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Background: Salmonella enterica Serovar Typhimurium (S. Typhimurium) infection can cause inflammation and oxidative stress in the body, leading to gastroenteritis, fever and other diseases in humans and animals. More and more studies have emphasized the broad prospects of probiotics in improving inflammation and oxidative stress, but the ability and mechanism of Lactobacillus acidophilus (LA) to alleviate the inflammatory/oxidative reaction caused by pathogens are still unclear.

Methods and results: In this study, we treated the mice with LA for 14 days, infected them with S. Typhimurium for 24 h, and sacrificed the mice to collect samples. We found that the early intervention of LA alleviated the pathological injury and reversed the down-regulation of the duodenal and hepatic tight junction protein mRNA levels caused by S. Typhimurium infection. Compared with S. Typhimurium group, LA early intervention increased the expression of antioxidant enzymes, but decreased the levels of serum malondialdehyde (MDA), interleukin-8 and tumor necrosis factor-α (TNF-α). Additionally, LA early intervention significantly increased Nrf2 mRNA expression in the liver and decreased Keap1 mRNA expression in the duodenum compared to the S. Typhimurium group. Furthermore, early LA treatment reduced the abundance of Bacteroides acidificiens, increased the abundance of Akkermansia, and alleviated the decrease in SCFAs levels in the cecum of S. Typhimurium-infected mice. Spearman correlation analysis showed that there was a certain correlation between cecal flora and serum indicators and short chain fatty acids.

Conclusion: Taken together, the results indicate that LA early intervention may alleviates S. Typhimurium-induced inflammation and oxidative responses in mice by activating the p62-Keap1-Nrf2 signaling pathway and regulating the gut microbial community.

Significance and impact of the study: Exploring the ability of LA to resist animal oxidative stress and microflora regulation caused by pathogenic microbes, so as to provide more options for developing healthy disease-resistant feed additives.

Keywords
 Lactobacillus acidophilus; Salmonella Typhimurium; inflammatory responses; oxidative responses; p62-Keap1-Nrf2 signaling pathway; cecal microbiota


1 Introduction

Salmonella is a pathogenic Gram-negative bacterium that exists in humans and animals, causing gastroenteritis, diarrhea, and even life-threatening conditions (Hernandez et al., 2003; Wan et al., 2019). Salmonella is able to overcome, manipulate, and even exploit host immune defenses to facilitate its replication and systemic spread within the host and establish a persistent infection, and the pathogenic substances of Salmonella mainly include flagellin, lipopolysaccharide (LPS), and the metabolites hydrogen sulfide (H2S), while some Salmonella can also produce enterotoxins (Luca et al., 2019; Tang et al., 2016; Eaves-Pyles et al., 2001; Ding et al., 2004). Pattern receptor recognition of flagellin and LPS induces phosphorylation and the degradation of inhibitor kappa B kinaseα (IKKα) protein, and subsequently prompt nuclear factor-kappaB (NF-κB) to enter the nucleus. This mediates the expression of multiple pro-inflammatory factor genes, disrupts tight junctions, and triggers tissue barrier dysfunction, inducing an inflammatory response (Gewirtz et al., 2001; Mazgaeen and Gurung, 2020; Kim et al., 2019; Li et al., 2016). In addition, Flagellin bind and activate TLR5 receptors and induce oxidative stress in mice (Liaudet et al., 2002). LPS up-regulates the expression of related oxidases in macrophages and produces a large amount of reactive oxygen species (ROS) (Wu et al., 2020). ROS promotes phosphorylation of protein kinase B (Akt) in mouse macrophages; this plays a key role in activating NF-κB signaling and further aggravate the inflammatory response (Wang et al., 2022; Komatsu et al., 2018). Salmonella bacteria can produce H2S by degrade sulfur amino acids, which decrease mitochondrial oxygen consumption and causes overexpression of inflammatory factors (Luca et al., 2019; Shibuya et al., 2009). Furthermore, Salmonella’s virulence proteins disrupt mitochondrial structure, causing oxide buildup (Herrero-Fresno and Olsen, 2018). Oxidative stress is closely linked to the inflammatory response. Therefore, reducing oxidative stress is a potential method to reduce the inflammatory damage caused by Salmonella infection. MDA is produced by the peroxidation of polyunsaturated fatty acids in the body and has been used as an indicator of oxidative stress (Ho et al., 2013). Glutathione peroxidase and sodium sulfate are antioxidants and the first line of defense for the body to deal with oxidative stress. SODs catalyze the disproportionation reaction to promote the conversion of superoxide anion (O2-) into molecular oxygen and H2O2, while GSH-Px facilitates the reduction of H2O2 to H2O, thereby achieving stability and structural protection of the intra-cellular environment (Valko et al., 2006; Blake et al., 1987). Heme oxygenase-1 (HO-1) is a stress-induced enzyme important for antioxidant defense and apoptosis (Bindu et al., 2011). The metabolites of HO-1, including carbon monoxide, biliverdin, and ferrous ions, inhibit the expression of NF-κB and its target genes, thereby exerting anti-inflammatory effects (Lee and Chau, 2002; Kang et al., 2019; Liu et al., 2008).

NF-E2-related factor 2 (Nrf2) plays a critical role as a transcriptional activator that regulates metabolic processes, immune responses, and is associated with cell proliferation (Silva-Islas and Maldonado, 2018). Under normal conditions, Nrf2 levels are maintained at low levels, which binds to kelch-like ECH-associated protein-1 (Keap1) and relies on Cullin 3 (Cul3) to mediate its ubiquitination and degradation (Sun et al., 2016). Under stress conditions, cysteine residues of Keap1 are modified, prompting the separation of Nrf2 from the Keap1/Nrf2 complex. Activated Nrf2 is transferred into the nucleus, where it binds to Maf protein to form a heterodimer and then recognizes and binds to the anti-oxidative response element (ARE), mediating the expression of downstream anti-oxidant and anti-inflammatory genes (Suzuki et al., 2013). Recent studies have demonstrated that selective autophagy is able to eliminate aggregated proteins, diseased and damaged organelles, and invasive pathogens via the ubiquitin signaling pathway (Keller et al., 2020; Khaminets et al., 2016; Ashrafi and Schwarz, 2013). P62/SQSTM1 (p62) is an autophagy receptor protein that when phosphorylated competes with Nrf2 for binding sites on Keap1 under stress conditions, inhibiting the formation of the Keap1/Nrf2 complex and linking the Keap1-Nrf2 signaling pathway to selective autophagy as a host defense mechanism to alleviate inflammation and oxidative stress (Ichimura et al., 2013).

