tolerance and promote immune responses against a variety of clinically important pathogens [17, 18]. Irritable bowel syndrome (IBS), characterized by irregular bowel habits, affects 10% of the world’s population in the 21st century, but its aetiology remains largely undetermined [19, 20]. Studies have shown that intestinal infection, inflammation, and imbalance of intestinal microbiota can lead to IBS [21–23]. Several recent studies have shown a lower microbial diversity and a higher instability in the intestines of patients with IBS [20, 22]. Moreover, studies reported an increase in relative abundance of Firmicutes, mainly Clostridium cluster XIVa and Ruminococcaceae, together with a reduction in the relative abundance of Bacteroidetes in the intestines of patients with IBS [22, 24–26]. Our previous study suggested that maintaining tight junction complexes could modulate the inflammatory response to protect intestinal health [27]. Intestinal dysfunction plays a crucial role in the occurrence of systemic inflammation, suggesting that the intestine is the “engine” of systemic inflammation [28]. The intestinal mucosa forms a physical metabolic barrier, restricting the spread of pathogens, toxins, and allergens from the intestinal lumen to the circulatory system. The integrity of the intestinal barrier requires an accurate and delicate balance between proliferation and apoptosis [29, 30], the expression of tight junction proteins, such as ZO-1, ZO-2, occludin, and claudin-1 [31], and signaling molecules such as mucins, cytokines, Toll-like receptors, and chemokines [32].
In this study, we isolated and characterized the bacteriocin CBP22 from Clostridium butyricum ZJU-F1. The effects and potential mechanisms of bacteriocin CBP22 on the intestinal immune response were investigated by assessing alterations in the intestinal barrier with a lipopolysaccharide- (LPS-) induced intestinal injury mouse model. Taken together, we identified a new bacteriocin CBP22 and present evidence of its functions and mechanisms of action in immunomodulation.
2. Materials and Methods
2.1. Reagents
Clostridium butyricum ZJU-F1 came from our laboratory. Staphylococcus aureus ATCC5923, Escherichia coli ATCC25922, Escherichia coli K88, Escherichia coli K12, Pseudomonas aeruginosa CMCC27853, Enterococcus faecalis EC533, and Enterococcus faecalis EC618 were purchased from the China General Microbiological Culture Collection Center. RCM media and Mueller-Hinton (MH) broth were purchased from Hopebio (Qingdao, China). Lipopolysaccharide (LPS) O111:B4 and 4 kDa fluorescein isothiocyanate-conjugated dextran (FD4) were purchased from Sigma-Aldrich.
2.2. Bacteriocin Purification
After culturing ZJU-F1 in RCM medium at 37°C and 225 rpm until the , the supernatant was isolated. Tris-HCl (20 mM, ) was slowly added to the supernatant, followed by a very slow addition of ammonium sulfate at 4°C. After stirring for 2 h, the precipitate was collected by centrifugation (15,000 rpm, 10 min) and resuspended in binding buffer (20 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, 10 mM 2-mercaptoethanol, pH 8.0) and then dialyzed against the same buffer at 4°C for 12 h. Using the method of Luan et al. [33], the dialyzed preliminary extract was applied to a cation exchange column (GE Healthcare, Chicago, IL, USA) and was eluted by application of a salt gradient from 0 to 50% () NaCl in 20 mM Tris-HCl and 10 mM 2-mercaptoethanol (pH 8.0). All peaks were pooled and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then