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Background: Patients with inflammatory bowel disease (IBD) have a higher prevalence of depression. Gut microbiota dysbiosis plays an important role in IBD and depression. However, few studies have explored the characteristic microbiota of patients with IBD and depression (IBDD), or their role in IBDD.

Methods: We performed deep metagenomic sequencing and 16S rDNA quantitative PCR to characterise the gut microbial communities of patients with IBDD and patients with IBD without depression (IBDND). We then assessed the effect of the microbiota on colitis and depression in mouse models of dextran sulfate sodium salt (DSS)-induced colitis and lipopolysaccharide (LPS)-induced depression. Furthermore, liquid chromatography–tandem mass spectrometry was used to analyse the microbiota-derived metabolites involved in gut–brain communication. Evans Blue tracer dye was used to assess blood–brain barrier (BBB) permeability.

Results: Our results showed that the faecal abundance of Bacteroides vulgatus (B. vulgatus) was lower in patients with IBDD than in those with IBDND. In the DSS-induced colitis mouse model, the B. vulgatus group showed a significantly lower disease activity index score, lesser weight loss, and longer colon length than the DSS group. Moreover, B. vulgatus relieved depression-like behaviour in the DSS-induced colitis mouse model and in the LPS-induced depression mouse model. Furthermore, the key metabolite of B. vulgatus was p-hydroxyphenylacetic acid (4-HPAA), which was found to relieve intestinal inflammation and alleviate depression-like behaviours in mouse models. By increasing the expression of the tight junction protein claudin-5 in the vascular endothelium of the BBB, B. vulgatus and 4-HPAA play critical roles in gut–brain communication.

Conclusion: B. vulgatus and B. vulgatus-derived 4-HPAA ameliorated intestinal inflammation and relieved depressive symptoms through the gut–brain axis. Thus, administration of B. vulgatus or 4-HPAA supplementation is a promising therapeutic strategy for treating IBD, particularly IBDD.
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Introduction

The incidence of inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), has increased in the past few years (Kaplan and Windsor, 2021). The occurrence and development of IBD are closely related to a variety of factors, including microbiota, environment, genes, and psychology (Ananthakrishnan, 2015; Borren et al., 2019). Depression is commonly accompanied by IBD, with a prevalence of 25.2% (Barberio et al., 2021). Patients with IBD who experience depression are more likely to relapse, undergo surgery, or be hospitalised (Kochar et al., 2018). Antidepressant treatment protects against IBD (Goodhand et al., 2012; Frolkis et al., 2019). However, a safe and effective regimen that simultaneously treats intestinal inflammation and depression has not been fully developed (Mikocka-Walus et al., 2020). Therefore, the discovery of therapeutic strategies for the treatment of patients with IBD, especially those with depression, is important.

A large body of evidence suggests that IBD is associated with a reduction in the number of key commensal gut bacteria (Lee and Chang, 2021). Increasing evidence has indicated that some commensal gut bacteria possess antidepressant properties (Simpson et al., 2021). A clinical trial showed that Bifidobacterium longum reduced depression scores and altered brain activity in patients (Pinto-Sanchez et al., 2017). Additionally, in clinical studies, Lactobacillus plantarum and Bifidobacterium breve modulated the gut microbiota or metabolism to reduce the symptoms of major depressive disorders (Rudzki et al., 2019; Tian et al., 2022). Nevertheless, few studies have explored the characteristic microbiota of patients with IBD and depression (IBDD) and their role in IBDD.

The gut–brain axis is a network of connections between gut bacteria and the brain that allows bidirectional communication via several communication pathways, including chemical transmitters, neuronal pathways, and the immune system (Morais et al., 2021). For instance, in mice, the bacterial metabolite 4-ethylphenyl sulfate enters the brain, impairs oligodendrocyte maturation, decreases oligodendrocyte–neuron interactions, and induces anxiety-like behaviour (Needham et al., 2022). In addition, the administration of microbiota-derived short-chain fatty acids to mice alters the expression of brain-derived neurotrophic factor (BDNF), a neuronal factor associated with depression (Han et al., 2014). Additionally, methylamine trimethylamine N-oxide, which is associated with the microbiome, enhances the integrity of the blood–brain barrier (BBB) and protects murine cognitive function (Hoyles et al., 2021). However, it is still unclear how enterobacteria regulate the gut–brain axis function and depressive symptoms in IBDD.