The gut microbiota is an important component of the human immune system. On the one hand, the beneficial gut microbiota competes with invading pathogens for nutrients and provides colonization resistance, protecting the host from pathogenic microorganisms (Stecher et al., 2013); on the other hand, it promotes the maturation of the immune system and maintains the integrity of intestinal epithelial cells, and produce gut health-promoting metabolites such as SCFAs (Sommer and Bäckhed, 2013; Kayama et al., 2020). Invasion of exogenous pathogens will disrupt the microbial community, destroy colonization resistance, and lead to intestinal dysbiosis (Ducarmon et al., 2019). Intestinal dysbiosis increases the permeability of the intestinal barrier, leading to the translocation of pathogenic microorganisms and leakage of intestinal con-tents, triggering inflammation and oxidative stress, and ultimately threatening human health (Meng et al., 2018). Therefore, restoring or maintaining gut microbial balance is an effective strategy to alleviate inflammation and oxidative stress.

Most Lactobacillus are widely used as probiotic with anti-inflammatory, antioxidant, and intestinal flora-regulating capacities (Jiang et al., 2018; Huang et al., 2020). As previously reported, Lactobacillus acidophilus (LA) has the properties of acid and bile tolerance, competitive colonization, and the ability to use carbohydrates and other sources of nutrients in the intestine (Azcarate-Peril et al., 2004; Pfeiler et al., 2007; Goh and Klaenhammer, 2014). These properties of LA help it adapts to extreme environments. In an in vitro study, Lépine et al. (2018) demonstrated that LA W37 protects against Salmonella Typhimurium (S. Typhimurium)-induced disruption of Caco-2 cell integrity by regulating the expression of tight-junction related genes and the secretion of cytokines. However, it is unclear whether LA remains effective in protecting against S. Typhimurium-induced inflammation and oxidative responses in animals. Therefore, in this study, a pathogenic model was established using S. Typhimurium-infected mice in vivo, with the p62-Keap1-Nrf2 signaling pathway and cecum microbiota used as entry points to investigate the role and mechanism of LA in S. Typhimurium-induced inflammation and oxidative responses in mice.



2 Materials and methods


2.1 Ethics statement

The animal use protocol for this research was approved by the animal care and use committee of Tianjin Agricultural University.



2.2 Bacterial strains and culture conditions

LA was isolated from the feces of healthy piglets and was identified based on observation of colony morphology, Gram staining, and sequence comparison of the PCR products of 16S rDNA. The LA was grown in MRS (De Man, Rogosaand Sharpe) medium at 37°C under anaerobic environment. Culture solution of the strain was centrifuged at 3,000 × g for 10 min at 4°C. Bacterial powder was acquired according to the treatment in a vacuum freeze-drying machine (Tofflon, Shanghai, China), and there are 5 × 1010 CFU/g LA in freeze-drying powder.

Salmonella was isolated from the intestinal contents of sick piglets. The intestinal contents of diseased pigs were firstly isolated and cultivated using the standard plate culture method under aerobic conditions. Purified single colonies were then inoculated onto MacConkey and Triple Sugar Iron Agar for identification and further culture, respectively. The Salmonella was identified as S. Typhimurium by bacterial isolation culture, microscopic examination, biochemical test and PCR. The PCR was used to amplify 16S rRNA gene using primers 16S-F 5′-GTTACCCGCAGAAGAAGCAC-3′, and 16S-R 5′-CCCCCCTCTACAAGACTCAA-3′. It is now preserved by the Laboratory of the College of Animal Science and Veterinary Medicine at Tianjin Agricultural University.



2.3 Animals and experimental design

Sixty-four 6- to 8-week-old specific pathogen-free (SPF) male Kunming mice were selected. After a three-day period of adaptation, mice were randomly divided into four groups (CK group, ST group, LA group, and LA + ST group), with 16 replicates in each group. The following treatments were performed: (1) Mice in the CK group were given saline by oral gavage on days 1–15; (2) mice in the ST group were given saline by oral gavage on days 1–14 and 3.2 × 108 CFU/mL S. Typhimurium on day 15; (3) mice in the LA group were given 1 × 107 CFU/mL LA by oral gavage on days 1–15; (4) mice in the LA + ST group were given 1 × 107 CFU/mL LA by oral gavage on days 1–14 and 3.2 × 108 CFU/ mL S. Typhimurium on day 15. Mice were treated once daily, and the volume was 0.2 mL.



2.4 Sample collection and processing

After 24 h of S. Typhimurium treatment, six mice of similar body weight were selected in each group; blood samples were collected from the inner canthus of the eyes, and the serum was separated. The collected serum was stored at −80°C to be used in determining the levels of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), tumor necrosis factor-α (TNF-α), and interleukin-8 (IL-8). After obtaining blood samples, the mice were sacrificed using the cervical dislocation method. Duodenal and liver tissues were collected under sterile conditions. One part was fixed in 4% paraformaldehyde to be used to observe the morphological structure of the tissues, while the other part was immediately immersed in liquid nitrogen and then transferred to −80°C for storage to be used to detect the expression of the target genes. The cecum contents were collected for the analysis of changes in the microbial community and for the detection of short-chain fatty acids (SCFAs) levels.