dialyzed in binding buffer at 4°C for 12 h. The dialyzed mixture was then applied to a Ni-NTA resin column (1 ml) equilibrated with binding buffer, followed by a step gradient with elution buffer. Peaks were again analyzed by SDS-PAGE and collected separately before concentrating to 10 mg/ml. Each fraction was tested for antibacterial activity, and the fractions with antibacterial activity were further separated by reverse-phase high-performance liquid chromatography (RP-HPLC) [34]. The samples were dissolved in solvent A (5% acetonitrile containing 0.1% () TFA) and then applied to RP-HPLC. The separation was performed using a linear gradient from 15% to 45% solvent B (0.1% () TFA in 95% acetonitrile) for 40 min at a flow rate of 2.0 ml/min, measured at 215 nm. In short, the principle of eluting proteins with Ni NTA column was that the Ni NTA column contains agarose microspheres. Under the action of agarose chelating medium, the microspheres chelate with Ni2+, and the chelated Ni2+ can interact with the imidazole rings on His, Cys, or Trp, so as to achieve protein separation. Then, the sequences of purified proteins were determined by the Edman degradation method. The bacteriocin was synthesized by chemical synthesis based on the amino acid sequence, which was used for subsequent experiments in vitro and in vivo.
2.3. Antimicrobial Assays
The minimal inhibitory concentrations (MICs) were determined according to a modified version of the National Committee for Clinical Laboratory Standards broth microdilution method [35]. Microorganisms to be tested were grown to log phase in MH broth and transferred to fresh MH broth to a final concentration of . The concentrations of bacteriocin were diluted by twofold serial dilutions to 2.5, 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 μg/ml. Bacterial solutions (90 ml) and bacteriocin (10 μl) of different concentrations were added into a 96-well plate. The positive and negative controls were 100 μl bacterial solution and 100 μl MH broth, respectively. The MICs were measured after incubation for 24 h at 37°C. Each experiment was performed in triplicate.
2.4. Analysis of Structure and Physicochemical Properties
The Edman degradation method was used to determine the N-terminal amino acid sequence of the purified peptide according to the instructions of Applied Biosystems Company’s gas-phase protein sequencer. The helical wheel plots, secondary structures, and physicochemical properties were predicted and analyzed by the online resources HeliQuest (https://heliquest.ipmc.cnrs.fr/) [36] and the Zhang laboratory at the University of Michigan (https://zhanglab.ccmb.med.umich.edu/) [37].
2.5. Hemolysis Assay
The hemolysis test was carried out using the method described by Gao et al. [35]. Briefly, fresh anticoagulated pig blood was collected from a healthy donor (Hangzhou, China) in a polycarbonate tube containing heparin. The blood was washed twice with PBS and then diluted to 1% in PBS with or without 10% fetal bovine serum. CBP22 was serially diluted with 0.01% acetic acid to 0 μg/ml to 256 μg/ml. Different concentrations (10 μl) of CBP22 were incubated with erythrocytes (90 μl) at 37°C for 2 h in a 96-well plate. After centrifugation, the supernatants were transferred to a new 96-well plate to measure the absorbance at 405 nm. The negative and positive controls were erythrocytes incubated in 10 μl 0.01% acetic acid and 1% Triton X-100, respectively. Hemolysis (%) was calculated as follows:

