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High-Salt Diet Has a Certain Impact on Protein Digestion and Gut Microbiota: A Sequencing and Proteome Combined Study
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High-salt diet has been considered to cause health problems, but it is still less known how high-salt diet affects gut microbiota, protein digestion, and passage in the digestive tract. In this study, C57BL/6J mice were fed low- or high-salt diets (0.25 vs. 3.15% NaCl) for 8 weeks, and then gut contents and feces were collected. Fecal microbiota was identified by sequencing the V4 region of 16S ribosomal RNA gene. Proteins and digested products of duodenal, jejunal, cecal, and colonic contents were identified by LC-MS-MS. The results indicated that the high-salt diet increased Firmicutes/Bacteroidetes ratio, the abundances of genera Lachnospiraceae and Ruminococcus (P < 0.05), but decreased the abundance of Lactobacillus (P < 0.05). LC-MS-MS revealed a dynamic change of proteins from the diet, host, and gut microbiota alongside the digestive tract. For dietary proteins, high-salt diet seemed not influence its protein digestion and absorption. For host proteins, 20 proteins of lower abundance were identified in the high-salt diet group in duodenal contents, which were involved in digestive enzymes and pancreatic secretion. However, no significant differentially expressed proteins were detected in jejunal, cecal, and colonic contents. For bacterial proteins, proteins secreted by gut microbiota were involved in energy metabolism, sodium transport, and protein folding. Five proteins (cytidylate kinase, trigger factor, 6-phosphogluconate dehydrogenase, transporter, and undecaprenyl-diphosphatase) had a higher abundance in the high-salt diet group than those in the low-salt group, while two proteins (acetylglutamate kinase and PBSX phage manganese-containing catalase) were over-expressed in the low-salt diet group than in the high-salt group. Consequently, high-salt diet may alter the composition of gut microbiota and has a certain impact on protein digestion.
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INTRODUCTION

Epidemiological evidence suggested that the intake of salt, especially sodium chloride, may increase the risk of non-communicable diseases such as hypertension, stroke, and other cardiovascular diseases (Meneton et al., 2005; He and MacGregor, 2009; Strazzullo et al., 2009; Mugavero et al., 2014; Millen et al., 2016). Besides, an increased incidence to cardiovascular disease was associated with excessive consumption of processed meats, partially due to increased salt intake (Micha et al., 2012). Animal studies declared that high-salt diet was regarded to have an adverse effect on gut health, by causing aggravation of tissue inflammation and autoimmune diseases (Yi et al., 2015). Moreover, high-salt diet may cause epithelial proliferation, apoptosis, and altered cellular types (Xiao et al., 2005). Gut microbiota plays an important role in nutritional and immunological processes (Putignani et al., 2014), and changes in the composition of the gut microbiota may have an impact on human health (Clemente et al., 2012). However, few data are available on the effect of high-salt diet on gut microbiota. A study indicated that high-salt diet increased the vulnerability to colitis, which was independent of Th17 cells pathway but associated with shifts in gut microbiota. Specifically, Lachnospiraceae and Ruminococcus operational taxonomic units (OTUs) were increased whereas Lactobacillus and Anaerostipes OTUs were decreased with a loss in diversity (Miranda et al., 2016). A significant decrease in the genus Providencia and Proteus was detected in feces, indicating that high-salt diet played an important role in shaping gut microbiota during the feeding of sows (Trawńska et al., 2013). However, a salt-tolerant gene which belongs to Bacteroides has been proven to avoid the influence of high salt (Culligan et al., 2014), which seems to explain that high-salt diet may induce high proliferation of certain gut microbiota.

In addition, high salt intake may also affect protein expression in different organs, e.g., kidney, heart, and blood vessels, causing an upregulation of fatty acid oxidation enzymes including transketolase, electron-transferring-flavoprotein dehydrogenase, and acyl-coenzyme (Obih and Oyekan, 2014). However, the influence of high salt intake on protein digestion in the digestive tract would become more complex because proteins excreted from the host and gut microbiota may also be degraded by digestive enzymes and gut microbiota. Dietary protein composition had an impact on protein digestion in gastrointestinal tract (Wen et al., 2015). Excessive dietary protein intake would stimulate the growth of Clostridium perfringens, and reduce beneficial bifidobacteria in feces (Rist et al., 2013). A high-fat diet would increase the expression of lipid-metabolic enzymes (Park et al., 2004), and glutamate metabolic pathways (Daniel et al., 2014). However, less has been known about alterations in gut microbiota, protein digestion, and absorption in response to a high-salt diet.

The purpose of this study was to demonstrate how a high-salt diet affected the composition of gut microbiota, and the extent of protein digestion and absorption. A 16S rRNA sequencing methodology was applied to monitor the diversity of gut micobiota, and MS-based proteomics was used to characterize the proteome of dietary, host, and bacterial proteins in response to a high-salt diet.