2.5 Histological examination

The liver and duodenum of mice fixed with paraformaldehyde were dehydrated by gradient alcohol, transparent, paraffin embedded, sectioned (3–5 μm), stained with hematoxylin–eosin (H&E), and finally sealed by neutral balsam. The prepared sections were observed and photo-graphed using an ECHO Revolve Hybrid microscope. The experimental procedure followed the double-blind principle. Through pathological sections, we found that the main characteristics of duodenum were inflammatory cell infiltration, epithelial cell separation from lamina propria and so on. Therefore, this study refers to the scoring methods of duodenum in other studies, establishes the standards that can be used to quantify the sections of this study, and quantitatively scores the obtained sections (Supplementary Table S1) (Chiu et al., 1970; Kamel et al., 1988). Similarly, the main characteristics of the liver are inflammatory cell infiltration, liver cell punctate necrosis and so on. This study refers to the scoring methods of liver in other studies, establishes the standards that can be used to quantify the sections of this study, and quantifies the sections (Supplementary Table S2) (Suzuki et al., 1993). The sections of 6 mice in each group were selected, and 3–4 parts of each section were selected for scoring.



2.6 Detection of serum indicators

SOD was detected by xanthine oxidase method (A001-3-2), GSH-Px was detected by visible light colorimetric method (A005-1-2), and MDA content was detected by TBA colorimetric method (A003-1-2). The iNOS was detected by an iNOS assay kit (H372-1-2). The kits were purchased from Jiancheng Biological Engineering Institute (Nanjing, China). The TNF-α (H052-1-2) and IL-8 (H008-1-2) levels in the serum were determined using ELISA kits (R&D Systems, Minneapolis, MN). The detection process referred to our previous study (Sun et al., 2020).



2.7 Quantitative real-time PCR

Total tissue RNA was extracted using RNAzol reagent (Yanshun Biotechnology Co., Ltd., Shenzhen, China). The quality and concentration of RNA were assessed using a NanoDrop spectrophotometer. RNA was reverse-transcribed to cDNA in strict accordance with the instructions of the All-in-OneTM First cDNA Synthesis kit (GeneCopoeia, Rockville, United States). Then, the qPCR reaction system was prepared according to the instructions of the All-in-One™ qPCR Mix kit (Gene-Copoeia, Rockville, United States). The Ct values of the target genes were obtained by LightCycler ®480 Real-Time PCR System (Roche), and the relative expression levels of those genes were calculated by the 2−ΔΔCt method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the reference gene. The qPCR amplification conditions were as follows: 95°C pre-denaturation for 10 min, 95°C for 15 s, 56°C/62°C (this temperature was determined by the primer annealing temperature) for 20 s, 72°C for 20 s, for 40 cycles. Primer 5.0 was used to design the p62 and Nrf2 specific primers after obtaining the complete sequence of the target gene from NCBI. The specific sequences of zonula occludens-1 (ZO-1), occludin, claudin-1, claudin-8, SOD1, SOD2, heme oxygenase-1 (HO-1), GSH-Px1, Keap1 and GAPDH were described in previous reports and were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) (Table 1) (Ruan et al., 2014; Li et al., 2018; Sassi et al., 2020; Li et al., 2019; Cheng et al., 2019; Yang et al., 2018; Shen et al., 2017).



TABLE 1 Primer sequences information.
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2.8 Western blotting

Mouse liver and duodenal tissues were fully homogenized in 1 mL of lysis buffer with protease and phosphatase inhibitors to obtain total protein. The concentration of extracted protein was estimated using a bicinchoninic acid (BCA) protein assay kit (Pierce Chemical Co., Rockford, IL, United States). The target protein was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE gel electrophoresis), and then transferred onto a polyvinylidene fluoride (PVDF) membrane. Add 5% skimmed milk and incubate at room temperature for 90 min, then incubate overnight with primary antibodies at 4°C to bind to antigens and antibodies. The primary antibodies were as follows: anti-GAPDH (Abways, AB0037, rabbit monoclonal IgG), anti-AKT1 + AKT2 + AKT3 antibody (Abcam, ab179463, rabbit monoclonal IgG), anti-NF-κB p65 anti-body (Abcam, ab16502, rabbit monoclonal IgG), and anti-IKKα antibody (Abcam, ab32041, rabbit monoclonal IgG). Then, the membrane was incubated with anti-rabbit (Abcam, ab6721) horseradish peroxidase (HRP) for 90 min. After several washing steps, the protein signal was detected using ECL chemiluminescence reagent. The ImageJ software was used to quantify the bands. There were 6 mice in each group, and each mouse was tested three times.



2.9 16S rDNA amplicon sequencing and microbiota analysis

The cecal contents of three mice in each group were randomly selected for 16 s DNA amplocon sequencing. Cecal genomic DNA was extracted from cecal contents using the cetyltrimethyl ammonium bromide (CTAB) method. The 16S rDNA primer sequence with barcode (341F: 5′-CCTAYGGGRBGCASCAG-3′; 806R: 5′-GGACTACNNGGGTATCTAAT-3′), Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs, Ipswich, MA) and high-fidelity enzymes were used to amplify the 16S rDNA V3–V4 region of the cecal contents. The PCR product was determined by 2% agarose gel electrophoresis, and then purified with Qigen Gel Extraction Kit (Qiagen, Hilden, Germany). TruSeq using PCR free technology®A DNA sample preprocessing kit was established and a library was established. After being quantified by Qubit and Q-PCR, the constructed library was sequenced on an Illumina MiSeq platform (Illumina). The above process was completed by Beijing Novogene Biology Information Technology Co., Ltd. (Beijing, China).