2.6. Animals and Experimental Design
Sixty ICR male mice, aged 4-6 weeks, purchased from Shanghai SLAC Laboratory Animal Central, were used. The mice were raised in plastic cages under standard conditions (12 h light-dark cycle, 22-25°C, humidity 50-70%) and with free access to food and water. All animal experiments were carried out under the Animal Care and Use Committee of Zhejiang University.
As shown in Figure 1, the mice were randomly divided into six groups of 10 each. On day 6, mice in the LPS and CBP22+LPS groups were intraperitoneally injected with LPS (10 mg/kg, 200 μl each mouse) 1 h after CBP22 or PBS treatment; the other groups were injected with an equal volume of PBS. The mice were sacrificed, and blood samples were collected by cardiac puncture 5 h after LPS stimulation. In addition, both LPS and CBP22 were dissolved in PBS before administration.




			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		Figure 1: Experimental design and scheme of animal treatments.


2.7. Intestinal Histomorphology
The jejunum samples of mice were fixed in 4% paraformaldehyde for 24 h and then embedded in paraffin blocks. Sections of 5 μm thickness were cut and stained with hematoxylin and eosin (H&E), and images were acquired through a Leica DM3000 Microsystem (Leica, Germany). The villus height and crypt depth were measured using a Leica microscope (DM3000; Leica, Wetzlar, Germany) equipped with a CCD camera (DFC420; Leica). All programs were executed three times, and the data presented is the average of the three replicates. The degree of small intestinal injury was evaluated by Chiu’s score classification [38] as follows: grade zero, normal mucosal villi; grade one, well-structured villi but subepithelial spaces; grade two, elevated villous epithelium with increasing subepithelial spaces; grade three, some cast-off villous epithelium; grade four, structural destruction of villi resulting in shedding and telangiectasia; and grade five, destruction of all the mucosa, hemorrhage, and ulceration.
2.8. Intestinal Permeability
The assessment of intestinal permeability is based on the measurement of FD4 in serum. Mice that had been intraperitoneally injected with LPS or PBS were given FD4 by oral gavage (20 mg/kg body weight) after 1 h. The blood collected at the time of sacrifice was centrifuged at 12,000 rpm at 4°C for 5 minutes. The concentration of FD4 in the serum was determined by measuring fluorescence using a SpectraMax M5 plate reader (Molecular Devices, San Jose, CA, USA) with an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
2.9. TUNEL Staining
The TUNEL assay was used to identify jejunal epithelial cell apoptosis. The Leica DM3000 microsystem was used to analyze labeled cells. At least five views of each image from the different groups were taken with the background light kept constant between images. Five random duplications from each group were analyzed, the ratio of apoptotic to nonapoptotic cells was calculated according to the positive brown coloration, and the average values were calculated. The apoptosis index (AI) was calculated according to the following formula:

2.10. Measurement of Immunoglobulins and TNF-α in Serum
The serum levels of immunoglobulins (IgG, IgA, and IgM) and TNF-α were determined using an enzyme-linked immunosorbent assay (ELISA) kit (Multisciences, Hangzhou, China) according to the manufacturer’s protocol.
2.11. Determination of Intestinal sIgA Concentrations
The expression level of sIgA in ileal tissue was determined by a double-antibody sandwich ELISA, as previously described [39] using an ELISA kit purchased from Multisciences (Hangzhou, China). The ileal protein concentrations were measured by the BCA kit (KeyGEN, China), and the concentrations of sIgA were expressed as μg sIgA/mg protein.
2.12. Real-Time PCR
Total RNA was extracted from the jejunum using the TRIzol reagent according to the manufacturer’s instructions. The RNA was reverse-transcribed into cDNA using a cDNA Reverse Transcription Kit. The sequences of the gene-specific primers were determined from previous publications [40] and were synthesized and purchased from Sangon Biotech (Shanghai, China). The primer sequences and their Tm values and sizes are listed in Table 1. Amplification and detection were carried out using the SYBR Premix Ex Taq Kit (Takara Clontech, Otsu, Japan) in the ABI StepOnePlus Real-time PCR system (Applied Biosystems, Foster City, CA, USA). All the samples were analyzed in triplicate, and negative controls were included to check for the nonspecific amplification of primers.
Table 1: Specific primers used for real-time PCR.
	

	Primer	Sequence (5–3)	Length (bp)	Tm (°C)
	

	ZO-1	F	TCATCCCAAATAAGAACAGAGC	198	60
	R	GAAGAACAACCCTTTCATAAGC
	

	ZO-2	F	GCTTTGGTGTGGACCAAGAT	269	60
	R	TCCATTATGGGTTTGCATGA
	

	Claudin-1	F	GCTGGGTTTCATCCTGGCTTCT	110	60
	R	CCTGAGCGGTCACGATGTTGTC
	

	Occludin	F	AAGCAAGTGAAGGGATCTGC	204	60
	R	GGGGTTATGGTCCAAAGTCA
	TNF-α	F	GCATGGTGGTGGTTGTTTCTGACGAT	99	60
	R	GCTTCTGTTGGACACCTGGAGACA
	