MATERIALS AND METHODS

Animals and Diets

The experimental protocol was approved by the Ethical Committee of Experimental Animal Center of Nanjing Agricultural University. Ten male C57BL/6J mice were obtained from Nanjing Biomedical Research Institute of Nanjing University and housed in a specific pathogen-free animal center (SYXK < Jiangsu > 2011-0037). After 2 weeks adaptation, the mice were randomly assigned to a high-salt diet group or a low-salt diet group. Mice were fed the nutritionally balanced semi-synthetic diets for 8 weeks with ad libitum to diets and water in a humidity (60 ± 10%) and temperature (20.0 ± 0.5°C) controlled room with a 12 h light–dark cycle.

Low- and high-salt diets (0.25 vs. 3.15% NaCl) were prepared according to the AIN-93G diet to satisfy the nutritional requirements for growing mice that differed in salt content. Casein was obtained from Shanghai Ruian Bio Technologies Co., Ltd. The diets comprise of protein (20%), cornstarch (39.75%), dextrinized cornstarch (13.2%), sucrose (10%), soybean oil (7%), fiber (5%), mineral mix (3.5%), vitamin mix (1%), cystine (0.3%), choline bitartrate (0.25%), and tert-butylhydroquinone (0.0014%).

Sample Collection

After 8-week feeding, all mice were decapitated, and blood was collected in Eppendorf tubes. The tubes stand at room temperature for 45 min and then were centrifuged at 12,000 × g for 30 min to pellet the blood cells. Serum samples were collected and stored at -80°C until analyses. The contents in duodenum, jejunum, cecum and colon, and feces were frozen in liquid nitrogen, and stored at -80°C for further analyses. Intestinal contents were used for proteomic analysis. Feces were used for 16S rRNA sequencing.

Serum Inflammatory Cytokines

The serum inflammatory cytokines, IL-1β, IL-6, IL-10, IL-17A, IFN-γ, and TNF-α, were determined using a commercial Bio-Plex kit (5827, Bio-Rad Laboratories, Inc.) according to the manufacture’s protocols.

16S rRNA Sequencing

DNA Extraction and PCR Amplification

Microbial DNA was extracted from fecal samples using the QIAamp DNA Stool Mini Kit (No. 51504, Qiagen, Germany) according to the manufacturer’s protocols. The V4 region of the bacterial 16S ribosomal RNA gene were amplified by using primers 515F 5′-barcode-GTGCCAGCMGCCGCGG-3′ and 806R 5′-GGACTACHVGG GTWTCTAAT-3′, where barcode is an eight-basic sequence unique to each sample. After PCR reactions, amplicons were extracted from 2% agarose gel and purified using the AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using QuantiFluorTM-ST (Promega, United States.).

Library Construction and Sequencing

Purified PCR products were quantified by Qubit®3.0 (Life Technologies) and every 24 amplicons with different barcodes were mixed. The pooled DNA product was used to construct Illumina Pair-End library following Illumina’s genomic DNA library preparation procedure. Then the amplicon library was paired-end sequenced (2 × 250) on an Illumina MiSeq platform (Shanghai Biozeron Co., Ltd.) according to the standard protocols.

Processing of Sequencing Data

Raw fastq files were demultiplexed, quality-filtered using QIIME (version 1.9.0)1 with the following criteria: (i) The 250 bp reads were truncated at any site receiving an average quality score <20 over a 10 bp sliding window, and the truncated reads shorter than 50 bp were discarded. (ii) Reads were matched, and two nucleotide mismatching was allowed, but reads containing ambiguous characters were removed. (iii) Sequences that overlap longer than 10 bp were assembled according to their overlap sequencing. Reads that could not be assembled were discarded. OTUs were clustered with 97% similarity cutoff using UPARSE (version 7.1)2 and chimeric sequences were identified and removed using UCHIME. The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed by RDP Classifier3 against the silva (SSU123) 16S rRNA data basic using confidence threshold of 70% (Amato et al., 2013).

Microbial Diversity Analyses

The rarefaction analysis based on Mothur v.1.21.1 (Schloss et al., 2009) was conducted to reveal the diversity indices, including the Chao, ACE, and Shannon diversity indices. The beta diversity analysis was performed using UniFrac (Lozupone et al., 2011) to compare the results of the principal component analysis by using the community ecology package in R (Vegan 2.0 package). Venn diagrams and clustering analysis were performed using Vegan packages in R4.

LEfSe Analysis

LEfSe (linear discriminant analysis effect size) analysis was performed5 to find biomarkers for highly dimensional fecal bacteria (Segata et al., 2011). Kruskal–Wallis sum-rank test was applied to identify the difference between classes followed by LDA analysis to detect the effect size of each differentially abundant taxon. The parameters for LEfSe analysis were set as follows: (1) alpha value for the factorial Kruskal–Wallis test among classes was less than 0.05; (2) alpha value for the pairwise Wilcoxon test among subclasses was less than 0.05; (3) the threshold on the logarithmic LDA score for discriminative features was less than 2.0; (4) the strategy for multi-class analysis was set as all-against-all (Zhu et al., 2015).