In this study, we performed deep metagenomic sequencing and 16S rDNA quantitative PCR (qPCR) to characterise the gut microbial communities in patients with IBDD and IBD without depression (IBDND). We found a significant difference in the abundance of Bacteroides vulgatus (B. vulgatus) between the two groups. We assessed the effect of B. vulgatus on colitis and depression in mouse models of dextran sulfate sodium salt (DSS)-induced colitis and lipopolysaccharide (LPS)-induced depression. Furthermore, liquid chromatography–tandem mass spectrometry (LC–MS/MS) was used to analyse B. vulgatus metabolites involved in gut–brain communication.



Materials and methods


Participants and sample collection

The participants were recruited from the Third Xiangya Hospital of Central South University. This study was approved by the Institutional Review Board of the Third Xiangya Hospital of Central South University and written informed consent was obtained from all participants. Diagnosis of IBD was confirmed using previously established international criteria based on clinical, endoscopic, histopathological, and radiological findings (Gomollon et al., 2017; Magro et al., 2017). The Patient Health Questionnaire-9 (PHQ-9) was used to evaluate depression levels, and PHQ-9 scores >4 points were defined as depression (Spitzer et al., 1999). Stool samples were collected from participants if antibacterial medications had not been administered within 3 months. First, we collected faecal samples from six patients with CD with depression (CDD) and from 16 patients with CD without depression (CDND) for metagenomic sequencing. Furthermore, additional faecal samples were collected from 25 patients with CDD, 24 with CDND, 10 with UC with depression (UCD), and 5 without depression (UCND), and from 40 healthy controls (HCs); these patients were considered an expanded cohort for the qPCR experiment. No significant differences were found in the general information of metagenome sequencing or expanded cohorts (Supplementary Tables S1, S2).



Metagenomic sequencing and analysis

Faecal samples were collected from all participants as described in a previous study and sequenced on an Illumina HiSeq platform (Jian et al., 2020). Low-quality sequence reads were discarded from raw sequencing data, and human host DNA was eliminated by filtering out the human reference genome (hg38). Clean data were assembled using SOAPdenovo software (version 2.04), and taxonomic analyses were conducted using Kraken (version 1.0). The values of species abundance in metagenome sequencing results are listed in Supplementary Table S3.

To estimate bacterial diversity (within and between samples) and dissimilarity (between samples), the Shannon index and Bray–Curtis dissimilarity metric were estimated using R (version 3.5.0) and the vegan package (version 2.5–2). Partial least squares discriminant analysis (PLS-DA) was used to reveal the taxonomic changes between the two groups. The Bray–Curtis distance was used to assess the significance of differences between the two groups using permutational multivariate analysis. The Linear discriminant analysis (LDA) Effect Size (LEfSe) method was used to analyse differential abundances. A value of p threshold of 0.05 (Wilcoxon rank sum test) was considered statistically significant.



16S ribosomal DNA qPCR

Bacterial DNA was extracted from human or mouse faecal samples using a Stool Genomic DNA Kit (TransGen Biotech, China). Real-time qPCR was performed using a Bio-Rad CFX96 Real-Time PCR platform. The reaction mixture (20 μL) for qPCR contained SYBR qPCR Master Mix (Vazyme, China) (10 μL), forward and reverse primers (final concentration 200 nM), and the extracted DNA (4 μL). The relative abundance was calculated using the ΔCt method and normalised to the total bacterial count. The following primer sets were used: B. vulgatus: 5′-ACTGGATTTGACAGCGTGGC-3′ and 5′-AAACGCTTCGGAACAAGAGCT-3′; total bacteria (Atarashi et al., 2011): 5′-GGTGAATACGTTCCCGG-3′ and 5′-TACGGCTA CCTTGTTACGACTT-3′.



GMrepo database analysis

The relative abundances of B. vulgatus in stool samples from patients with IBD, patients with depression, and HC were extracted and analysed using the GMrepo database1 (Wu et al., 2020).



Preparation of Bacteroides vulgatus

Bacteroides vulgatus ATCC 8482 was purchased from the American Type Culture Collection (ATCC, USA). V4 16S ribosomal RNA sequencing was performed to confirm bacterial strains at the species level. The bacteria were grown anaerobically at 37°C for 24 h in brain–heart infusion (BHI) broth (Hopebio, China) supplemented with 5 μg/mL hemin (Hopebio, China) and 0.5 μg/mL vitamin K1 (Hopebio, China). The cultures were centrifuged at 4000 rpm for 15 min and resuspended at a final concentration of 1 × 109 CFU/200 μL in sterile anaerobic phosphate buffer saline (PBS).



Mouse models and treatments

Male C57BL/6 mice (6–8 weeks old) were purchased from Hunan SJA Laboratory Animal Co. Ltd., China. All animal studies were approved by the Ethics Committee for Animal Experiments of Central South University. All animals were maintained under specific pathogen-free conditions.