	GAPDH	F	CAACGGCACAGTCAAGGCTGAGA	112	60
	R	CTCAGCACCAGCATCACCCCAT
	



2.13. Statistical Analysis
All statistical analyses were performed using SPSS software (Version 20.0, IBM Corp., Armonk, NY, USA), and all data were expressed as the  (SEM). Significant differences between the control and experimental groups were determined by a one-way ANOVA with Duncan’s multiple range test. Statistically, a  value of less than 0.05 was considered significant.
3. Results
3.1. Isolation, Purification, and Identification of CBP22
The bacteriocin in the supernatant of ZJU-F1 was preliminarily extracted by ammonium sulfate precipitation and then separated and purified by cation exchange column chromatography, yielding three fractions (Figure 2(a)). The three fractions were separated and collected by affinity chromatography (Figure 2(b)). We then tested the antibacterial activity of the three fractions and found that only the second fraction showed antibacterial activity against E. coil and S. aureus. Thus, the second fraction was freeze-dried and concentrated, followed by purification on RP-HPLC. SDS-PAGE analysis showed that the molecular weight of the second fraction was about 3 kDa. Sequencing showed that the bacteriocin was a 22-amino acid peptide with the sequence PSAWQITKCAGSIAWALGSGIF; the peptide was, therefore, named Clostridium butyricum peptide 22 (CBP22).
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Figure 2: Isolation and identification of CBP22. (a) Cation exchange chromatography of the supernatant from C. butyricum culture medium at a wavelength of 215 nm and SDS-PAGE analysis. M: mark; lane 1: before purification; lane 2: after purification. (b) Affinity chromatography of products from (a) at a wavelength of 215 nm and SDS-PAGE analysis. M: mark; lane 1: before purification; lane 2: after purification. (c) Secondary structure prediction of CBP22. (d) Helical wheel plots of CBP22. (e) Hemolytic activity of CBP22 against porcine red blood cells. The hemoglobin release was monitored at 576 nm. The data are expressed as the ,  biological replicates; bars with different small capital letters are statistically different from one another.


To further investigate the physicochemical properties of CBP22, we used helical wheel plots and secondary structure prediction by online analysis tools (Figures 2(c) and 2(d)). The results indicated that the isoelectric point of CBP22 was 8.64 and the molecular weight was 2264.64 Da, with a net charge of +1 and hydrophobicity of 0.719 and a hydrophobic moment of 0.134.
3.2. Antibacterial Activity of CBP22
To evaluate the antibacterial activity of CBP22, the minimal inhibitory concentration (MIC) of the bacteriocin CBP22 against pathogenic bacteria was determined. As Table 2 shows, the CBP22 exhibited moderate activity against E. coli K88 with a MIC of 32 μg/ml and showed low activity against E. coli ATCC25922 and S. aureus ATCC26923, with MICs of 128 and 64 μg/ml, respectively.
Table 2: Antibacterial activity of CBP22 measured by MIC.
	

	Bacterial species	MIC (μg/ml)
	

	Gram-negative bacteria	
	    E. col K88	32
	    E. col ATCC25922	128
	    E. col K12	>256
	    P. aeruginosa CMCC27853	>256
	Gram-positive bacteria	
	    S. aureus ATCC26923	64
	    E. faecium EC533	>256
	    E. faecalis EC618	>256
	



3.3. Hemolytic Activity
The hemolytic activity of the CBP22 against human erythrocytes was determined as a measure of toxicity to mammalian cells. The results showed that CBP22 had a low lethality to erythrocytes between 0 and 256 μg/ml. Fewer than 10% of erythrocytes were killed even at 256 mg/ml (Figure 2(e)). These results indicated that CBP22 is safe to eukaryotes.
3.4. Intestinal Morphology
To further investigate the effects of CBP22 on intestinal health, we induced a mouse model with LPS stimulation. As shown in Figure 3(a), H&E staining of jejunal specimens from the control and CBP22-treated groups showed integrated villi and compactly arrayed epithelium. On the contrary, the intestinal epithelia of the jejunum in LPS-treated mice showed marked injury with epithelial exfoliation, discontinuous brush borders, and blunt villi. However, the jejunal villi of mice pretreated with 4 mg/kg and 8 mg/kg CBP22 were relatively intact, which suggested that CBP22 significantly alleviated the injury caused by LPS to the villi. Based on the score of small intestinal mucosal injury, we found that pretreatment with CBP22 prevented intestinal mucosal injury induced by LPS (Figure 3(b)).
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Figure 3: The protective effects of CBP22 on jejunal morphology in mice treated with LPS. (a) H&E staining of the jejunal mucosa, . (b) Mucosal damage grading. (c) Villus heights in the jejunum. (d) Crypt depths in the jejunum. The data are expressed as the ,  biological replicates; bars with different small capital letters are statistically different from one another.