Proteome Analysis

Protein Extraction and Digestion

Duodenal, jejunal, cecal, and colonic contents were diluted (1:10, w/v) in RIPA lysis buffer (Beyotime, P0013B), which contained protease inhibitor (1%, v/v, Sigma, P8340) and phosphatase inhibitor (1%, v/v, Sigma, P2850). The samples were homogenized on ice at 8,500 rpm for 60 s each, and the step was repeated three times. Then the samples were centrifuged at 14,000 × g at 4°C for 15 min and the supernatant was carefully collected. The centrifugation was repeated once. Protein concentrations were quantified by a BCA protein assay (Bio-Rad, United States), and stored at -80°C before use.

Each sample (200 μg protein) was treated with 200 μL denaturation buffer (8 M urea, 50 mM Tris–HCl, pH 8.0) and 5 μL of DTT (1 M) for 60 min at 60°C, then reduced with 200 μL denaturation buffer (8 M urea, 50 mM Tris–HCl, pH 8.0) and alkylated with 20 μL of iodoacetamide (0.5 M) in dark for 45 min at room temperature. Proteins were diluted with 200 μL of ammonium bicarbonate (50 mM, pH 7.8) and digested with 20 μL of trypsin (0.1 mg/mL) for 16 h at 37°C. Digestion was stopped by adding formic acid (final concentration 0.2%). The resulting mixture was desalted using C18 ZipTip pipette tips and resuspended in 0.1% formic acid. The peptides concentration was determined at 280 nm by using a UV spectrophotometer. The same bulk concentration level was chosen to satisfy the needs for comparisons at the same level. Finally, the samples were dried by vacuum centrifugation for preparation.

LC-MS/MS

The peptide samples (1.5 μg) were isolated by reverse-phase liquid chromatography using a nano LC system (DIO-NEX, Thermo Fisher Scientific). After separation, the peptides were analyzed by tandem mass spectrometry (Thermo Fisher Scientific) on a LTQ Orbitrap mass spectrometer according to previous protocols (Hauck et al., 2010). In brief, peptide samples were acidified in 0.1% FA and then loaded onto a nano LC system with C18 column (Acclaim PepMap100, 75 μm × 2 cm, 3 μm, 100 Å, Thermo Fisher Scientific). The loading buffer (2% acetonitrile, 0.1% FA in HPLC-grade water) was run at the flow rate of 4 μL/min. Then, peptide samples were eluted and isolated on an analytical column (Acclaim PepMap RSLC, C18, 75 μm × 15 cm, 3 μm, 100 Å, Thermo Fisher Scientific) with a gradient from 3 to 55% of buffer B (80% acetonitrile, 0.1% FA in HPLC-grade water) for about 112 min at 300 nL/min. After elution, the rest of peptides were eluted by a gradient from 55 to 98% of buffer B for a short time. The selected peptides were analyzed by the LTQ Orbitrap XL. The intense peptide ions were prepared for analysis. The normalized collison energy for CID was set to a value of 35 and the high quality fragments were detected with normal resolution in the linear ion trap. The background signal with the mass of 445.120020 was used as lock mass. Every ion selected for fragmentation was excluded for 60 s by dynamic exclusion (Shi et al., 2016).

Database Searches and Bioinformatics Analysis

The raw LC–MS/MS spectra data from samples were matched with MaxQuant search and filtered in the Perseus software package v 1.5.8.3 (Max Planck Institute of Biochemistry). The parameters for searching were set as follows: main search ppm: 4.5; missed cleavage: 2; MS/MS tolerance ppm: 20; de-isotopic: TRUE; enzyme: trypsin, searching database: Mus musculus, Bos taurus, and a collection of 81 different bacterial database which were downloaded from the Uniprot; fixed modification: carbamidomethyl (cys); variable modification: oxidation (met), acetyl (protein N-term); decoy database pattern: reverse; label free quantification (LFQ): TRUE; LFQ min ratio count: 1; match between runs: 2 min; peptide FDR: 0.01; and protein FDR: 0.01. Student’s t-test was applied for comparisons of quantitative data. After potential contaminants were removed, each protein or protein groups was required to have valid reporter intensity in at least two biological replicates in each experimental group. Proteins were also removed that could not be annotated to gene IDs. Uniprot accession numbers were obtained by using the ID mapping function6. Protein sequences were matched via batch retrieval at the protein information resource website7. OmicsBean, the multi-omics data analysis tool, was adopted to analyze the selected proteome data8, in which distributions in biological functions, subcellular locations, and molecular functions were allocated to each protein which was based on Gene Ontology (GO) categories. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted to enrich the high-level functions in the defined biological systems (Sun et al., 2015). Protein–protein interaction analysis was performed while maintaining the original interacting complex.