The PE-reads after removing barcode and primer sequences were spliced into one sequence by Flash (V1.2.7) to obtain raw tags (Magoč and Salzberg, 2011). Raw tags filtering and analysis were performed by Qiime 1.9.1 to obtain clean tags (Caporaso et al., 2010). Clean tags went through quality control and removal of chimeric sequences to obtain effective tags (Caporaso et al., 2010; Haas et al., 2011). The sequences were clustered using Uparse software (v7.0.1001), and those with similarities greater than 97% were grouped into the same operational taxonomic unit (OTU) (Haas et al., 2011). Each OTU sequence was annotated and analyzed using the Mothur method and the SSUrRNA database from SILVA132 (Wang et al., 2007; Quast et al., 2013). Qiime software (v1.9.1) and R soft-ware (Version 2.15.3) were used to calculate α-diversity (including indicators such as Shannon and Chao1 indices) and β-diversity, and then the results were visualized. Spearman correlation analysis was used to explore the relationship between oxidative indicators, inflammatory indicators, and microbial communities. Select meaningful indicators to display according to the Spear-man correlation results.



2.10 Measurement of SCFA concentrations

The contents of acetate, propionate, butyrate, and total short-chain fatty acids (SCFAs) in mouse cecum contents were determined using an Agilent 7890B gas chromatograph system and an Agilent 5977B mass spectrometer according to the method of Zheng et al. (2013).



2.11 Statistical analysis

The data are expressed as mean ± standard error (SEM). The statistical analysis of data was performed by IBM SPSS version 26.0 (Armonk, NY, United States). Significant differences were analyzed using one-way analysis of variance (ANOVA) with Tukey’s post-hoc tests or by Welch’s ANOVA with Dunnett’s T3 post-hoc tests. Significant differences in histopathological scores were compared by Mann–Whitney U tests. p < 0.05 was considered to be a significant difference. The histograms were drawn by GraphPad Prism V.7.0 (GraphPad Software, San Diego, CA, United States).




3 Results


3.1 Effect of LA on liver and duodenal damages in Salmonella Typhimurium-induced mice

In the pre-test, we found that the liver and duodenum of mice infected with S. Typhimurium had the most obvious changes after 24 h of dissection. Therefore, liver and duodenum were selected for this study to understand the effects of LA and S. Typhimurium on the morphological structure of the liver and duodenum in mice, histological sections were observed and scored in this study. As shown in Figure 1A, hepatocytes in the CK and LA groups were neatly arranged and tightly structured. Localized lymphocytic infiltration was observed in the LA group compared to the CK group. In the ST group, the hepatic cords were loosely arranged; the cytoplasm of hepatocytes was lax (shown by blue arrows); some nuclei exhibited pyknoses (shown by yellow arrows in the figure) or disappeared; and the lymphocytes were aggregated and showed punctate necrosis (shown by red arrows). The liver tissue in the LA + ST group showed disorganized arrangement of hepatic cords, cytoplasmic laxity of some hepatocytes around the central veins, and an increase of the hepatic sinusoidal area. Liver histological scores were significantly increased in the ST group compared with the CK group (p < 0.05; Figure 1C). Moreover, compared to the ST group, mice in the LA + ST group exhibited a significantly lower liver histological score (p < 0.05; Figure 1C). As shown in Figure 1B, mice in the CK and LA groups had intact duodenal villi and only a small amount of inflammatory cell infiltration in the lamina propria. In the ST group, the normal structures of villi and crypts basically disappeared; lymphocytes had infiltrated, and severe ulceration occurred in the lamina propria. Mice in the LA + ST group had ruptured and fused villi and increased inflammatory cells in the lamina propria. S. Typhimurium treatment significantly increased the duodenal histological score (p < 0.05; Figure 1D), whereas duodenal histological scores were lower in the LA + ST group than in the ST group, although the difference was not significant (p > 0.05; Figure 1D).
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FIGURE 1
 Effect of LA on liver and duodenal damages in S. Typhimurium-induced mice. (A) Images of hematoxylin and eosin-stained liver tissue sections and (B) histological scores (six mice per group); (C) Images of hematoxylin and eosin-stained duodenal tissue sections and (D) histological scores (6 mice per group); (E) The mRNA expression levels of tight-junction related genes in the liver were detected by qPCR (6 mice per group); (F) Using fluorescence quantitative PCR technology (6 mice in each group) to study the mRNA expression of tight junction related genes in the duodenum. Data are expressed as mean ± SEM. Different lowercase letters on columns indicate a significant difference at the 0.05 level.


To investigate the effects of LA and S. Typhimurium on the structure and function of the liver and duodenal barrier, the mRNA expression levels of tight junction protein (ZO-1, occludin, claudin-1 and so on) were examined in this study. As shown in Figures 1E,F compared with the CK group, S. Typhimurium infection significantly decreased the mRNA expression levels of ZO-1 in the liver (p < 0.05), and the mRNA expression levels of ZO-1, claudin-1 and occludin in the duodenum (p < 0.05). Although LA treatment alone has no significant changes in these proteins (p > 0.05), an increasing trend can be observed in the mRNA expression levels of ZO-1 in the liver. Compared with the ST group, LA early intervention significantly increased the mRNA expression levels of ZO-1 and claudin-1 in the duodenum, as well as the mRNA expression levels of ZO-1 in the liver (p < 0.05). The above results suggested that early intervention of LA can alleviate S. Typhimurium-induced liver and duodenal damage to a certain extent.



3.2 Effect of LA on inflammatory response in Salmonella Typhimurium-induced mice

To understand the effects of LA and S. Typhimurium on inflammatory responses in mice, this study examined serum, liver, and duodenal inflammatory response markers. As shown in Figure 2, compared the mice in the ST group with those in the CK group, TNF-α and IL-8 levels in the serum were significantly increased, while in the liver and duodenum, p65-NF-κB protein expression was significantly increased and IKKα protein expression was only significantly decreased in duodenum (p < 0.05). However, these abnormal changes were reversed in mice with LA early intervention. The protein expression levels of Akt did not significantly different in the CK, ST, LA and LA + ST groups (p > 0.05). Taken together, the results indicate that early intervention of LA can help to alleviate S. Typhimurium-induced inflammatory responses.
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FIGURE 2
 Effect of LA on the inflammatory response in S. Typhimurium-induced mice. The contents of TNF-α (A) and IL-8 (B) in the serum were detected using ELISA (6 mice per group). The protein expression levels of Akt, IKKα, p65-NF-κB in the liver (C,D) and duodenum (C,E) were detected using western blotting (6 mice per group). Data are expressed as mean ± SEM. Different lowercase letters on columns indicate a significant difference at the 0.05 level.




