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The effects of Helicobacter pylori (Hp)-related chronic gastritis on gastrointestinal microorganisms or brain neurotransmitters are not fully understood. Here, this study selected SPF C57BL/6 mice to set up a Hp-related chronic gastritis experiment group and a blank control group, and used omics to explore the specific effects of Hp-related chronic gastritis on gastrointestinal microorganisms and brain neurotransmitters in mice. The Tyramine (TyrA) content in the female experiment group’s brain was considerably reduced compared to the female control group (p < 0.01), and TyrA was strongly correlated with 13 gastrointestinal microorganisms with significant differences, such as Acinetobacter_baumannii (p < 0.05). The His content in the male experiment group’s brain was significantly higher than that in the male control group (p < 0.05), and His was strongly correlated with four gastrointestinal microorganisms with significant differences, such as Acinetobacter_baumannii (p < 0.05). The Levodopa (DOPA) content in the female control group’s brain was significantly lower than that in the male control group (p < 0.05), and DOPA was strongly correlated with 19 gastrointestinal microorganisms with significant differences, such as Achromobacter_xylosoxidans (p < 0.05). The contents of L-Glutamine (Gln), L-Glutamine (GABA), Noradrenaline hydrochloride (NE), and Adrenaline hydrochloride (E) in the female experiment group’s brain were significantly lower than those in the male experiment group (p < 0.05), and Gln, GABA, NE, and E were strongly correlated with 41, 28, 40, and 33 gastrointestinal microorganisms with significant differences (p < 0.05), respectively. These results indicate that Hp-related chronic gastritis could affect gastrointestinal microorganisms and brain neurotransmitters in mice with certain gender differences, and the changes in brain neurotransmitters might be related to the changes in gastrointestinal microorganisms.
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INTRODUCTION
Gastritis has many pathogenic causes, and Helicobacter pylori (Hp), an infectious bacterium, is considered to be one of the main pathogenic factors of gastritis (Hanafiah and Lopes, 2020; Kalach et al., 2022). At present, Hp-related chronic gastritis has become highly prevalent (Rahman et al., 2020; Yin et al., 2022). Studies have revealed that Hp could destroy and change gastrointestinal microorganisms (Schulz et al., 2018; Zhao et al., 2019), and abnormal gastrointestinal microorganisms could cause diseases in the gastrointestinal tract and the other parts (Lopetuso et al., 2014; He et al., 2022). However, the specific effects of Hp-related chronic gastritis on gastrointestinal microorganisms are still unclear due to the lack of specific studies. Hp infection could be related to neurological diseases such as Alzheimer’s disease, Parkinson’s disease, and sleep disorders (Doulberis et al., 2021; Shen et al., 2017; Sung et al., 2022). Besides, Hp could be accompanied by various mental symptoms, such as anxiety and depression (Al Quraan et al., 2019; Suzuki et al., 2019). However, the specific mechanism has not been clarified. The pathogenesis of nervous system diseases and mental symptoms is complex, and some studies have shown that it is mostly related to neurotransmitters (Lovino et al., 2020; Nimgampalle et al., 2023). The effects of Hp-related chronic gastritis on neurotransmitters are still unclear due to the lack of research. The microbiota-gut-brain axis has been a hot topic in recent years and the effects of Hp-related chronic gastritis on gastrointestinal microorganisms or brain neurotransmitters remain to be explored. This study used omics to explore the specific effects of Hp-related chronic gastritis on gastrointestinal microorganisms and brain neurotransmitters in mice, and the specific correlation between gastrointestinal microorganisms and brain neurotransmitters.
MATERIALS AND METHODS
Experimental material
A total of 32 SPF grade C57BL/6 mice, half female and half male, 18–22 g, 5–6 weeks old, were supplied by Beijing Weitonglihua Laboratory Animal Technology Co., LTD. Drinking water was filtered bactericidal water, and a drinking water bottle was hung to be freely consumed. The feed and Hp SS1 strain were acquired from Shanghai Puteng Biotechnology Co., LTD. and the Microbial Culture Preservation Center of Guangdong Province, respectively. The Hp SS1 solution was prepared with 0.85% sterile NaCl with a 3 × 109 cfu/mL concentration.