RESULTS

Growth Performance and Physiological Responses

There was no significant difference (P > 0.05; Figure 1A) in initial body weight between the low- and the high-salt diet groups. After 8 weeks feeding, the body weight increased greatly (P < 0.05), but none of final body weight, weight gain, and feed intake was observed significantly different between the two diet groups (P > 0.05). For the low-salt diet group, feed intake kept constant within the first 6 weeks but decreased afterward (P < 0.05; Figure 1B). For the high-salt diet group, feed intake increased within the first 6 weeks and then decreased afterward (P < 0.05; Figure 1B). And thus, the high-salt diet seemed not to affect animal growth performance. In addition, none of inflammatory cytokines, e.g., IL-1β, IL-6, IL-10, IL-17A, IFN-γ, and TNF-α were shown significantly different between the low- and the high-salt diet groups (P > 0.05; Figure 1C). However, IL-17A showed significant difference between two feeding time points in the low-salt diet group (P < 0.05; Figure 1C).
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FIGURE 1. Growth performance and physiological responses of mice. (A) The changes of body weight. Each column represents one group. (B) The changes of feed intake. (C) Box-plots of serum inflammatory factors. The asterisk (∗) indicates significant difference between two groups (P < 0.05, two sample t-test). ∗P < 0.05; ∗∗P < 0.01. Note: The data were analyzed by one-way analysis of variance and means were compared by two sample t-test. BLSD, low-salt diet group before feeding; LSD, low-salt diet group after feeding; BHSD, high-salt diet group before feeding; HSD, high-salt diet group after feeding.



Gut Microbiota

Richness and Diversity Analyses of Fecal Samples

Four fecal samples from two mice were excluded for statistical analyses because they showed much fewer reads than the other samples. In total, 476,640 bacterial 16S rRNA usable raw reads were detected from all 16 samples with an average of 29,790 reads per sample. On the OTU level, 4,465 OTUs were matched, with an average of 279 ± 44 OTUs per sample. There was no significant difference (P > 0.05) between any two groups in Good’s coverage index, ACE, Chao, Shannon index, and Simpson index (Supplementary Table S1). Moreover, the rarefaction result based on OTU level showed no significant difference between samples (Supplementary Figure S1). These results indicate that all the samples showed a great similarity in general microbial diversity.

Structure of Fecal Microbiota

Multivariate analyses were performed to compare the overall composition of fecal microbiota among all samples on the OTU level. Principal component analysis was applied to visualize the differences in fecal bacteria composition between diet groups before and after feeding. The first two components accounted for 71.59% of the total variation (Figure 2A). PC1 explained the variations mainly derived from both diet and feeding time effects, while PC2 explained the intrinsic variations derived from individuals in the low-salt diet group before feeding (BLSD group). For the HSD groups, there was a high variation between groups mainly under the effect of PC1. Besides, the HSD groups kept a high degree of similarity between intra-group samples. In contrast, the BLSD group held a relative higher variation among samples. There was still a high degree of separation between the BLSD and LSD groups under the combined effect of PC1 and PC2. Venn diagram revealed that feeding time and diets may have a combined impact on fecal microbiota (Figure 2B). The number of shared OTUs between the BLSD and the LSD groups was 418, which was greater than those between the BHSD and the HSD groups (261). The numbers of OTUs specific for the four groups (BLSD, LSD, BHSD, and HSD) were 19, 44, 7, and 2, respectively. Compared to the LSD groups, the HSD groups had relatively lower diversity of OTUs. In other words, the high-salt diet might cause the reduction in gut microbial diversity.
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FIGURE 2. General information on gut microbiota. (A) Principal component analysis of fecal microbiota on the OTU level. Each point represents one sample. (B) Venn diagram of fecal microbiota on the OTU level. Each ellipse represents one group. Note: The numbers of animals for high-salt diet and low-salt diet groups were 3 and 5, respectively. BHSD, high-salt diet group before feeding; BLSD, basic low-salt diet group before feeding; HSD, high-salt diet group after feeding; LSD, low-salt diet group after feeding.



Hierarchical clustering analysis of fecal bacteria on the OTU level declared that the low-salt diet group showed a great intra-group variation among samples (Figure 3A). This was in agreement with the PCA results. On the phylum level, all fecal samples shared the similar community structure. Bacteroidetes and Firmicutes were the dominant phyla in all groups, regardless of diet and feeding time effects, contributing to 11.31∼75.23 and 14.42∼76.50% of the total OTUs, respectively. In the BHSD group, Bacteroidetes was the most abundant (55.27%), and followed by Firmicutes (32.20%), Verrucomicrobia (3.46%), Actinobacteria (2.45%), and Proteobacteria (1.32%). After feeding for 8 weeks (HSD group), the predominant phyla were changed. The dominant bacteria were Firmicutes (58.62%), and followed by Bacteroidetes (35.35%), Verrucomicrobia (1.17%), Actinobacteria (1.02%), and Proteobacteria (0.77%). In the BLSD group, Firmicutes was the predominant phyla (49.62%), and followed by Bacteroidetes (26.25%), Actinobacteria (12.96%), Proteobacteria (1.29%), and Verrucomicrobia (1.29%). After 8-week feeding (LSD group), the abundance of Firmicutes was decreased to 44.79%, while the abundance of Bacteroidetes was increased to 46.16%. The high-salt diet induced an increase in the ratio of Firmicutes to Bacteroidetes, while the low-salt diet tended to decrease the ratio (P > 0.05; Figure 3B).
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FIGURE 3. Clustering of gut microbiota. (A) Hierarchical clustering of fecal microbiota on the phylum level. Each line and bar represents the same sample. (B) Changes in the ratio of phyla Firmicutes/Bacteroidetes on the phylum level. The bars represent the standard deviations. Data were analyzed by one-way analysis of variance and means were compared by two sample’s t-test. (C) Heatmap of gut microbiota on the genus level. Each column represents one sample and each row represents one genus. Note: The numbers of animals for high-salt and low-salt diet groups are 3 and 5, respectively. BLSD, low-salt diet group before feeding; LSD, low-salt diet group after feeding; BHSD, high-salt diet group before feeding; HSD, high-salt diet group after feeding.