3.3 Effect of LA on oxidative response in Salmonella Typhimurium-induced mice

To understand the effects of LA and S. Typhimurium on oxidative response in mice, this study examined serum, liver, and duodenal oxidative response markers. As shown in Figure 3A, LA treatment alone significantly elevated GSH-Px levels in the serum (p < 0.05). S. Typhimurium infection significantly decreased SOD and GSH-Px levels and significantly increased MDA and iNOS levels in the serum compared to the CK group (p < 0.05), while the changes in SOD, GSH-Px and MDA levels were reversed in mice with LA early intervention (p < 0.05). Although LA treatment alone has no significant change (p > 0.05), a decreasing trend can be observed in the iNOS levels in the serum. Meanwhile, after S. Typhimurium infection, an increasing trend can be observed compared to CK group, even though there was no significant difference between the two groups (p > 0.05). As shown in Figures 3B,C, after S. Typhimurium infection, the mRNA expression levels of SOD1, SOD2 and GSH-Px1 were significantly decreased in the liver (p < 0.05), while only SOD2 and GSH-Px1 mRNA expression levels were significantly decreased in the duodenum (p < 0.05). LA treatment alone significantly elevated the mRNA expression levels of SOD1, SOD2 and HO-1 in the liver (p < 0.05), as well as SOD2 in the duodenum (p < 0.05). Compared with the ST group, the mRNA expression levels of SOD1, SOD2 in the liver were significantly higher in the LA + ST group (p < 0.05), while in the duodenum, SOD2 mRNA expression was significantly higher (p < 0.05), and GSH-Px1 mRNA expression level were also increased, but the difference was not statistically significant (p > 0.05). These findings indicated that early intervention of LA can help to alleviate the oxidative response caused by S. Typhimurium.
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FIGURE 3
 Effect of LA on oxidative response in S. Typhimurium-induced mice. (A) The contents of SOD, GSH-Px, MDA and iNOS in the serum were detected (6 mice per group). The mRNA expression levels of SOD1, SOD2, GSH-Px1, and HO-1 in the liver (B) and duodenum (C) were detected using qPCR (6 mice per group). Data are expressed as mean ± SEM. Different lowercase letters on columns indicate a significant difference at the 0.05 level.




3.4 Effect of LA on the p62-Keap1-Nrf2 signaling pathway in Salmonella Typhimurium-induced mice

In order to study the changes of p62-Keap1-Nrf2 pathway during LA alleviating S. Typhimurium infected mice, we used qPCR to detect the mRNA expression levels of p62, Keap1, and Nrf2 in this pathway. As shown in Figure 4, compared with those in the CK group, the mRNA expression levels of Nrf2 in the liver was significantly reduced after S. Typhimurium infection (p < 0.05), while LA treatment alone increased the mRNA expression levels of duodenal p62 (p < 0.05), and decreased Keap1 mRNA expression in the liver and duodenum (p < 0.05). Compared with the ST group, Nrf2 mRNA expression was significantly higher in the liver (p < 0.05) and Keap1 mRNA expression was significantly lower (p < 0.05) in the duodenum of mice of the LA + ST group. Based on these results, we hypothesized that LA exerts anti-inflammatory/oxidative responses that are closely related to the p62-Keap1-Nrf2 signaling pathway.
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FIGURE 4
 Effect of LA on the p62-Keap1-Nrf2 signaling pathway in S. Typhimurium-induced mice. The mRNA expression levels of p62, Keap1, and Nrf2 in the liver (A) and duodenum (B) were detected using qPCR (6 mice per group). Data are expressed as mean ± SEM. Different lowercase letters on columns indicate a significant difference at the 0.05 level.




3.5 Effect of LA on cecal microbiota in Salmonella Typhimurium-induced mice

To investigate the relationship between LA in alleviating the inflammatory/oxidative responses and intestinal microbiota in S. Typhimurium-infected mice, we analyzed the structural changes of the cecum microbial community using 16S rDNA amplicon sequencing (Figure 5). After splicing, quality control, and filtering chimeras on the raw data obtained from Il-lumina NovaSeq sequencing, 609,223 effective tags comprising 251,153,093 bp were obtained. Firmicutes and Bacteroidetes were the major phyla in the mouse cecum, and they collectively accounted for about 95% of each treatment group (Figure 5A). The proportions of Firmicutes and Bacteroidetes were higher in the LA + ST group than in the ST group, but the difference was not statistically significant (p > 0.05) (Figure 5C). Based on alpha diversity analysis, the highest number of observed species occurred in the LA group, and there was a significant difference with the CK group (p > 0.05) (Figure 5F). The Chao1 index was the lowest in the CK group, but was not significantly different from those of the other three groups (p > 0.05) (Figure 5H). The Shannon index was the highest in the LA group but was not significantly different from those of the other groups (p > 0.05) (Figure 5I). In addition, Figure 5B shows that the numbers of unique OTUs in the CK, ST, LA, and LA + ST groups were 92, 151, 112, and 96 respectively, indicating that LA and S. Typhimurium could enhance the microbial community richness and diversity of the mouse cecum to some extent.
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FIGURE 5
 Effect of LA on cecal microbiota in S. Typhimurium-induced mice. (A) Relative abundances of the top 10 phylum species. (B) Unique and shared cecal OTUs among different groups shown in a Venn diagram. (C) Ratio of Firmicutes/Bacteroidetes histogram. (D) Student’s t-test of species differences between CK and ST groups with p-value corrected for multiple comparisons using the false discovery rate (FDR) method. (E) Student’s t-test of species differences between ST and LA groups with p-values corrected for multiple comparisons using the FDR method. (F) Number of bacterial species among different groups estimated by the observed species value. (G) Student’s t-test of species differences between ST and LA + ST groups with p-values corrected for multiple comparisons using the FDR method. (H) Bacterial richness among different groups estimated by the Chao1 index. (I) Bacterial diversity among different groups estimated by the Shannon index (3 mice per group). Data are presented as mean ± SEM. *p < 0.05.