Model replication
The 32 mice were randomly assigned into a control group (8 males and 8 females) and an experiment group (8 males and 8 females) without significant difference in body weight between the 2 groups as a whole or among the same gender. Both groups gavaged 0.1 mol/L 0.5 mL NaHCO3 in the secondary biosafety cabinet to neutralize gastric acid to a weak acid environment suitable for Hp colonization. After 1 h, the experiment group was gavaged with 0.5 mL Hp SS1 bacterial solution of 3 × 109 cfu/mL, and the control group was gavaged with 0.5 mL 0.85% sterile NaCl. It was repeated every 2 days. The intragastric administration was performed 5 times, with 12 h of fasting before each administration. Then, 4 h after the end of each intragastric administration, food and water were fed. The feeding was normal for 12 weeks after the end of the gavage.
Specimen collection and index detection
After 12 weeks of normal feeding, the mice in the control group and the experimental group were euthanized by cervical dislocation in the biosafety cabinet.
Gastric mucosal hp detection and pathological observation
Sterile scissors were used to cut the stomach along the large bend, then lengthwise to an average of two parts. One sample was put into a urease reagent for a urease test to detect Hp. One part was immersed in 10% neutral formalin buffer and fixed immediately, followed by paraffin embedding, sectioning, and HE staining. The new Sydney system (Stolte and Meining, 2001) was used to assess the pathological changes of chronic gastritis, with a score of 0 for none, 1 for slight, 2 for moderate, and 3 for severe. The assessment criteria are specified as follows.
Chronic inflammatory activity was graded according to the degree of neutrophil infiltration: None referred to the absence of neutrophils in the lamina propria; Slight was defined as a small number of neutrophils infiltrating the lamina propria; Moderate referred to the presence of more neutrophils in the mucosal layer, which could be seen in foveolar epithelial cells, surface epithelial cells or glandular epithelium; Severe cases were those in which the neutrophils were relatively dense, or in which a pit abscess might be seen in addition to the moderate ones.
Chronic inflammation was classified according to the density of reactive cells and the depth of infiltration. When the two were inconsistent, the former was mainly used, and the lymphoid follicles and their surrounding small lymphocyte areas must be avoided when calculating: None was defined as mononuclear cells (monocytes, lymphocytes and plasma cells) less than 5 cells per high power field; Slight inflammatory cells were less and limited to the superficial layer of the mucosa, no more than 1/3 of the mucosal layer; Moderate referred to the chronic inflammatory cells which were relatively dense, no more than 2/3 of the mucosal layer; Severe referred to chronic inflammatory cells that were dense and occupied the whole layer of the mucosa.
Atrophy was defined according to the reduction of gastric intrinsic glands: None referred to the lack of obvious reduction in the number of intrinsic glands; Slight was defined as the number of original glands reduced by no more than 1/3; Moderate was defined as a reduction in the number of native glands between 1/3 and 2/3 of the original glands; Severe was defined as the number of intrinsic glands reduced by more than 2/3, only a few glands remained, or even disappeared completely.
Intestinal metaplasia was the replacement of gastric pit, gastric mucosal epithelium and intrinsic gland cells by intestinal type cells (absorptive cells, Panesian cells and/or goblet cells): None referred to the absence of intestinal type cells; Slight was defined as the area of intestinal metaplasia accounting for less than 1/3 of the total area of gland and surface epithelium; Moderate was defined as 1/3 to 2/3 of the total area of the gland and the surface epithelium; Severe was defined as the area of intestinal metaplasia occupying more than 2/3 of the total area of gland and surface epithelium.
Dysplasia was determined according to the morphological changes or tissue structure disorder of gastric mucosal epithelium, gastric pit and intrinsic gland cells: None referred to no abnormal cells; In slight cases, the cells were dense and elongated, with polarity, and the nuclei were mostly located in the basal part with abnormal morphology, and there were few mitotic figures and cell stratification; Moderate was between mild and severe; Severe was defined as dense atypical glands with multilayered nuclei, increased abnormal mitotic figures, and disordered polarity.
Gastrointestinal microbial detection
The cecum segment was removed with a sterile scalpel, and the contents were collected. The frozen tube was placed on ice, labeled, placed into liquid nitrogen immediately, and then stored at −80°C. Metagenomics was used to detect gastrointestinal microorganisms, including sample DNA extraction, sample detection, library construction and library detection, up-sequencing, and down-sequencing analysis.