On the genus level (Figure 3C), the differential sequences were matched with 50 genera. Bacteroidales S24-7 group was a predominant genus in each group, which had the highest abundance (45.40%), and was followed by Lachnospiraceae NK4A136 group (8.47%), Lactobacillus (6.95%), Alistipes (4.76%), Ruminococcaceae UCG-014 (4.20%), and Akkermansia (3.46%). After feeding for 8 weeks, Faecalibaculum became the predominant genus (30.18%), and followed by Bacteroidales S24-7 group (26.86%), Rikenellaceae RC9 gut group (7.31%), Lachnospiraceae (4.86%), Ruminococcaceae (3.79%), and Lachnospiraceae NK4A136 group (3.66%). In the BLSD group, Bacteroidales S24-7 group was the most abundant (18.84%), and followed by Faecalibaculum (12.90%), Bifidobacterium (9.62%), Erysipelotrichaceae (9.14%), Akkermansia (8.46%) and Rikenellaceae RC9 gut group (4.28%). After 8-week feeding, Bacteroidales S24-7 group was still the most abundant (37.81%), and followed by Lachnospiraceae NK4A136 group (9.76%), Faecalibaculum (9.61%), Ruminococcaceae UCG-014 (4.65%), Alistipes (4.22%), and Lactobacillus (3.61%).

Linear Discriminant Analysis of Fecal Microbiota

The above results showed that all samples can be divided into the HSD and the LSD classes. Each class had a similar composition of fecal microbiota. To identify microbial candidates that were specific for the two classes, LEfSe was adopted to determine particular biomarker. LEfSe analysis revealed 43 different OTUs between HSD and LSD classes (Figure 4A). Fourteen of these OTUs were higher in the HSD group and 29 OTUs were higher in the LSD group (P < 0.05). As compared to the LSD group, the HSD group had higher abundances (P < 0.05) of Lachnospiraceae (OTU473, OTU525, OTU243, and OTU88) and Ruminococcaceae (OTU214, OTU165, OTU213, and OTU312), but lower abundance (P < 0.05) of Lactobacillus (OTU13). Bacteroidales S24-7 (OTU12) was one of the most predominant bacteria in the HSD class, but its abundance was much lower in the LSD class (4.86 vs. 0.79%, P < 0.05). A butyrate-producing bacterium, Roseburia (OTU186) showed higher abundance in the HSD group. In contrast, the abundances of Lachnospiraceae NK4A136 (OTU49), Ruminococcaceae UCG-014 (OTU129 and OTU171), and Alistipes (OTU21 and OTU20) were higher in the LSD group. As shown above, genera Lactobacillus, Lachnospiraceae, and Ruminococcaceae were the specific bacteria. Therefore, three typical OTUs (OTU13, OTU88, and OTU213) were picked out for comparisons between diet groups (Figure 4B). These OTUs were significantly different between the low-salt and the high-salt diet groups. A multiple comparison indicated that mice fed high-salt diet had the higher abundance of Lachnospiraceae and Ruminococcaceae, but it was lower for the LSD group. Besides, the mice fed low-salt diet showed a higher abundance of Lactobacillus than the HSD group.
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FIGURE 4. LEfSe analyses of gut microbiota data. (A) Comparisons of fecal microbiota by using LEfSe analysis. Bacterial OTUs rich in the low-salt diet group (green bars) and the high-salt diet group (red bars). Comparisons between the two groups are significant (P < 0.05, one-way ANOVA). Note: The left histogram shows the LDA scores calculated for characteristics at the OTU level, while the right heatmap shows the relative abundance of OTUs. Each column represents one sample and each row represents the OTU corresponding to the left one. (B) Relative abundances of Lactobacillus, Lachnospiraceae, and Ruminococcaceae in two diet groups. The means and medians are shown as solid and dashed lines in each group. Note: Each column represents one sample. HSD, high-salt diet group after feeding; LSD, low-salt diet group after feeding.