In order to further understand the variation in the microbial community between treatment groups. We used Student’s t-test to screen for species with significant differences between groups at the phylum to species levels. When compared with the CK group, Lachnospirace-ae_bacterium_DW67 was lower in abundance in the cecum of S. Typhimurium-infected mice (Figure 5D). The abundances of Peptostreptococcaceae and Terrisporobacter were much lower in the LA group than in the ST group (Figure 5E). Moreover, we compared the microbial composition between LA + ST and ST groups and found that Akkermansia were significantly enriched in the LA + ST group, while Bacteroides acidifaciens was significantly enriched in the ST group (Figure 5G).



3.6 Effect of LA on short chain fatty acids in Salmonella Typhimurium-induced mice

Figure 6A shows that the concentrations of acetate, propionate, butyrate, and total SCFAs in the cecum contents of mice in the ST group were significantly lower than those in the LA group (p < 0.05). Acetate, propionate, butyrate, and total SCFA concentrations were higher in the LA + ST group than in the ST group, but there was no statistically significant difference (p > 0.05). This suggests that LA early intervention can reverse the S. Typhimurium-induced short-chain fatty acid decrease to some extent. To gain more insight into the effects of LA and S. Typhimurium on acetate- and butyrate-producing bacteria in the cecum, we analyzed the relative abundances of butyrate- and acetate-producing bacteria in each group (Figures 6B,C) (Xia et al., 2021). These results showed that LA has the ability to promote the increase of butyrate- or acetate-producing bacterial abundance.
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FIGURE 6
 Effects of LA and S. Typhimurium on cecal short-chain fatty acid contents, acetate-producing bacteria and butyrate-producing bacteria relative abundance. (A) The contents of acetate, propionate, butyrate, and total short-chain fatty acids in the cecum were analyzed. (B) Acetate-producing bacteria relative abundance. (C) Butyrate-producing bacteria relative abundance. (3 mice per group) Data are mean ± SEM. Significant differences of short-chain fatty acid contents in four different groups were analyzed using one-way analysis of variance with Duncan’s method. Different lowercase letters on columns indicate a significant difference at the 0.05 level.




3.7 Spearman correlation between cecal microbiota, SCFAs and serum indicators

Next, to further explore the interrelationship between inflammatory/oxidative response markers, cecal microbiota, and their metabolites, we constructed a Spearman correlation heatmap. As shown in Figure 7, the concentrations of propionate and total SCFAs showed a significant negative correlation with IL-8 level (r = 0.782, p = 0.0494; r = 0.797, p = 0.0382) and a significant positive correlated with the GSH-Px level (r = 0.797, p = 0.0382; r = 0.782, p = 0.0494). The abundance of Intestinibacter was significantly negatively correlated with the concentrations of propionate (r = −0.758, p = 0.0494), and was positively correlated with the abundance of Terrisporobacter (r = 0.895, p ≤ 0.001). The level of IL-8 and TNF-α exhibited a significant negative correlation with the GSH-Px (r = −0.937, p ≤ 0.001; r = −0.769, p = 0.0485). Based on these results, we hypothesized that the anti-inflammatory/antioxidant responses exerted by LA are closely related to the beneficial regulation of cecal microbiota and SCFA production.
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FIGURE 7
 Heatmap of the correlation analysis conducted among bacterial genera, cecal SCFAs, and serum oxidative/inflammatory response indicators. Spearman’s correlation coefficient was used in the analysis. The correlation coefficient plot is represented by circles, with the size and color intensity of the circles corresponding to the magnitude of the correlation coefficient. Blue indicates a positive correlation, while red signifies a negative correlation. Larger circles denote higher absolute values of the correlation coefficient. p values were adjusted for multiple comparisons to control the false discovery rate with the use of the Benjamini–Hochberg method. *p ≤ 0.1, **p ≤ 0.05, and ***p ≤ 0.01.