Colitis in mice was induced by adding 2% (w/v) DSS (MP Biomedicals) to drinking water for 7 days. All mice were randomly allocated into groups as follows: the control group was administered distilled water and received 200 μL PBS intragastrically once per day for 14 days. The DSS, B. vulgatus, 4-Hydroxyproline (4-HP), 3-Aminosalicylic acid (3-ASA), chenodeoxycholic acid (CDCA), and p-hydroxyphenylacetic acid (4-HPAA) groups were administered distilled water for the first 7 days and then fed 2% (w/v) DSS in distilled water from days 8 to 14. In the DSS group, all mice were given 200 μL PBS via oral gavage once per day for 14 days. In the B. vulgatus group, all mice were orally administered B. vulgatus suspended in sterile anaerobic PBS once daily for 14 days. In the 4-HP, 3-ASA, CDCA, and 4-HPAA groups, the mice were orally administered 4-HP (70 mg/kg), 3-ASA (50 mg/kg), CDCA (70 mg/kg), or 4-HPAA (25 mg/kg) (Macklin Biotech, China) suspended in sterile anaerobic PBS once per day for 14 days. To evaluate the severity of DSS-induced colitis, the body weight and disease activity index (DAI) were recorded daily (Wirtz et al., 2017). After the mice were euthanised, the colon and hippocampal tissues were collected for further investigation. The colon length was measured and colon inflammation was assessed via haematoxylin and eosin staining, as described in a previous study (Wirtz et al., 2017).

Depression-like behaviour in mice was induced by intraperitoneal injection of 5 mg/kg LPS (Sigma-Aldrich, USA) (Arioz et al., 2019). All mice were randomly allocated to the following groups: the control and LPS groups were intragastrically administered PBS for 8 days. On day 7, the LPS group received an intraperitoneal injection of 5 mg/kg LPS, and the control group received an equivalent volume of PBS. The B. vulgatus, 3-ASA, CDCA, and 4-HPAA groups were orally administered B. vulgatus, 3-ASA, CDCA, and 4-HPAA suspended in sterile anaerobic PBS for 8 days and received an intraperitoneal injection of LPS on day 7. The dose used in this experiment was the same as previously described. As a positive control for the antidepressant effect, in this study, mice were intraperitoneally injected with 10 mg/kg of the tricyclic antidepressant fluoxetine (Macklin Biotech, China) for 7 days. Behavioural analyses were conducted 24 h after LPS injection (described in detail below). After euthanasia, hippocampal tissue was collected for further investigation.



Histological assessment

1 cm distal colon was fixed with 10% formalin buffer overnight, then embedded in paraffin, cut into 5 μm thick sections, stained with haematoxylin and eosin (HE) and inspection with microscope. A blinded histopathologic analysis was used to evaluate the slides. A 0- to 3-point scale was used to describe the tissue damage (0 = none, 1 = isolated focal epithelial damage, 2 = mucosal erosions and ulcerations, and 3 = extensive damage deep into the bowel wall), the lamina propria inflammatory cell infiltration (0 = infrequent, 1 = increased, some neutrophils, 2 = submucosal presence of inflammatory cell clusters, and 3 = transmural cell infiltrations). Each parameter was calculated and summed to obtain the overall score.



Behavioural assessment

The open field test (OFT) and tail suspension test (TST) were used to assess depression-like behaviour. All behavioural tests were conducted from 7 a.m. to 12 p.m. Prior to the experiment, the mice were brought to the behavioural room and allowed to rest and habituate for at least 2 h. Blinded experimenters conducted all analyses.

The OFT apparatus comprised 40 × 40 arenas, with the floor divided into 16 equal squares (10 × 10 cm). The centre consisted of four squares, whereas the periphery consisted of 12 squares along the walls. Mice from each group were placed in the centre of the arena and allowed to explore freely. A video camera was mounted on the top of the arena and videotaped for 10 min. The total distance between the arena and its centre area was calculated using Smart Junior software (version 3.0; Panlab, Spain). The TST was conducted in a dimly lit room that was acoustically and visually isolated. Each mouse was individually suspended 50 cm above the floor using adhesive tape placed approximately 1 cm from the tail tip. The immobility time of each mouse was recorded for 6 min using Smart Junior software, and the immobility time was quantified for the last 4 min.