To evaluate time effect on the composition of fecal microbiota, LEfSe analysis was performed to distinguish bacterial taxa between the LSD groups before and after feeding (Figure 5A). The abundances of 59 OTUs were significantly different between BLSD and LSD groups. Nineteen OTUs were more abundant in the BLSD group than those of the LSD group, including Lactobacillales (OTU521, OTU212, OTU267, OTU103, and OTU93), Ruminococcaceae UCG_014 (OTU295), Leuconostoc mesenteroides (OTU132), Streptococcus (OTU58), and Erysipelotrichaceae (OTU118 and OTU11). This indicated that these bacteria showed a negative response to the low-salt diet. On the other hand, the abundances of the other 40 OTUs had a positive response to the low-salt diet, including Bacteroidales S24-7 (OTU2, OTU18, OTU44, OTU45, OTU46, OTU73, OTU89, OTU110, and OTU346,), Ruminococcaceae (OTU47, OTU59, OTU190, OTU206, OTU215, and OTU276), Alistipes (OTU20 and OTU21), and Lachnospiraceae OTUs (OTU35, OTU49, OTU113, OTU143, OTU204, OTU275, and OTU269). In addition, Mollicutes RF9 (OTU239), Roseburia (OTU65), and Anaeroplasma (OTU112) were also higher in abundance in the LSD group.
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FIGURE 5. Changes of fecal microbiota at two time points by LEfSe analysis. (A) Between BLSD and LSD group. (B) Between BHSD and HSD group. Bacterial OTUs are rich in low-salt diet group before feeding (red bars) and after feeding (green bars). Comparisons between the two groups are significant (P < 0.05, one-way ANOVA). Note: The left histogram shows the LDA scores calculated for characteristics on the OTU level, while the right heatmap shows the relative abundances of OTUs. Each column represents one sample and each row represents the OTU corresponding to left one. BLSD, low-salt diet group before feeding; LSD, low-salt diet group after feeding. BHSD, high-salt diet group before feeding; HSD, high-salt diet group after feeding.



In the high-salt diet groups, there were 56 OTUs whose abundances were significantly changed (Figure 5B). The abundances of 32 OTUs were increased after intake of high-salt diet, while the abundances of the other 24 OTUs were decreased (P < 0.05). The increased OTUs belong to Lachnospiraceae_NK4A136 (OTU109, OTU99, OTU533, OTU49, OTU35, and OTU7), Lachnospiraceae (OTU88, OTU123, OTU243, OTU138, OTU473, OTU192, and OTU179), and Oscillibacter (OTU78 and OTU60). The decreased OTUs belong to Bacteroidales S24-7 (OTU61, OTU73, OTU346, OTU23, OTU45, OTU19, OTU44, OTU6, and OTU2), Alistipes (OTU38, OTU21, and OTU20), Ruminococcaceae UCG-014 (OTU270, OTU518, OTU129, OTU115, OTU91, OTU171, and OTU47), and Lactobacillus (OTU53).

High-Salt Diet Affected Intestinal Proteome Profiles

To determine the effect of diets on protein expression in mice, proteomic analysis was carried out on intestinal contents of mice. Data were matched against diet, host, and gut microbiota database, and produced several qualitative and quantification results.

Dietary Proteins

A total of 452 protein groups were identified from all gut contents by searching against the Bos taurus (bovine) database. After filtration, 54 proteins were matched. The majority of them were casein kinase and other enzymes. Only one peptide was matched with β-lactoglobulin (fragment) in the LSD group (Figure 6). No casein fragments were detected in the HSD group. The results indicated that casein can be easily degraded and absorbed in the digestive tract, and thus there was no significant difference in the composition of diet-based protein fragments between the LSD and the HSD groups. The abundance of diet-based protein fragments decreased from the upper to the lower gastrointestinal tract. Therefore, results suggested that casein was susceptible to peptic and tryptic digestion and absorption in gastrointestinal tract.
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FIGURE 6. Changes of peptide numbers in the intestinal tract of mice. The intestinal contents came from duodenum, jejunum, cecum, and colon. Bars with mosaic represent LSD group, and those with pure color represent HSD group.



Host Proteins

In the same samples, 179 and 149 unique peptides were identified and matched with the database in the LSD and the HSD groups. A total of 20 unique proteins were differentially expressed in duodenum contents, both had lower abundance in the HSD group (Supplementary Table S2). The numbers of host-based peptides appeared to decrease from the duodenal to the cecal contents, and then increase from the cecal to colonic contents (Figure 6). Several differential proteins were digestive enzymes, including chymotrypsinogen B precursor, pancreatic triacylglycerol lipase precursor, carboxypeptidase A1 precursor, and carboxypeptidase B1, which had lower abundance in HSD group as compared to the LSD group (P < 0.05). These results indicated that high-salt diet may inhibit the excretion of the digestive enzymes. In addition, several cytoplasmic components, including alpha-actin, tropomyosin alpha-1 chain, cadherin 17, and vesicle membrane protein VAT-1 homolog were identified and their abundances were observed significantly different between the HSD and the LSD groups (P < 0.05). Of them, cadherin 17 is related to calcium ion binding, and vesicle membrane protein VAT-1 homolog is correlated with oxidoreductase activity, while phosphoglycerate mutase 1 involves glycolysis.