4 Discussion

S. Typhimurium could evade the host’s immune defense system and invade the intestinal epithelium, disrupting the tight junction structure and function and in turn causing disruption of the intestinal mucosal barrier, ultimately triggering gastrointestinal diseases (Fàbrega and Vila, 2013; Zhang et al., 2019). S. Typhimurium use phagocytes (e.g., macrophages) to enter the lymphatic system and spread to systemic tissues (including liver, spleen, and lymph nodes), consequently establishing and maintaining a chronic infection in the host (Behnsen et al., 2015; Gal-Mor, 2018). The liver plays an important role in metabolic processes, participating in a variety of physiological activities such as detoxification, immune response, and nutrient trans-formation (Trefts et al., 2017). Accordingly, liver and intestinal damage are important markers of host response to S. Typhimurium infection. In the preliminary stages of the experiment, to investigate the distribution of S. Typhimurium in mouse organs, we measured the bacterial burden of S. Typhimurium in the spleen, liver, and cecum of mice 24 h post-infection. No S. Typhimurium was detected in the spleen or liver of the CK, ST, LA, and LA + ST groups. The number of S. Typhimurium in the cecum of the CK, ST, LA, and LA + ST groups were 0, 3.15, 0, and 1.58 lg (CFU/g), respectively. These results suggest that LA may reduce the susceptibility of mice to S. Typhimurium, decrease S. Typhimurium colonization, and lower the intestinal pathogenic bacterial load. In this study, we found that after S. Typhimurium infection, mice showed lymphocyte aggregation and punctate necrosis in the liver, and the normal structures of the duodenal villi and crypt were largely lost. The mice exhibited lymphocyte infiltration and severe ulceration of the lamina propria, which could be alleviated by early intervention with LA. The relatively mild inflammatory infiltration in the LA + ST group may be attributed to the protective effects of LA, which were administered continuously prior to the inflammatory stimulus. When hepatocytes are exposed to inflammation, such as in the case of S. Typhimurium infection, increased permeability of the liver sinusoidal wall may lead to sinusoidal dilation. Compared to the CK group, the overall liver changes in the LA group were minimal, and the slight infiltration observed may be due to individual mouse variability. The histological score also further confirmed the positive effect of early intervention with LA. In addition, the role of tight junctions between each cell determines the integrity of the tissue barrier. Pathogens can disrupt the structure and function of tight junctions by changing tight junction proteins (ZO-1, occludin, and claudin), resulting in increased tissue permeability (Zhang et al., 2019). Wang et al. (2018) found that Lactobacillus plantarum can alleviate the decline of ZO-1 expression in the cecum of newborn laying hens caused by S. Typhimurium infection. Splichalova et al. (2019) found that S. Typhimurium can reduce the expression of occludin mRNA and increase the expression of claudin-1 mRNA in ileum and colon of piglets; Lactobacillus rhamnosus GG alone increased the expression of occludin mRNA in ileum and colon. In our study, we found that S. Typhimurium infection reduced the expression of ZO-1 in the liver, as well as ZO-1, occludin, and claudin-1 in the duodenum at the transcriptional level. Lactobacillus can promote the expression of tight junction protein in different animal models. These results provide some hints for us in the follow-up study of the effect of LA on intestinal barrier function.

Oxidative stress and inflammation are closely related in resisting pathogen invasion and excessive inflammation or oxidative stress will endanger the health of the host (Chakraborty et al., 2020; Chainy and Sahoo, 2020; Deramaudt et al., 2013). The increase of proinflammatory cytokine TNF-α will increase or amplify the inflammatory cascade and cause tissue damage of the host. S. Typhimurium LT2 caused an increase in IL-8 levels in serum and jejunum of piglets, which was reduced by the intervention of Lactobacillus rhamnosus GG (Splichalova et al., 2019). In our early study, LA caused TNF-α and IFN-c (interferon-c) concentration decreased, and protected piglets from LPS induced inflammatory response (Qiao et al., 2015). In this experiment, LA alleviated the increase of serum TNF and IL-8 in mice caused by S. Typhimurium. Therefore, we hypothesized that LA may help to protect mice from damage caused by S. Typhimurium infection by attenuating the inflammatory response and oxidative stress.

Some studies have demonstrated that Lactobacillus increases the antioxidant capacity of animal intestines and liver. Lactobacillus plantarum alleviates weaning stress in goats by reducing intestinal MDA and increasing SOD and GSH-PX enzyme activities (Chen et al., 2020). And research has found that Lactobacillus paracasei ssp. paracasei YBJ01 has a promoting effect on the protein expression of SOD1 and SOD2 in the mice liver (Suo et al., 2018) In a high-fat-fed rat model of non-alcoholic fatty liver disease, Chen et al. (2018) found that Lactobacillus mali APS1 intervention significantly reduced MDA levels and promoted SOD activity in the liver, improving antioxidant capacity. The results of this study also demonstrated that LA had a certain resistance to the oxidation caused by S. Typhimurium after its early intervention. Therefore, we hypothesized that LA may help to protect mice from damage caused by S. Typhimurium infection by attenuating the inflammatory response and oxidative stress.

Hos et al. (2017) demonstrated that S. Typhimurium exploits can upregulate the mitochondrial phosphatase Pgam5 of macrophages, and Pgam5 interacts with Nrf2 to inhibit the transcription and expression of Nrf2 dependent antioxidant genes. With the weakening of cell antioxidant capacity, mitochondria are more prone to oxidative damage, leading to cell energy consumption, inducing p62 autophagy degradation, affecting the interaction between p62 and Keap1, which led to the decline of host antioxidant capacity. In addition, the regulation of animals is a dynamic balance, and the relevant indicators may be affected by the infected object, infection duration and so on. When S. Typhimurium infected bone marrow macrophages, the protein expression of p62 and Nrf2 decreased and Keap1 increased 2 h after infection, but the protein expression of p62, Keap1 and Nrf2 returned to a level similar to the normal value 6 h after infection (Hos et al., 2017). In the research on probiotics, it was found that probiotics can promote the expression of Nrf2 in animal tissues. Xu et al. (2019) demonstrated that the expression of Nrf2 protein in the heart of obese mice exposed to intermittent hypoxia would be reduced, and oral administration of Lactobacillus rhamnosus GG would help it return to normal levels. Similarly, our study found that Nrf2 mRNA expression level in the liver was significantly reduced and Keap1 mRNA expression level in the duodenum was significantly increased in the mice infected with S. Typhimurium, while the mRNA expression level of Nrf2 and Keap1 were reversed in mice with LA early intervention. This suggests that the role of LA in alleviating inflammation and oxidative responses in infected S. Typhimurium mice might be associated with the activation of the p62-Keap1-Nrf2 signaling pathway, a defense mechanism against inflammation and oxidative stress.