As Figures 3(c) and 3(d) show, compared with the control group, the jejunal villus height and crypt depth in mice treated with 4 mg/kg and 8 mg/kg CBP22 were not significantly different while high concentrations of CBP22 caused a trend of increasing villus height and decreasing crypt depth. However, the villus height in the LPS group was reduced without significant alteration of the crypt depth. CBP22 pretreatment significantly alleviated the villus shortening caused by LPS with an improvement of 27.6% after treatment with 8 mg/kg CBP22 but with no effect on the crypt depth. These results suggest that CBP22 can protect the intestinal villi of mice from LPS damage.
3.5. Intestinal Epithelial Cell Apoptosis
Tissue TUNEL staining was conducted to analyze the levels of apoptosis in the jejunum. The brown and blue staining represented the apoptotic and normal nuclei, respectively. In contrast to the control group, the apoptosis index of the 4 mg/kg and 8 mg/kg CBP22 treatments showed no significant difference, but LPS-treated mice showed a significantly increased jejunal apoptosis index. Compared with LPS-treated mice, in the mice pretreated with 4 mg/kg and 8 mg/kg CBP22 followed by treatment with LPS, the apoptosis index was significantly decreased by 82.65% and 86.81%, respectively (Figures 4(a) and 4(b)).
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Figure 4: The effect of CBP22 on jejunum cell apoptosis in mice. (a) TUNEL staining of jejunal epithelial tissues, brown signals, . (b) Apoptosis index of jejunal epithelial cells. The data are expressed as the ,  biological replicates; bars with different small capital letters are statistically different from one another.


3.6. Serum Levels of IgA, IgG, IgM, and TNF-α
To determine the effects of CBP22 on the LPS-induced immune response, the levels of immunoglobulins and cytokines were measured. LPS treatment resulted in a marked increase in serum levels of IgA, IgG, and IgM compared with the control. CBP22 pretreatment significantly alleviated the elevation of serum immunoglobulins induced by LPS (Figures 5(a)–5(c)).
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Figure 5: Effects of CBP22 on immune function in LPS-stimulated mice. (a–d) The concentration of IgA (a), IgG (b), IgM (c), and TNF-α (d) in serum. (e) Real-time PCR analysis of TNF-α mRNA expression in the jejunum. (f) Concentration of sIgA in the ileum. The q-PCR results are presented relative to those of GAPDH. The data are expressed as the ,  biological replicates; bars with different small capital letters are statistically different from one another.


As shown in Figure 5(d), the serum TNF-α concentration of mice in the 4 mg/kg and 8 mg/kg CBP22 groups was slightly elevated but not significantly so. LPS treatment resulted in a 3.85-fold increase in serum TNF-α concentration relative to the control group ( vs. ). CBP22 pretreatment significantly reduced TNF-α secretion induced by LPS to the same level as the control group.
3.7. Intestinal sIgA and TNF-α Level
To further confirm the effects of CBP22 on the immune response, the TNF-α mRNA expression in the jejunum was determined. Similar to the results in the serum, there was no significant difference between TNF-α mRNA in the jejunum of mice treated with 4 mg/kg and 8 mg/kg CBP22. The expression of TNF-α mRNA in the jejunum of LPS-treated mice was significantly increased, but pretreatment with 4 mg/kg and 8 mg/kg CBP22 followed by LPS resulted in significantly lower levels than those of the LPS group (Figure 5(e)).
The results of the ileal sIgA levels are shown in Figure 5(f). In comparison with the control mice, there was no significant difference in the level of sIgA in the terminal ileum of mice treated with 4 mg/kg and 8 mg/kg CBP22. However, LPS treatment resulted in a 123.08% increase in the sIgA level relative to the control group. Pretreatment with 4 mg/kg and 8 mg/kg CBP22 significantly decreased secretion of sIgA by 40.39% and 43.84%, respectively, with no difference from the control group.
3.8. Intestinal Permeability
As the gut barrier function can regulate immune function, we assessed the intestinal permeability in each group. As shown in Figure 6(a), after intraperitoneal injection with LPS, the intestinal permeability to FD4 was significantly increased indicating that the barrier function was impaired. Pretreatment of LPS-administered mice with 4 mg/kg and 8 mg/kg CBP22 significantly reduced the FD4 concentration in the serum indicating that CBP22 can protect the mouse intestinal barrier function against LPS challenge. However, there was no significant difference between CBP22 treatment alone and the control groups.
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Figure 6: The protective effects of CBP22 on the intestinal barrier. (a) Intestinal permeability is determined by serum FD4 concentration. (b–d) RT-PCR analysis. The mRNA expression of tight junctions and results are presented relative to those of GAPDH, (b) ZO-1, (c) ZO-2, (d) occludin, and (e) claudin-1. The data are expressed as the ,  biological replicates; bars with different small capital letters are statistically different from one another.