Brain neurotransmitter detection
The whole brain tissue sample was separated with sterile surgical instruments. The residual blood of the sample was rinsed with saline solution, and the liquid on the surface of the specimen was dried using filter paper. After rapid freezing, the brain tissue was placed into a frozen tube, marked, and then transferred to a refrigerator at −80°C or liquid nitrogen. Neurotransmitter-targeting metabolomics was used to detect brain neurotransmitters, including standard preparation, sample pretreatment, LC/MS detection, and information analysis.
Statistical analysis
Measurement data analysis: SPSS 26.0 was utilized for statistical analysis, with a significance level of difference set at p < 0.05. Kolmogorov-Smirnov normal distribution test was performed for data rows. Levene’s variance homogeneity test was performed if the normal distribution was satisfied. Two independent samples t-test was conducted if the variance was homogeneous. If the variance was not homogeneous, two independent samples t-test was conducted. The Wilcoxon rank sum test was performed if it did not conform to the normal distribution.
Metagenomics analysis: Firstly, KneadData software was utilized for quality control (based on Trimmomatic) and de-hosting (based on Bowtie2) of raw data. Before and after KneadData, FastQC was conducted to test the rationality and effect of quality control. Secondly, the microbial database (bacteria, archaea, fungi, viruses) downloaded from Kraken’s website was merged with the microbial database from Kraken2 and the new bacterial genome data from the Columbia University laboratory. The integrated database was used to identify the species contained in the samples, and then Bracken was used to predict the actual relative abundance of species in the samples. Thirdly, based on the abundance of the sample species, the differences in species composition were analyzed by Wayne map and LEfSe analysis.
Targeted metabolomics analysis: First of all, Unsupervised Principal Component Analysis was used for sample data quality control and batch correction. Secondly, the standardization of sample data was carried out in three steps: In-sample correction, that was, the abundance of all features of the sample divided by the median abundance of the sample (similar to relative abundance calculation); Content matrix correction, that was, log transformation of all content values, so that metabolite content distribution was close to normal distribution; Within feature correction, that was, the abundance of all samples corresponding to the feature subtracted the mean abundance of the feature and then divided the standard deviation of the feature abundance, so that the mean and standard deviation of all metabolites were at the same level. Finally, the characteristic metabolites were screened by orthogonal partial least square discriminant analysis (OPLSDA) and random forest, and then the characteristic metabolites were tested by t-test.
Pearson correlation analysis was performed between brain neurotransmitters and gastrointestinal microorganisms with significant differences. The results were shown by heat map.
RESULTS
Model evaluation
Compared to the control group, the hair of the mice in the experiment group was messy, dry, and dull. Figure 1A displayed the weekly measurements of body weight. No notable disparity in body weight was observed between the two groups of mice 2 days before the experiment began (D-2), at the end of the experiment (D89), or at any point during the experiment (p > 0.05).
[image: Figure 1]FIGURE 1 | General condition. (A) Changes in body weight. (B) Results of gastric mucosal urease test to detect Hp in the experiment group. (C) Map of gastric mucosa stained with HE in the control group. (D) Map of gastric mucosa stained with HE in the experiment group.
After 12 weeks of modeling, the strong positive rate of gastric mucosal Hp was 87.5% (Figure 1B). In the experiment group, gastric mucosal lymphocytes were infiltrated with local erosion and necrosis, capillary congestion, edema, and exudation. Besides, gastric mucosal folds decreased, and inherent glands decreased and atrophied (Figure 1D). Significant disparities in inflammatory activity, chronic inflammation, and gastric mucosa atrophy were evident in Table 1 when comparing the control group and experiment group as a whole, as well as mice of the same gender (p < 0.05). However, there were no notable disparities in gastric mucosa inflammation activity, chronic inflammation, atrophy, intestinal metaplasia, and dysplasia in female and male mice (p > 0.05). In conclusion, this experiment successfully replicated the mouse model of Hp-related chronic gastritis, and the study was comparable.
TABLE 1 | Comparison of gastric mucosal pathological scores [image: image].
[image: Table 1]Comparison of gastrointestinal microorganisms
Comparison between the experiment and control groups
There were 1,096 species of gastrointestinal microorganisms shared by the experiment and control groups, including 224 species endemic to the experiment group and 179 species endemic to the control group (Figure 2A). As illustrated in Figure 2B, the two groups had relatively high abundance and significant differences in characteristics of gastrointestinal microorganisms (LDA >2, p < 0.05).