Transcriptome sequencing and real-time qPCR

RNA preparation, library construction, and sequencing were performed using a DNBSEQ-T7 instrument at the Beijing Genomics Institute. 18,477 genes were analyzed in this study. Gene expression levels were quantified using RSEM software. Gene and genome mapping statistics from RNA-seq analysis are listed in Supplementary Table S4. The differentially expressed genes (DEGs) between samples were analysed using R (version 3.5.0) and the package DESeq2 (version 1.36.0). DEGs were determined using log2FoldChange > 1 and adjusted p-value <0.05 (Supplementary Table S5). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to extrapolate the differentially expressed pathways. Heatmaps were generated using the R package heatmaps (version 1.20.0). RT-qPCR was performed using a Bio-Rad CFX96 Real-Time PCR platform using the SYBR qPCR Master Mix (Vazyme, China). The primer sequences are listed in Supplementary Table S6.



Immunofluorescence staining

After transcardial perfusion with ice-cold PBS, the brains were dissected, fixed with 10% formalin buffer overnight, then embedded in paraffin, cut into 20 μm thick sections. Hippocampal tissue sections were blocked in 5% bovine serum albumin for 20 min and then incubated with rabbit anti-BDNF primary antibody (1:200; Proteintech) overnight at 4°C. Subsequently, the sections were washed with 0.01 M PBS and incubated with Cy3 conjugated goat anti-rabbit secondary antibody (1:200; Proteintech) for 1 h at room temperature. The sections were rewashed with 0.01 M PBS and stained with DAPI (2.5 μg/mL, Beyotime Biotechnology, China) for 20 min at room temperature. Anti-claudin-5 (1:500; Invitrogen) and anti-CD31 (1:200; Proteintech) primary antibodies were used to analyse claudin-5 expression in the vascular endothelium of the BBB. CD31 is a vascular endothelial cell marker. Images were captured using an Olympus microscope. The relative fluorescence intensities were calculated using the ImageJ software (version 1.51 K) and the average levels were calculated for each sample.



Enzyme-linked immunosorbent assay (ELISA)

Total bilateral hippocampi were collected and homogenised in PBS containing protease and phosphatase inhibitors (Beyotime Biotechnology, China). Subsequently, the homogenate was centrifuged (5,000 × g, 15 min), and the clarified supernatant was collected for ELISA. BDNF expression levels were measured according to the manufacturer’s protocol (Elabscience, China) and corrected based on the total amount of loaded protein.



Metabolomics analysis

Faecal, blood, hippocampal samples and bacterial culture supernatant were prepared for metabolomic analysis, according to the manufacturer’s instructions (Beijing Genomics Institute, Beijing, China). Fecal and hippocampal samples should be weighed, added 140ul of 50% water/methanol solution, crushed, and centrifuged to get the supernatant. A total of 350 metabolites were quantified using LC–MS/MS. The analytical instrument for this experiment was LC–MS QTRAP 6500+ (SCIEX). Chromatographic column was BEH C18 (2.1 mm x 10 cm, 1.7um, waters). Ion source was ESI+/ESI–. The R package metaX was used for difference analyses. Principal component analysis was used to visualise differences in the metabolite profiles. Volcano plots were used to illustrate the differences in the quantitative values of the metabolites between the two groups and their statistical significance. Differential metabolites were screened with a ratio ≥ 1.2 or ratio ≤ 0.83 and value of p <0.05 (Supplementary Table S7). The KEGG database was used to analyse metabolic pathway enrichment of the differential metabolites. Significantly enriched pathways were identified at p < 0.05.



Measurement of BBB permeability in vivo

Evans Blue (EB) tracer dye was used to test BBB permeability as previously described (Bhowmick et al., 2019). EB (2% w/v in sterile PBS) (Sigma-Aldrich) was administered (4 mL/kg) through the tail vein 24 h after LPS treatment. The EB was allowed to circulate for 2 h. After transcardial perfusion with ice-cold PBS, the brains were dissected, weighed, and homogenised in 50% (w/v) trichloroacetic acid (Macklin, China) for 24 h. After centrifugation (2000 × g for 15 min) at 4°C, the supernatant was collected. The dye concentration in the supernatant was measured at 620 nm using a spectrophotometer and normalised to the dry weight of brain tissue.



Transmission electron microscopy

The dissected hippocampi were fixed in 2.5% glutaraldehyde in 0.1 mol/L cacodylic acid buffer (pH 7.3) overnight, and then post-fixed in 1% osmic acid for 2 h. Subsequently, the fixed brains were dehydrated using a graded ethanol series, embedded in an Epon/Araldite mixture, and cut into semi-thin sections. An ultramicrotome (LKB-III, Sweden) was used to cut the slices, which were mounted on copper grids and stained with plumbic nitrate and uranyl acetate. Transmission electron microscopy (Hitachi H-7500, Hitachi, Tokyo, Japan) was used to examine the specimens.