3.9. Intestinal Tight Junction Expression
To further investigate the role of CBP22 in intestinal barrier function, tight junction markers, such as claudin-1, occludin, ZO-1, and ZO-2, were measured. The mRNA expression levels of ZO-1 in the jejunum of mice treated with 4 mg/kg and 8 mg/kg CBP22 alone increased significantly in a dose-dependent manner (Figure 6(b)). LPS markedly reduced the mRNA expression of ZO-1 and ZO-2 by 57% and 15%, respectively, but did not affect claudin-1 and occludin expression compared with the control group. As expected, CBP22 pretreatment completely and significantly abrogated the LPS-induced reduction in ZO-1 and ZO-2 mRNA (Figures 6(b)–6(d)).
4. Discussion
In this study, we describe the isolation of a novel bacteriocin from C. butyricum ZJU-F1 named CBP22 with a molecular weight of 2264.63 Da. We then demonstrated the role and potential mechanism of action of CBP22 effect on intestinal injury using an LPS-induced mouse model.
In recent years, studies found that many bacteriocins, such as SA2715 [41], MQ1 [42], and Nisin [43], have great potential as natural preservatives in food. In addition, bacteriocin is also widely used in oral care, skincare, vaginal care, and anticancer drugs [43–46]. In contrast to the other three known bacteriocins of C. butyricum, the molecular weight of CBP22 was relatively small, only 2264.35 Da, which is conducive to industrial production and a wide application in preservatives in the food and the care of oral, skin, and vaginal [43, 47]. In general, bacteriocins have a high toxicity. Hemolysis is an important indicator to evaluate the safety of bacteriocin. If the hemolysis rate is less than 5%, the bacteriocin is considered to have no hemolysis [48]. Our results showed that CBP22 had a very low hemolytic activity with less than 5%, indicating its potential safety. Moreover, our results found that CBP22 showed antibacterial activity against E. coli and S. aureus while not affecting P. aeruginosa, E. faecium, or E. faecalis, indicating that CBP22 may be a bacteriocin with narrow-spectrum antibacterial activity. Meanwhile, the physicochemical properties of CBP22 showed that it had one positive charge, which may be the reason for its weak antibacterial activity [49]. If CBP22 is used as the model to design derivative peptides, by changing one or more amino acids to increase the charge number and hydrophobic moment, a derivative peptide with high antibacterial activity and narrower antibacterial spectrum can be found, which will be conducive to the development of antibacterial specific and efficient bacteriocin.
In addition to antibacterial activity, the immune regulatory function of bacteriocins has attracted increasing attention. LPS is commonly used to induce acute immune responses in mammals, destroying the self-renewal of the intestinal villi and resulting in a high cell apoptosis index. The intestinal mucosa is the major site of nutrient absorption and digestion [50]. Intestinal diseases can directly destroy the ability to absorb and digest nutrients and may even cause inflammatory-related diseases that affect the whole body. It has been reported that bacteriocins and antimicrobial peptide can regulate tissue half-life and clearance of neutrophils by suppressing apoptosis [51]. Our results have shown that CBP22 alleviated intestinal damage caused by LPS and confirmed marked injury and a high cell apoptosis index for the jejunal intestinal epithelia of LPS-treated mice using H&E staining. As expected, all of these effects were significantly inhibited by CBP22 injection.