[image: Figure 2]FIGURE 2 | Difference analysis of gastrointestinal microorganisms between the experiment and control groups. (A) Wayne map of common and endemic species. (B) LDA histogram of LEfSe analysis. C denotes class, o denotes order, f denotes family, g denotes genus, and s denotes species. In the experiment group, 8 cecal colon contents were obtained from male mice and 8 cecal colon contents from female mice. In the control group, 7 cecal colon contents were obtained from male mice and 7 cecal colon contents from female mice, because the sample sizes of one male and one female mouse in the control group was too little to be subjected to metagenomic detection.
Comparison between the same gender in the experiment and control groups
There were 948 species of gastrointestinal microorganisms shared by the female mice in the experiment and control groups, with 164 and 174 unique species, respectively (Figure 3A). The two groups had their own characteristic microorganisms (LDA >2, p < 0.05), as shown in Figure 3B and Supplementary Table S1. There were 868 species of gastrointestinal microorganisms shared by the male experiment group and the male control group, with 211 and 143 unique species, respectively (Figure 3C). The two groups had their own characteristic microorganisms (LDA >2, p < 0.05), as shown in Figure 3D and Supplementary Table S2.
[image: Figure 3]FIGURE 3 | Difference analysis of gastrointestinal microorganisms between the same gender in the experiment and control groups. (A) Wayne map of common and endemic species of gastrointestinal microorganisms of female mice in the experiment and control groups. (B) LDA histogram of gastrointestinal microbial LEfSe analysis of female mice in the experiment and control groups. (C) Wayne map of common and endemic species of gastrointestinal microorganisms of male mice in the experiment and control groups. (D) LDA histogram of gastrointestinal microbial LEfSe analysis of male mice in the experiment and control groups. K denotes kingdom, p denotes phylum, c denotes class, o denotes order, f denotes family, g denotes genus, and s denotes species. In the experiment group, 8 cecal colon contents were obtained from male mice and 8 cecal colon contents from female mice. In the control group, 7 cecal colon contents were obtained from male mice and 7 cecal colon contents from female mice.
Comparison between different genders in the experiment and control groups
There were 858 species of gastrointestinal microorganisms shared by male and female mice in the control group, and 153 and 264 species were endemic species, respectively (Figure 4A). Besides, both male and female mice had their own gastrointestinal characteristic microorganisms (LDA >2, p < 0.05), as shown in Figure 4B and Supplementary Table S3. In the experiment group, 871 species of gastrointestinal microorganisms were shared by both male and female mice, and 208 and 241 were endemic species, respectively (Figure 4C). Male and female mice had their own gastrointestinal characteristic microorganisms (LDA >2, p < 0.05), as shown in Figure 4D and Supplementary Table S4.
[image: Figure 4]FIGURE 4 | Difference analysis of gastrointestinal microorganisms between different genders in the experiment and control groups. (A) Wayne map of common and endemic species of gastrointestinal microorganisms of male and female mice in the control group. (B) LDA histogram of gastrointestinal microbial LEfSe analysis of male and female mice in the control group. (C) Wayne map of common and endemic species of gastrointestinal microorganisms of male and female mice in the experiment group. (D) LDA histogram of gastrointestinal microbial LEfSe analysis of female and male mice in the experiment group. p denotes phylum, c denotes class, o denotes order, f denotes family, g denotes genus, and s denotes species. In the experiment group, 8 cecal colon contents were obtained from male mice and 8 cecal colon contents from female mice. In the control group, 7 cecal colon contents were obtained from male mice and 7 cecal colon contents from female mice.
Comparison of brain neurotransmitters
Comparison between the experiment and control groups
Figure 5A indicated that there were certain differences in the content of brain neurotransmitters between the experiment and control groups, as observed in the distribution of OPLSDA point clouds. Among the 15 brain neurotransmitters shown in Figure 5B, L-Tyrosine (Tyr), 5-Hydroxytryptophan (5-HTP), Histamine (HisA), L-Glutamic acid (Glu), L-Tryptophan (Trp), 4-Aminobutyric acid (GABA), Kynurenic acid (KynA), and L-Histidine (His) in the experimental group exhibited higher levels compared to the control group, nevertheless the levels of Hydroxytyramine hydrochloride (DA), Tyramine (TyrA), Serotonin hydrochloride (5-HT), Adrenaline hydrochloride (E), 5-Hydroxyindole-3-acetic acid (5-HIAA), Acetylcholine chloride (Ach), and Noradrenaline hydrochloride (NE) in the experiment group were found to be lower compared to the control group. The importance analysis of OPLSDA metabolites in Figure 5C suggested that TyrA content significantly differed between the two groups (VIP >1 and corrected p < 0.05). Figure 5D showed that the content of TyrA in the experiment group was considerably lower than that in the control group (p < 0.01).