Statistical analysis

Data are presented as the mean ± standard deviation. Unpaired two-sided t-tests were used to compare two experimental groups. A one-way analysis of variance was used to compare three or more experimental groups. The correlation between B. vulgatus abundance and PHQ-9 score was measured using the chi-square test. Statistical significance was set at p < 0.05. All statistical analyses were performed using Prism 9 software (GraphPad Software, La Jolla, CA, USA).




Results


Abundance of Bacteroides vulgatus is decreased in patients with IBDD

To explore the potential connection between the gut microbiome and CDD, we performed shotgun metagenomic sequencing of faecal samples from 16 patients with CDND and six patients with CDD. First, PLS-DA at the operational taxonomic unit level revealed statistically significant clustering (Figure 1A), suggesting different microbial community structures between the two groups. The LEfSe method was used to identify the specific microbiota communities associated with patients with CDD and CDND. Fifteen discriminative features (LDA > 2, p < 0.05) were identified at the species level. B. vulgatus abundance was lower in CDD faecal samples than in CDND faecal samples (Figure 1B).

[image: Figure 1]

FIGURE 1
 The abundance of Bacteroides vulgatus is decreased in patients with IBDD. (A) PLS-DA score plot of species abundance in samples from individuals with CDD (n = 6, red points) and CDND (n = 16, blue points). Permutational multivariate analysis of variance with the Bray–Curtis distance metric was used to assess the significance of differences between the two groups (p < 0.001). (B) The LEfSe analysis of the bacterial species between CDD and CDND patients. Bacteria species with LDA score greater than 2 were considered to differ between the two groups. Blue bars indicate species enrichment in patients with CDND, and red bars indicate species enrichment in patients with CDD. (C, D) The relative abundances of B. vulgatus in an CD expanded cohort (n = 49) and UC cohort (n = 15). The expression of B. vulgatus was tested by qPCR of 16S rDNA. (E) The correlation of the abundance of B. vulgatus in CD feces and PHQ9 score (n = 49; two-sided Pearson correlation analysis). (F) The correlation of the abundance of B. vulgatus in UC feces and PHQ-9 score (n = 15; two-sided Pearson correlation analysis). (G) The relative abundance of B. vulgatus in healthy controls (n = 40) and IBD cohort (n = 64). (H, I) The fecal abundance of B. vulgatus in patients with IBD and depression and healthy controls in GMrepo database. CDD, CD patients with depression; CDND, CD patients without depression; IBD, Inflammatory bowel disease; HC, healthy control. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


Furthermore, the relative abundance was determined in the expanded cohorts using qPCR of 16S rDNA. We found that patients with CDD had lower B. vulgatus levels than those with CDND (Figure 1C). Patients with UCD had lower levels of B. vulgatus than patients with UCND (Figure 1D). Moreover, the abundance of B. vulgatus in the faeces of patients with CD and UC was negatively correlated with the PHQ-9 score (r = −3.01, p < 0.05) (Figures 1E,F). Additionally, patients with IBD had a significantly decreased abundance of B. vulgatus than that in HCs (Figure 1G).

The GMrepo database was used to determine the abundance of B. vulgatus in patients with IBD or depression. We found that patients with IBD had lower B. vulgatus levels than HCs (Figure 1H). Moreover, B. vulgatus abundance was reduced in patients with depression compared to that in HCs (Figure 1I). Therefore, we speculate that B. vulgatus may play an important role in the pathogenesis of IBD and depression.



Bacteroides vulgatus administration ameliorated DSS-induced colitis

To further investigate the role of B. vulgatus in IBD, we fed C57BL/6 mice 2% DSS with B. vulgatus or PBS for 1 week (Supplementary Figure S1A). First, we confirmed that B. vulgatus could colonise the gut of mice by comparing the abundance of B. vulgatus in the faeces of the B. vulgatus and DSS groups (Supplementary Figure S1B). We found that the B. vulgatus group showed significantly lower DAI scores, lesser weight loss, and longer colon lengths than the DSS group (Figures 2A–D). Moreover, histological examination of colon sections showed that B. vulgatus group mice exhibited less inflammatory cell infiltration, relatively intact colonic architecture, less mucosal damage, and a lower histology score than the DSS group mice (Figures 2E,F). Taken together, these results suggest that B. vulgatus protects mice from colitis.
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FIGURE 2
 Bacteroides vulgatus administration ameliorates DSS-induced colitis. (A) Body weight change and statistics of weight loss on day 7. (B) DAI score change and statistics of DAI score on day 7. (C, D) Representative pictures of colon gross appearance and statistics about colon length. (E, F) Representative microscopic pictures of H&E staining (40x and 200x magnification) and statistics of histology score. BV, B.vulgatus. n = 6 mice per group. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