Bacteriocins modulate the immune response through regulating inflammation, inducing chemotaxis, initiating specific immunity, directly enhancing the ability of the body to fight infection, and specifically activating immune cells [4, 44]. About bacteriocin regulation of intestinal immunity, the study found that a Listeria monocytogenes bacteriocin could target the commensal Prevotella copri and modulate intestinal infection [8]. Besides, it has also been found that gassericin A, a bacteriocin, secreted by intestinal microorganisms, bound KRT19 protein to the plasma membrane of intestinal epithelial cell, and activates intracellular mTOR-mediated phosphodiesterase activity, resulting in the downregulation of cAMP and cGMP levels, thereby reducing the incidence of diarrhea in early-weaned piglets [52]. IgG, IgM, and IgA, important effector molecules in humoral immunity, can neutralize the toxicity of bacterial toxins, enhance the phagocytosis of mononuclear macrophages, and bind viral antigens to regulate immunity [53, 54]. Consistent with previous studies [55], our data showed that LPS significantly increased the levels of IgA, IgG, and IgM in mouse serum. Although CBP22 treatment alone did not affect the serum immunoglobulin levels, pretreatment with CBP22 could reduce the elevated immunoglobulin levels induced by LPS. These results suggested that CBP22 can activate the nonspecific immunity of mice to neutralize and eliminate LPS. sIgA, a major component of the mucosal defense system, can inhibit the adhesion of intestinal epithelial pathogenic microorganisms and the proliferation of viruses. Our results showed that sIgA concentration was dramatically increased after intraperitoneal LPS injection but pretreatment with CBP22 decreased the sIgA concentration in the ileum, indicating that CBP22 may inhibit this extreme immune response to protect the health of the mouse. Besides, after intraperitoneal LPS injection, the serum levels of TNF-α and the gene expression of TNF-α in the small intestine increased rapidly, possibly because LPS activated inflammatory signaling pathways such as NF-κB and MAPK, thereby activating the expression of downstream proinflammatory factors [56]. Our results suggested that pretreatment with CBP22 can significantly reduce the TNF-α level in serum and the TNF-α mRNA level in the small intestine, which may be because CBP22 alleviates inflammation by inhibiting IκB degradation and NF-κB activation [57].
The pathogenesis of sepsis has been attributed, at least in part, to the loss of intestinal epithelial barrier [58]. As the first line of defense, the barrier plays a vital role in maintaining intestinal health, preventing the uptake of pathogenic microorganisms, bacterial endotoxins, antigens, and toxic macromolecules from the lumen to the gut [59]. Lactobacillus plantarum bacteriocin improved the gut and body of diet-induced obese mice by maintaining the integrity of the epithelial barrier [7]. Mechanistically, bacteriocin secreted by probiotic lactobacilli was involved in the maintenance of the mucosal barrier, mainly through MAPK-dependent mechanisms [60]. To investigate the potential mechanism of CBP22 on immune function, we evaluated the effect of CBP22 on intestinal epithelial barrier function in mice. Healthy intestinal tissue was less permeable to FD4 to the blood, which was released into the blood only when intestinal mucosal barrier was damaged, so their levels could directly reflect the degree of damage to the intestinal epithelial mucosa and permeability [61]. We found that CBP22 reduced the level of FD4, indicating that CBP22 alleviated LPS-induced permeability. Tight junction proteins, such as ZO-1, ZO-2, occludin, and claudin-1, are important factors regulating intestinal permeability and are the major barrier components. Our results showed that LPS downregulated the gene expression of the tight junction proteins ZO-1 and ZO-2 resulting in deterioration of the gut structure. These results further confirmed the conclusion that CBP22 may regulate intestinal injury by maintaining the barrier function.
In conclusion, we isolated and characterized a novel bacteriocin CBP22 from C. butyricum. Based on the analysis of its structure, physicochemical properties, antibacterial activity, and safety, we present evidence supporting the role of CBP22 as a potential regulator of intestinal injury and explore its mechanisms of action through enhancing the intestinal barrier function.
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