[image: Figure 5]FIGURE 5 | Difference analysis of brain neurotransmitters between the experiment and control groups. (A) OPLSDA point cloud diagram. It indicated the overall distribution of the samples. (B) Random forest diagram. The horizontal axis of the left panel measured the importance of a metabolite in the random forest, and the right panel was a heat map of the content of 15 metabolites in the two groups. (C) OPLSDA metabolite importance diagram. Metabolites with their names marked in yellow were brain neurotransmitters with corrected p < 0.05 and VIP >1, which were significantly different between groups. (D) Box diagram of brain neurotransmitter TyrA (** denotes p < 0.01). It displayed the differences between groups visually. The experiment and control groups obtained 8 brain tissue samples from male mice and 8 brain tissue samples from female mice, respectively.
Comparison between the same gender in the experiment and control groups
The OPLSDA point cloud distribution of female mice in the experiment and control groups suggested certain differences (Figure 6A). In the female experimental group, the levels of DA, 5-HT, Picolinic acid (PA), 5-HTP, and Tyr were elevated compared to the female control group among the 15 brain neurotransmitters depicted in Figure 6B. Besides, the levels of brain neurotransmitters in the female experimental group, which included TyrA, E, Glu, L-Glutamine (Gln), Ach, 5-HIAA, Levodopa (DOPA), NE, HisA, and GABA, were found to be decreased compared to those in the female control group. The importance analysis of OPLSDA metabolites in Figure 6C suggested that the TyrA content significantly differed between the two groups (VIP >1 and corrected p < 0.05). In Figure 6D, it was found that the amount of TyrA in the female experimental group was considerably reduced compared to the female control group (p < 0.01).
[image: Figure 6]FIGURE 6 | Difference analysis of brain neurotransmitters between the same gender in the experiment and control groups. (A) OPLSDA point cloud diagram of brain neurotransmitters of female mice in the experiment and control groups. (B) Random forest diagram of brain neurotransmitters of female mice in the experiment and control groups. (C) OPLSDA metabolite importance diagram of brain neurotransmitters of female mice in experiment and control groups. (D) Box diagram of brain neurotransmitter TyrA of female mice in the experiment and control groups (** indicates p < 0.01). (E) OPLSDA point cloud diagram of brain neurotransmitters of male mice in experiment and control groups. (F) Random forest diagram of brain neurotransmitters of male mice in experiment and control groups. (G) OPLSDA metabolite importance diagram of brain neurotransmitters of male mice in experiment and control groups. (H) Box diagram of brain neurotransmitter His of male mice in the experiment and control groups (* represents p < 0.05). The experiment and control groups obtained 8 brain tissue samples from male mice and 8 brain tissue samples from female mice, respectively.
The distribution of OPLSDA point clouds of male mice in the experiment and control groups suggested some differences (Figure 6E). Among the 15 brain neurotransmitters shown in Figure 6F, Tyr, Trp, HisA, His, Gln, and GABA in the male experiment group exhibited higher compared to the male control group. The brain neurotransmitters of the male experiment group were lower than that of the male control group, including 5-HT, NE, TyrA, DA, PA, E, DOPA, 5-HIAA, and Ach. The importance analysis of OPLSDA metabolites in Figure 6G indicated that His content significantly differed between the two groups (VIP >1 and corrected p < 0.05). In Figure 6H, the His content in the male experiment group exhibited notablely higher than that in the male control group (p < 0.05).
Comparison between different genders in the experiment and control groups
OPLSDA point cloud distribution of male and female mice in the control group suggested some differences in brain neurotransmitter content (Figure 7A). Among the 15 brain neurotransmitters shown in Figure 7B, DL-Kynurenine (Kyn) and His were higher in females than males, and DOPA, Glu, 5-HTP, HisA, TyrA, Tyr, GABA, DA, PA, 5-HT, NE, E, and Ach were lower in females than males. OPLSDA analysis in Figure 7C indicated significant differences in DOPA content between the two groups (VIP >1 and corrected p < 0.05), and DOPA content in females was observably lower than that in males (p < 0.05).