The obtained protein data were analyzed using bioinformatics tools, in order to extract information relevant to involved pathways. The GO analysis indicated that in the biological process analysis, the majority of identified proteins were assigned to metabolic processes, especially in pyridine and coenzyme metabolic process. The cell component analysis declared that most of identified proteins belong to organelle and extracellular components. In the molecular functional analysis, most of the identified proteins were involved in enzyme activities, including oxidoreductase, malate dehydrogenase, glucose-6-phosphate isomerase, and triose-phosphate isomerase (Figure 7A). Then, the KEGG analysis indicated that active pathways involved were those related to secretion and metabolism, including protein digestion, absorption, and pancreatic secretion (Figure 7B). The results suggested that the high-salt diet may have an inhibitory effect on pancreatic secretion, by inhibiting the secretion of trypsin, thus leading to lower protein digestion and absorption efficiency compared to the LSD groups. In order to further explore more relevant information from the identified proteins, a more comprehensive bioinformatics analysis (STRING) of the protein data was performed to integrate protein–protein interaction networks. Seven proteins were recognized as key nodes in biological interaction networks (Figure 7C). Chymotrypsin-like elastase family member 2A precursor (P05208) and Chymopasin (Q9E205) were highly correlated with pancreatic secretion, protein digestion, and absorption. Proteins coded by Sdha and Tpi1 were involved in many metabolism processes, including succinate metabolic process, gluconeogenesis, and pentose-phosphate shunt process.


[image: image]

FIGURE 7. The bioinformatics analysis of differentially expressed proteins. (A) The GO annotation of identified NP-related proteins in three categories: biological process, cellular composition, and molecular function. (B) The distribution of enriched KEGG pathway of differentially expressed proteins. (C) A protein–protein interaction networks of identified differentially expressed proteins in duodenum contents. Different clusters of interacting proteins were identified using STRING.



Bacterial Proteins

A total of 63 peptides were unambiguously identified and quantified, of which 18 proteins were uncharacterized. A variety of proteins and polysaccharides degrading enzymes were secreted by gut microbiota. In colon contents, 17 microbial proteins were common in the low- and the high-salt diet groups. Five proteins had a higher abundance in the high-salt diet group than those in the LSD group (Supplementary Table S3), including cytidylate kinase, trigger factor, 6-phosphogluconate dehydrogenase, transporter, and undecaprenyl-diphosphatase, which were secreted by different gut bacteria, including Atopobium parvulum, Anaerococcus prevotii, Lactobacillus brevis, Anaerostipes hadrus, and Streptococcus agalactiae. Cytidylate kinase is involved in pyrimidine metabolism, ATP binding, transferase, and cytidylate kinase activity. Trigger factor is in connection with protein transport, which acts as a chaperone by keeping the newly synthesized secretory and non-secretory proteins. Besides, trigger factor is involved in cell cycle, cell division, protein folding, and peptidyl-prolyl cis–trans isomerase activity, thus regulating its activity. The 6-phosphogluconate dehydrogenase was involved in the pentose phosphate pathway. Transport protein is a protein that ensures the function of transferring materials within an organism, which acts a crucial role as sodium symporter. Therefore, high concentrations of sodium may lead to comparable high expressions of transport protein. Undecaprenyl-diphosphatase was involved in dephosphorylation, peptidoglycan biosynthetic, and regulation of cell shape. Two proteins (acetylglutamate kinase and PBSX phage manganese-containing catalase) had relatively higher abundance in LSD group, which were secreted by Clostridium beijerinckii and Bacillus subtilis BEST7613. Acetylglutamate kinase is involved in arginine and proline biosynthetic and ATP-binding, which catalyzes the ATP-dependent phosphorylation of N-acetyl-glutamate. PBSX phage manganese-containing catalase is produced by B. subtilis, the intracellular catalase activity was decreased when cells were in anaerobic environment, while under aerobic conditions, an increasing trend will be noted with the removal of thiosulfate from the medium, or addition of manganese.

DISCUSSION

A high-salt diet has been shown to increase the risk to several diseases in children and adults (He et al., 2013). Previous studies focused on the cardiovascular disease and immune disease in response to high-salt diet. A high salt intake during pregnancy modified protein expression in offspring kidneys and reduced the final counts of glomeruli, thus increasing the risk of hypertension later in life (Koleganova et al., 2011). A diet rich in salt would increase the incidence of cardiovascular disease and blood pressure, after long-time feeding (Baldo et al., 2015). However, clinical data suggested that a high salt intake may increase the morbidity of numerous adverse effects (kidney damage, gastric cancer) that are independent of effects on blood pressure (Turlova and Feng, 2013). The present study provides some evidence that high-salt diet may affect body health by altering digestion and absorption of dietary proteins, secretion of host enzymes, and gut microbiota composition.