Subsequently, to understand why B. vulgatus could relieve colitis, we used RNA-seq to analyse altered gene expression in the colon tissue of B. vulgatus-treated mice. A volcano map shows the DEGs affected by B. vulgatus in DSS-treated mice (Figure 3A). KEGG pathway analysis revealed that the DEGs were mainly enriched in cytokine-cytokine receptor interactions and the IL-17 signalling pathway (Figure 3B). The heatmap shows that IL-6, OSM, CXCL1, and CXCL2 were upregulated in the B. vulgatus group compared to their levels in the DSS group (Figure 3C). The expression of these molecules in the colon was confirmed using qPCR analysis (Figure 3D). These results confirm that B. vulgatus plays an anti-inflammatory role in colitis.
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FIGURE 3
 RNA-seq analysis reveals altered gene expression in colon tissue from Bacteroides vulgatus-treated mice. (A) Volcano map showed the differentially expressed genes (DGEs) caused by B. vulgatus in DSS treated mice. The DEGs were determined by using log2FoldChange > 1 and adjusted p value <0.05 as criteria (n = 3 per group). (B) KEGG analysis showed the differentially expressed genes enriched signalling pathway. (C) Heatmap analysis revealed the expression of different genes in B. vulgatus and DSS groups. (D) qPCR was used to determine differential gene expression in DSS and BV colon tissues (n = 5 per group). BV, B. vulgatus. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.




Bacteroides vulgatus relieves depression-like behaviour in mice

Previous studies have reported that DSS-treated mice exhibit depression-like behaviour (Takahashi et al., 2019). In the present study, mice with DSS-induced colitis were used to verify whether B. vulgatus relieves the symptoms of depression that accompany IBD. In the OFT, the total distance in the open field and central zone of DSS-treated mice was significantly reduced compared to that of the control mice (Figures 4A–C). In the TST, DSS mice showed a significantly higher duration of immobility than that shown by the control mice (Figure 4D). In contrast, gavage with B. vulgatus reversed these changes. Previous studies have indicated that antidepressants increase hippocampal BDNF expression and exert their therapeutic effects (Wang et al., 2008). We examined BDNF expression in the mouse hippocampus. The DSS group had lower hippocampal BDNF levels than the control group. B. vulgatus promoted BDNF expression in DSS mice (Figures 4E,F).
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FIGURE 4
 Bacteroides vulgatus relieves DSS-induced depression-like behaviour in mice. (A) Representative activity tracking of 10 min in the OFT. (B, C) Statistical results of the total distance of mice in the open field and central zone. (D) TST immobility time statistics. (E) Representative images showing BDNF (red) expression in the hippocampus merged with DAPI (blue). (F) Statistical results of relative BDNF intensity. Scale bar = 100 μm. BV: B. vulgatus. n = 6 mice per group. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


Furthermore, we used a mouse model of LPS-induced depression to investigate the antidepressant effects of B. vulgatus. The mice in the B. vulgatus group showed significantly higher total distances in the open field and central zones than the mice in the DSS group (Supplementary Figures S2A–C). B. vulgatus mice demonstrated significantly shorter immobility durations in the TST than the DSS mice (Supplementary Figure S2D). BDNF levels were decreased in the DSS group but upregulated in the B. vulgatus group (Supplementary Figures S2E,F). Taken together, these results suggest that B. vulgatus can relieve depression-like behaviour.



Bacteroides vulgatus alters metabolite profile in the stool

The gut microbiota interacts with the host via metabolites that are produced as intermediates or end products of microbial metabolism. Signals from microbial metabolites influence immune homeostasis and neural activity (Cryan et al., 2019; Krautkramer et al., 2021). Given that disorders in microbial metabolites influence intestinal inflammation and depression-like behaviour, we next sought to determine the effect of B. vulgatus on the metabolite profile in the mouse feces. PLS-DA showed an apparent separation of the B. vulgatus group from the DSS group (Figure 5A). In total, 27 metabolites were substantially altered in the B. vulgatus group compared with those in the DSS group (Figure 5B). Of these, seven metabolites were upregulated (Figure 5C). KEGG pathway analysis revealed metabolic pathways associated with B. vulgatus, which included butanoate metabolism, long-term depression, and amino acid biosynthesis (Figure 5D).
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FIGURE 5
 Bacteroides vulgatus alters metabolite profile in the stool. (A) PLS-DA score plot of metabolites in samples from DSS group (red points) and B. vulgatus group (blue points). Permutational multivariate analysis of variance with the Bray–Curtis distance metric was used to assess the significance of differences between the two groups (p < 0.001). (B) Volcano plots show altered metabolites in feces from DSS mice treated with B. vulgatus. (C) Up-regulated metabolites attributed to B. vulgatus in the feces of DSS-treated mice. (D) KEGG analysis showed the B. vulgatus-related metabolic pathways. (E) Volcano map showed a significant difference between the concentration of metabolites in BVCS and BHI groups. (F) Venn diagram shows the number of metabolites in BVCS and the feces of mice affected by B. vulgatus. Its intersection represents the common differential metabolites of both group. (G) The concentration of common differential metabolites in the B. vulgatus group and the DSS group. n = 6 mice per group. BV, B. vulgatus. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