[image: Figure 7]FIGURE 7 | Difference analysis of brain neurotransmitters between different genders in the experiment and control groups. (A) OPLSDA point cloud diagram of brain neurotransmitters of male and female mice in the control group. (B) Random forest diagram of brain neurotransmitters of male and female mice in the control group. (C) OPLSDA metabolite importance diagram of brain neurotransmitters of male and female mice in the control group. (D) Box diagram of brain neurotransmitter DOPA of male and female mice in the control group (* represents p < 0.05). (E) OPLSDA point cloud diagram of brain neurotransmitters of male and female mice in experiment group. (F) Random forest diagram of gastrointestinal microorganisms of male and female mice in the experiment group. (G) OPLSDA metabolite importance diagram of brain neurotransmitters of male and female mice in the experiment group. (H) Box diagram of brain neurotransmitter Gln, NE, GABA, and E of male and female mice in the experiment group (* represents p < 0.05, ** indicates p < 0.01). The experiment and control groups obtained 8 brain tissue samples from male mice and 8 brain tissue samples from female mice, respectively.
OPLSDA point cloud distribution of male and female mice in the experiment group suggested some differences in brain neurotransmitter content (Figure 7E). Among the 15 brain neurotransmitters shown in Figure 7F, females had higher levels of PA, KynA, 5-HT, DA, and 5-HTP, while males had higher levels of NE, GABA, Gln, E, DOPA, Kyn, TyrA, Tyr, Trp, and Ach. OPLSDA analysis in Figure 7G indicated that the contents of Gln, NE, GABA, and E significantly differed between the two groups (VIP >1 and corrected p < 0.05). The contents of Gln, NE, GABA, and E in females were significantly lower than those in males (p < 0.05).
Correlation analysis between gastrointestinal microorganisms and brain neurotransmitters
The association between gastrointestinal microorganisms with significant differences and brain neurotransmitters was analyzed as shown in the follow figures.
The brain TyrA of the experiment and control groups was significantly positively correlated with Acinetobacter_baumannii and negatively correlated with Fusarium_venenatum (p < 0.05; Figure 8A). The brain TyrA of the female experiment group was significantly positively correlated with 8 gastrointestinal microorganisms, such as Acinetobacter_baumannii, and negatively correlated with 5 gastrointestinal microorganisms, such as Anaerovorax_odorimutans (p < 0.05; Figure 8B). The gastrointestinal microorganisms of male mice in the experiment and control groups had no significant positive correlation with the brain His. However, the brain His was significantly negatively correlated with 4 gastrointestinal microbes, including Acinetobacter_baumannii (p < 0.05; Figure 8C). In comparison between the experimental group and the control group as a whole and between the same gender (Figures 2, 3, 5, 6, 8A–C; Supplementary Tables S1, S2), the brain neurotransmitters with significant differences were significantly correlated with some gastrointestinal microorganisms with significant differences respectively.
[image: Figure 8]FIGURE 8 | Heat map of the association between brain neurotransmitters and gastrointestinal microorganisms with significant differences. (A) Heat map of the association in the experiment and control groups. (B) Heat map of the association in the female experiment and control groups. (C) Heat map of the association in the male experiment and control groups. (D) Heat map of the association in the male and female control groups. (E) Heat map of the association in the male and female experiment groups.
Combined with Figures 4, 7, 8D, and Supplementary Tables S3, S4, the correlation between brain neurotransmitters (Gln, GABA, NE, and E) and gastrointestinal microorganisms was comprehensively analyzed as follows.
16 kinds of gastrointestinal microorganisms like Alistipes_inops, which were significantly positively correlated with brain Gln, were significantly lower in female mice with Hp-related chronic gastritis than in male mice (LDA >2 and p < 0.05). However, among the 16 gastrointestinal microorganisms, only Escherichia_coli in female normal mice was significantly lower than in male normal mice (LDA >2 and p < 0.05). Furthermore, 25 kinds of gastrointestinal microorganisms, which were significantly negatively correlated with brain Gln, such as Allobaculum_stercoricanis, were significantly more abundant in female mice with Hp-related chronic gastritis than in male mice (LDA >2 and p < 0.05). Among the 25 kinds of gastrointestinal microorganisms, only 9 kinds of gastrointestinal microbial abundance in female normal mice, such as Bacillus_ginsengihumi, were also significantly higher than that of male normal mice (LDA >2 and p < 0.05).