A growing number of studies suggest that changes in microbial communities may be closely related to the degree of inflammation and oxidative response (Tang et al., 2017; Brugiroux et al., 2016; Luca et al., 2019). SCFAs are important metabolites for the microorganisms to maintain homeostasis in the intestine (Parada Venegas et al., 2019). In the present study, the content of SCFAs in the LA group increased compared with the CK group, and alleviated the decrease of SCFAs caused by S. Typhimurium, and the relative abundance of acetate producing bacteria and butyate producing bacteria in LA group was higher than that in other groups. Butyrate can inhibit the activation of NF-κB and improve the intestinal barrier (Segain et al., 2000). The depletion of butyrate-producing microbes in the intestine reduces intracellular butyrate sensor peroxisome proliferator-activated receptor γ (PPAR-γ) signal transduction, increasing iNOS and nitrate levels, is conducive to the expansion of pathogenic Escherichia and Salmonella. Propionate can also inhibit the colonization of Salmonella (Jacobson et al., 2018). This study demonstrated that Terrisporobacter is significantly enriched in the ST group compared with the LA group. Cai et al. (2019) found that infants with a high degree of oxidative stress have a high relative abundance of Terrisporobacter. In children with type I diabetes, Terrisporobacter is negatively correlated with anti-inflammatory factor IL-10, and the intake of probiotics reduces the abundance of Terrisporobacter. Intestinibacter is significantly elevated in patients with chronic enteritis Crohn’s disease (Forbes et al., 2018). In this study, Intestinibacter was significantly positively correlated with Terrisporobacter, and significantly negatively correlated with propionate. These results may suggest that a series of host changes caused by the intake of S. Typhimurium may be related to the relative abundance of Terrisporobacter and Intestinibacter. SCFA propionate have the ability to decrease pro-inflammatory cytokine expression to potentiate the generation of de novo Treg cell (Arpaia et al., 2013). Cheng et al. (2019) found that propionate treatment in advance can increase the activities of the antioxidant enzymes, including CAT, SOD and GSH-Px, in mitochondria. Our correlation analysis showed that the concentrations of propionate showed a significant negative correlation with IL-8 level and a significant positive correlation with GSH-Px, is consistent with the above findings. Based on previous studies and our findings, S. Typhimurium infection is conducive to the increase of inflammation promoting microorganisms in the intestine, such as Bacteroides acidifaciens, Intestinibacter, and Terrisporobacter, and the reduction of short chain fatty acid producing bacteria and their products. The addition of LA reduced Bacteroides species in the gut and promoted the growth of Akkermansia and SCFA producing bacteria, which played a protective role in the gut.

In this study, S. Typhimurium was used as the disease-causing model for in vivo testing. The results indicated that the alleviation of inflammation and oxidative damage by LA was closely linked to the p62-Keap1-Nrf2 signaling pathway and the structure of the intestinal microbial community, as illustrated by the potential mechanism of action in Figure 8. Upon S. Typhimurium infection of the gut, the normal intestinal microbiota is altered, leading to an increase in harmful substances, enhanced gut barrier permeability, and stimulation of cells to produce high levels of ROS and pro-inflammatory cytokines (such as TNF-α and IL-8), which cause damage to intestinal epithelial cells. When LA enters the gut, it can upregulate the expression of genes associated with the p62-Keap1-Nrf2 signaling pathway (e.g., SOD, GSH-Px), as well as increase the mRNA expression of tight junction proteins. This response helps to alleviate the inflammation and oxidative damage induced by S. Typhimurium. Additionally, LA can modulate the gut microbiota by competing for colonization sites, thereby reducing the proliferation of harmful bacteria and promoting the production of SCFAs. This supports the maintenance of normal gut function and stability and helps mitigate the inflammation and oxidative damage caused by ST infection. However, this study did not involve the knockout of the Keap1 gene to further verify the role of the p62-Keap1-Nrf2 signaling pathway in the anti-inflammatory and antioxidant effects of LA, which remains an area for future investigation.
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FIGURE 8
 Diagram outlining the mechanism of LA on alleviate S. Typhimurium-induced inflammation and oxidative responses.




5 Conclusion

Taken together, the results indicate that LA early intervention may alleviate S. Typhimurium-induced inflammation and oxidative responses in mice by activating the p62-Keap1-Nrf2 signaling path-way and regulating the gut microbial community to some extent.
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Primers sequ Product length/bp Annealing GenBank accession

temperature/°C number

sop1 F: AACCAGTTGTGTTGTGAGGAC 139 56 NM_011434.2
R: CCACCATGTTTCTTAGAGTGAGG

sop2 F: ACGCCACCGAGGAGAAGTACC 181 62 NM_013671.3
R: CGCTTGATAGCCTCCAGCAACTC

HO-1 F: CAAGGAGGTACACATCCAAGCC 102 56 NM_010442.2
R: TACAAGGAAGCCATCACCAGCT

GSH-Px1 F: GAAGTGCGAAGTGAATGG 24 56 NM_001329528.1
R: TGTCGATGGTACGAAAGC

P62 F: CAACTGTTCAGGAGGAGACGA 179 62 XM_036156414.1
R: CTGGTGGCAGATGTGGGTA

Keapl F: CTGGTATCTGAAACCCGTCTA nz 56 NM_001110307.1
R: TGGCTTCTAATGCCCTGA

Nif2 F: CAGTGCTCCTATGCGTGAA 109 56 NM_010902.4
R: GCGGCTTGAATGTTTGTC

201 F: GGGAGGGTCAAATGAAGACA 145 56 XM_036152895.1
R: GGCATTCCTGCTGGTTACAT

Occludin F: CCITCTGCTTCATCGCTTCCTTA 164 62 NM_001360538.1
R: CGTCGGGTTCACTCCCATTAT

Claudin-1 F: GAGTCTCCGGTGCATCATTT 143 56 NM_001379248.1
R: CAGCTTGCTAGGGAACTTGG

Claudin-8 F: GTGCTGCGTCCGTCTTGGCT 79 62 NM_018778.3
R: TCGTCCCCCGTGCATCTGGT

GAPDH F: GCACAGTCAAGGCCGAGAAT 151 56/62 XM_036165840.1
R: GCCTTCTCCATGGTGGTGAA

F shows forward primer; R shows reverse primer.
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