To further determine whether the upregulated metabolites were produced by B. vulgatus, we performed LC–MS/MS to identify the metabolites in the B. vulgatus culture supernatant (BVCS). BHI broth medium for B. vulgatus growth was used as the control. The volcano map shows a significant difference between the concentrations of the 125 metabolites in the BVCS and BHI groups (Figure 5E). Moreover, 3-ASA, 4-HP, CDCA, and 4-HPAA levels were significantly higher in the B. vulgatus group than in the DSS group and were also highly increased in the BVCS group (Figures 5F,G). Therefore, these four metabolites are produced by B. vulgatus. In summary, these results show a significant effect of B. vulgatus on the metabolite profile of the mouse feces, as well as the metabolites derived from B. vulgatus.



Bacteroides vulgatus-derived metabolites relieve colitis and depression

To further identify the role of B. vulgatus-derived metabolites in IBD and depression, we orally treated DSS-induced mice with the above four metabolites. The 3-ASA, CDCA, and 4-HPAA groups showed significantly lower DAI scores, longer colon lengths, and lesser weight loss than the DSS group (Figures 6A–C; Supplementary Figures S3A–C). In addition, histological examination of colon sections showed less inflammatory cell infiltration, a relatively intact colonic architecture, less mucosal damage, and a lower histology score in the above-mentioned metabolite-fed mice than in PBS-fed mice (Supplementary Figures S3D,E). However, 4-HP exhibited a contrasting effect. Taken together, these results suggest that 3-ASA, CDCA, and 4-HPAA protected mice from colitis.
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FIGURE 6
 Bacteroides vulgatus-derived metabolites relieve colitis and depression. (A, B) Body weight change and statistics of weight loss on day 7. (C) Representative pictures of colon gross appearance. (D) Representative activity tracking of 10 min in the OFT. (E, F) Statistical results of the total distance of mice in the open field and central zone. (G) TST immobility time statistics. (H, I) Statistical results of the total distance of mice in the open field and central zone. (J) TST immobility time statistics. n = 6 mice per group. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


Subsequently, we investigated the effects of 3-ASA, CDCA, and 4-HPAA on IBDD. Interestingly, only 4-HPAA alleviated depression-like symptoms in mice with colitis (Figures 6D–G). Additionally, we examined the antidepressant effects of the above three metabolites in a mouse model of LPS-induced depression. These results were similar to those observed in the colitis mice (Figures 6H–J). Moreover, BDNF levels were decreased in the DSS group but were upregulated by B. vulgatus and 4-HPAA (Supplementary Figure S3F).



Role of Bacteroides vulgatus-derived 4-HPAA in the gut–brain axis

The gut–brain axis involves enterobacterial metabolites entering the brain through the bloodstream to modulate host behaviour (Morais et al., 2021). An example is the microbial metabolite 4-ethylphenyl sulfate in the intestine, which enters the brain of mice through circulation and alters brain activity and anxiety behaviour (Needham et al., 2022). As depression-like symptoms were relieved after B. vulgatus treatment in our previous study using a mouse model, we subsequently investigated whether B. vulgatus exerted an antidepressant effect through the gut–brain axis. Metabolites in the peripheral blood and hippocampus of mice were examined in the B. vulgatus and DSS groups. Compared to the respective levels in the DSS group, we found that 15 metabolites were increased in the peripheral blood and three metabolites were increased in the hippocampus of the B. vulgatus group (Figures 7A–D, Supplementary Table S8). Interestingly, in peripheral blood, 4-HPAA was the most significantly affected by B. vulgatus, but no significant differences were observed in the hippocampus. This suggests that B. vulgatus-derived 4-HPAA plays an important role in the gut–brain axis and functions in blood vessels rather than in the hippocampus.
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FIGURE 7
 The role of Bacteroides vulgatus-derived metabolites in gut-brain axis. (A) The volcano map showed a significant difference between the concentration of metabolites in the peripheral blood of mice in the B. vulgatus and DSS groups. (B) Up-regulated metabolites attributed to B. vulgatus in the peripheral blood of DSS-treated mice. (C) B. vulgatus-related differential metabolites in the hippocampus of colitis mice. (D) Venn diagram shows the number of Up-regulated metabolites attributed to B. vulgatus in the feces, blood, hippocampus and BVCS. n = 6 mice per group.