The abundances of 10 kinds of gastrointestinal microorganisms, such as Bacteroides_caccae, with a significant positive correlation of GABA, in the female mice with Hp-related chronic gastritis, were significantly lower than those in the male mice (LDA >2 and p < 0.05). Among the 10 kinds of gastrointestinal microorganisms, only Escherichia_coli abundance in female normal mice was significantly lower than that in male normal mice (LDA >2 and p < 0.05). The abundance of 18 gastrointestinal microorganisms, which had a significant negative correlation with brain GABA, such as Allobaculum_stercoricanis, in female mice with Hp-related chronic gastritis, were significantly higher than those in male mice (LDA >2 and p < 0.05). Among which only 8 kinds of gastrointestinal microorganisms such as Bacillus_alkalitelluris in female normal mice were also significantly higher than those in male normal mice (LDA >2 and p < 0.05).
The abundance of 21 gastrointestinal microorganisms, such as Algoriphagus_antarcticus, which had a significant positive correlation with brain NE, were significantly lower in female mice than in male mice with Hp-related chronic gastritis (LDA >2 and p < 0.05). Among the 21 kinds of gastrointestinal microorganisms, only Escherichia_coli abundance in female normal mice was significantly lower than in male normal mice (LDA >2 and p < 0.05). The abundance of 19 gastrointestinal microorganisms, such as Allobaculum_stercoricanis, which had a significant negative correlation with brain NE, were significantly higher in female mice than in male mice with Hp-related chronic gastritis (LDA >2 and p < 0.05). Among the 19 kinds of gastrointestinal microorganisms, the abundance of 9 gastrointestinal microorganisms, including Lactobacillus_amylovorus, were significantly higher in female normal mice than in male normal mice (LDA >2 and p < 0.05).
The abundance of 7 gastrointestinal microorganisms like Alistipes_inops, which were significantly positively correlated with brain E, were significantly lower in female mice than in male mice with Hp-related chronic gastritis (LDA >2 and p < 0.05). Among the 7 kinds of gastrointestinal microorganisms, there were no significant difference between male and female normal mice (LDA ≤2 or p > 0.05). The abundance of 26 gastrointestinal microorganisms, such as Allobaculum_stercoricanis, which had a significant negative correlation with brain E, were significantly higher in female mice than those in male mice with Hp-related chronic gastritis (LDA >2 and p < 0.05), of which only 8 kinds of gastrointestinal microbial abundance such as Bacillus_ginsengihumi in female normal mice also significantly higher than those of male normal mice (LDA >2 and p < 0.05).
Among the gastrointestinal microorganisms significantly related to Gln, GABA, NE, and E, only a few showed the same significant differences of male and female mice between the experiment group and the control group, indicating that Hp-related chronic gastritis caused new differences in gastrointestinal microorganisms between male and female mice to a certain extent.
DISCUSSION
Chronic gastritis is an inflammatory disease of gastric mucosa (Solovyova et al., 2019). The incidence of chronic gastritis is closely related to Hp (Malfertheiner et al., 2023; Zhu et al., 2022), and Hp-related chronic gastritis severely affects human health (Alizadeh-Naini et al., 2020; Mestrovic et al., 2021).
Hp-related chronic gastritis model replication methods have been mature, and C57BL/6 mice are relatively easy to colonize by Hp (Dey et al., 2021; Forooghi et al., 2023; Malespín-Bendaña et al., 2023). In this research, C57BL/6 mice were selected as experimental subjects, and the Hp infection method was used to replicate the model of Hp-related chronic gastritis. In the experiment group, the strong positive rate of Hp in the gastric mucosa of mice was 87.5%, and all mice had pathological changes to different degrees of chronic gastritis, indicating that the mouse model was successfully replicated in this experiment. Significant differences were found in inflammatory activity, chronic inflammation, and gastric mucosa atrophy between the same-sex mice in the experiment and control groups. There were no significant differences in the gastric mucosal pathology of male and female mice in the same group. Therefore, gastrointestinal microorganisms and brain neurotransmitters between and within the experiment and control groups were comparable.