Food digestion and absorption is a dynamic process because dietary proteins are degraded and absorbed in the small intestine where the host excretes quite a lot of digestive enzymes, and some dying epithelial cells may be separated into the lumen (Wang et al., 2016). Diet- and host-based proteins would enter into the cecum and colon, in which microbial fermentation utilizes the majority of such proteins. On the other hand, gut microbiota proteins are dominant in the colon. In total, the level of protein kept in balance between the cecum and the colon. And thus, the feasibility of traditional method for the diet protein bioavailability (Stein et al., 2007) needs to be re-evaluated. In the present study, casein is the sole protein in diet formulation which has been known to have high bioavailability. Very few fragments of casein can be identified in the duodenal contents and none of casein fragments were detectable in the jejunal, cecal, and colonic contents, indicating that casein can be easily digested by digestive enzymes into much smaller pieces that were not detectable by the LC-MS/MS methods. High-salt diet seemed not affect the digestion of dietary casein, but it has been reported to reduce the abundances of 20 proteins involved in carbohydrate, amino acid, and energy metabolism as compared to low-salt diet (Mayyas et al., 2017). It is well known that food digestion and absorption mainly occurs in the small intestine, especially for duodenum and jejunum. Therefore, many digestive enzymes were secreted into duodenum to complete digestion. In the present study, the differentially expressed proteins were mainly components or precursors of digestive enzymes in duodenal contents, including enzymes associated with proteolysis (chymotrypsinogen B precursor, carboxypeptidase A1 precursor, carboxypeptidase B1, chymotrypsin-like elastase family member 2A precursor, and chymopasin) and enzymes associated with fat decomposition (pancreatic triacylglycerol lipase precursor). It was suggested that the effects of high-salt diet were associated with reduced degradation of proteins, which remained in the intestine for a short time than usual. Although sodium chloride needs not to be digested, sodium and chloride ions would help us to digest and absorb the nutrients, the presence of sodium is still critical when the intestinal cells move nutrients into the blood stream.

A high-salt diet was also observed to have a certain effect on gut microbiota composition and microbial proteins in gut contents. Recent studies indicated that the HSD alone induced changes in microbiota profiles, characterized by a loss in diversity and a shift in its composition. The present study further confirmed such a diet effect by using high-throughput sequencing. The Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia were predominant phyla in fecal samples, constituting the core microbiome of mice. Mice fed the high-salt diet had higher Firmicutes but lower Bacteroidetes than those fed the low-salt diet, resulting in an increase in the Firmicutes/Bacteroidetes ratio that is associated with cardiovascular diseases and obesity (Bäckhed et al., 2004; Ley et al., 2006; Jose and Raj, 2015). Additionally, the HSD group had higher abundances of Lachnospiraceae and Ruminococcus OTUs but lower abundance of Lactobacillus OTU as compared to the LSD group, which was in line with previous studies (Miranda et al., 2016). Sodium chloride absorption appeared to be mediated by a process of bulk flow of solution along osmotic pressure gradient (Fordtran et al., 1968). As one member of the SLC9A family expressed in the gut, epithelial Na+/H+ exchange is an effective membrane transport mechanism that is engaged in intestinal sodium chloride transport, in the regulation of the extracellular milieu to promote nutrients absorption, and to regulate the gut microbial environment. Besides, Na+/H+ exchange was a vital process for maintaining microbial homeostasis within the gut (Kiela et al., 2006). Studies have shown that high sodium intake would increase the activity of apical Na+/H+ exchange by 30%, which basolateral Na+/H+ exchange was inhibited but did not change NHE3 abundance (Good et al., 2011). Clinical data suggested that perturbations in intestinal Na+/H+ exchange located at the apical or basolateral membranes have undertaken more basal functions as nutrient or electrolyte transporters to modulate epithelial barrier function and gut microbiota (Gurney et al., 2017). Intestinal NHE3 expression and function was inhibited by enteropathogenic bacteria (Escherichia coli and Clostridium difficile) (Hecht et al., 2004; Larmonier et al., 2013; Engevik et al., 2015), whereas, upregulated by commensal Lactobacillus acidophilus (Singh et al., 2012). Therefore, the mechanism of high-salt diet shaping gut microbiota may be as follows: high sodium intake may increase the activity of Na+/H+ exchange which is highly correlated with gut microbiota, and then lead to the alterations of microbial profiles. It is difficult for us to check how high-salt diet affects the composition of gut microbiota. This is because high-salt diet may induce mice to drinking more water and excreting more urine to remove excessive salt. Besides, high sodium intake does not cause total body water storage but induce a relative fluid shift from the interstitial into the intravascular space (Heer et al., 2000). And thus we postulate that high-salt diet may affect the excretion of digestive enzymes in the small intestine that enter into the large intestine and further affect gut microbiota composition.

CONCLUSION

Intake of high-salt diet did not cause dramatic variations in feed intake, weight gain, and the levels of several inflammatory factors. However, a high-salt diet may inhibit the excretion of digestive enzymes from the host, change biological process, cell component, and molecular function in duodenal contents, and further alter the gut microbiota composition, leading to higher ratio of Firmicutes to Bacteroidetes, higher abundance of Lachnospiraceae and Ruminococcus but lower abundance of Lactobacillus.
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