Studies have shown that Hp infection could have a certain impact on gastrointestinal microflora and gastrointestinal diseases (Chen et al., 2022; Pereira-Marques et al., 2019). In this research, C57BL/6 mice were selected as the object, and the differences in gastrointestinal microecology between Hp-related chronic gastritis mice and normal mice have been discussed in detail. There were significant differences in gastrointestinal microorganisms between mice with Hp-related chronic gastritis and normal mice as a whole and the same-sex mice. The specific differences are shown in Figures 2, 3 and Supplementary Tables S1, S2, indicating that Hp-related chronic gastritis caused some significant changes in the gastrointestinal microorganisms of mice. Some specific differences were related to the gender of the mice. There were significant differences between the male and female mice with Hp-related chronic gastritis, as well as between the male and female normal mice, but the differences were not entirely the same, as shown in Figure 4 and Supplementary Tables S3, S4. These indicate that the significant differences in gastrointestinal microorganisms of male and female mice with Hp-related chronic gastritis were not entirely caused by the gender of mice, and Hp-related chronic gastritis also led to certain differences. Some scholars have studied the effect of Hp infection on gastrointestinal microorganisms (Elghannam et al., 2024; Lino and Shimoyama, 2021; Tao et al., 2020), but no special study has been conducted on the effect of chronic gastritis caused by Hp infection on gastrointestinal microorganisms, let alone the difference in gender. This study fills the gap of how experimental Hp-related chronic gastritis specifically affects the gastrointestinal microbiota in mice. It will provide the possibility to explain the effects of Hp-related chronic gastritis on the gastrointestinal tract and other parts from the perspective of gastrointestinal microecology.
There are some evidences that Hp may be closely related to central nervous and peripheral nervous system diseases, but the specific mechanism has been unclear (Baj et al., 2021; Dardiotis et al., 2020; Sticlaru et al., 2019). Neurotransmitters are closely linked to the pathogenesis of nervous system diseases, and numerous studies have been conducted in this area (Özakman et al., 2021; Schützler et al., 2019; Schaeffer et al., 2021). However, the association between Hp and neurotransmitters has been unclear. This study conducted a preliminary exploration on Hp-related chronic gastritis and brain neurotransmitters in mice. These results indicated that Hp-related chronic gastritis might cause significant changes in mice’s brain neurotransmitters, and the specific differences varied based on gender. The significant differences in brain Gln, GABA, NE, E contents and the disappearance of significant difference in brain DOPA content in male and female mice with Hp-related chronic gastritis were not the differences between male and female normal mice, but the changes might be caused by Hp-related chronic gastritis. The exact effect of Hp-related chronic gastritis on brain neurotransmitters will provide experimental reference for the study of the mechanism of Hp-related chronic gastritis on nervous system diseases and symptoms.
With the advancement of research on the microbiota-gut-brain axis, increasing evidences indicate a close relationship between microorganisms and neurotransmitters (Strandwitz, 2018; Gorlé et al., 2021; Dicks, 2022). This study analyzed the relationship of gastrointestinal microorganisms and brain neurotransmitters between the mice with Hp-related chronic gastritis and normal mice (Figure 8), and revealed some correlations between brain neurotransmitters and gastrointestinal microorganisms. The results delve into a possible phenomenon that Hp-related chronic gastritis could cause the differences of gastrointestinal microorganisms and brain neurotransmitters, and the changes of brain neurotransmitters might be related to the changes in gastrointestinal microorganisms. Many studies have shown that Hp infection may be widely associated with gastric and extragastric diseases (Santos et al., 2020; Idowu et al., 2022). This study focused on the effects of Hp-related chronic gastritis on gastrointestinal microorganisms and brain neurotransmitters in mice, providing an experimental basis for the research on the association mechanism.
This experiment initially revealed the specific effects of experimental Hp-related chronic gastritis on gastrointestinal microorganisms and brain neurotransmitters in mice, and the possible relationship between gastrointestinal microorganisms and brain neurotransmitters. However, related research involves multi-factors, multi-links and multi-stages. For example, the specific influence mechanism of Hp-related chronic gastritis on gastrointestinal microecology, the specific influence pathway between gastrointestinal microecology and brain neurotransmitters, the association between Hp-related chronic gastritis and nervous system diseases, and the gender difference mechanism of Hp-related chronic gastritis model mice revealed by this experiment remain to be further explored. In the future, further studies will be conducted based on the results of this study.
CONCLUSION
Hp-related chronic gastritis has certain effects on gastrointestinal microorganisms and brain neurotransmitters in mice, and the specific effects differ to certain degrees depending on gender. In addition, the changes in brain neurotransmitters in mice with Hp-related chronic gastritis may be related to the changes in gastrointestinal microorganisms.
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