Bacteroides vulgatus-derived 4-HPAA regulates the BBB permeability

Substances entering the brain are filtered through the BBB. According to previous reports, BBB disruption is a critical factor in depression development (Najjar et al., 2013; Dion-Albert et al., 2022; Wu et al., 2022). Next, we examined changes in BBB permeability in B. vulgatus-treated mice using EB tracer dye. DSS and LPS significantly increased intraparenchymal extravasation of EB in mice, which was significantly reduced by 4-HPAA and B. vulgatus treatment (Figures 8A,B). These results suggested that B. vulgatus and 4-HPAA may have beneficial effects on the BBB. The ultrastructural changes in the hippocampal BBB were examined. Images from the control group showed that the BBB unit was composed of endothelial cells, basal lamina, pericytes, and astrocyte endfeet. In this study, DSS caused changes in the BBB ultrastructure, including a disrupted basement membrane, expanded perivascular space, damaged tight junctions, and swollen astrocyte endfeet. However, these injuries were reversed in the 4-HPAA and B. vulgatus groups (Figure 8C).
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FIGURE 8
 Bacteroides vulgatus-derived 4-HPAA regulates BBB permeability. (A, B) The BBB’s permeability was tested with Evans blue. n = 6 mice per group. (C) Representative images of the ultrastructural changes of the BBB tested with Transmission Electron Microscopy. L, lumen of blood vessel; *endothelial cell; #astrocyte; &pericyte; Red arrows indicate the tight junction. Scale bar = 2 μm. (D) Representative images showing Claudin-5 (red) expression in the hippocampus BBB vascular endothelium merged with CD31 (blue), a marker for vascular endothelial cells. Scale bar = 20 μm. (E) Statistical results of relative Claudin-5 intensity. n = 5 mice per group. (F) Schematic of hypotheses concerning the mechanisms underlying the role of B. vulgatus in regulating IBDD. Cldn5, claudin-5. BV, B. vulgatus. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.


Previous studies have identified claudin-5 as a key structural component of the tight junctions that maintain BBB integrity (Morais et al., 2021). In this study, immunofluorescence staining was used to analyse claudin-5 expression in the vascular endothelium of the BBB. CD31 is a vascular endothelial cell marker. DSS mice showed significantly reduced expression of claudin-5 in the BBB vascular endothelium compared to that in the control group. However, B. vulgatus and 4-HPAA increased claudin-5 expression in DSS-treated mice (Figures 8D,E). Together, these findings indicate that B. vulgatus and 4-HPAA protect the BBB permeability in mice by increasing the levels of tight junction proteins.




Discussion

In the present study, we demonstrated that B. vulgatus is a specific microbe associated with IBDD. We also identified the protective effects of B. vulgatus against intestinal inflammation using a DSS-induced colitis model. In this study, we present evidence that B. vulgatus ameliorates colitis-related depression. Furthermore, our results showed that B. vulgatus alleviates depression-like behaviour in mice with colitis through the gut–brain axis mediated by the metabolite 4-HPAA. B. vulgatus and 4-HPAA decreased BBB permeability (Figure 8F).

Gut microbiota dysbiosis is closely associated with IBD and depression (Lee and Chang, 2021; Simpson et al., 2021). A previous study demonstrated that the abundance of Bacteroidaceae (at the genus level) was lower in UCD than in UCND using 16S rRNA sequencing (Yuan et al., 2021). This suggests that the abundance of Bacteroidaceae is reduced in patients with IBD. In our study, we utilised metagenomic analysis to identify the characteristic bacteria of CDD at the species level and identified B. vulgatus. Importantly, we used a mouse model of colitis to identify the protective effects of B. vulgatus against intestinal inflammation and depression-like behaviour. Therefore, our data further confirm the changes in Bacteroidaceae in patients with IBDD. Notably, certain strains of Bacteroidaceae (B. vulgatus) were identified in this study.

A previous study suggested that B. vulgatus increased the number of regulatory/anti-inflammatory CD4+ T cell subsets in a mouse model of T cell-induced colitis (Michaelis et al., 2020). Moreover, B. vulgatus can ameliorate DSS-induced colitis (Li et al., 2021; Liu et al., 2022). In addition, B. vulgatus decreased microbiota dysbiosis and subsequently downregulated NF-kB signalling in the colon, resulting in a decrease in serum TNF-α levels (Yuan and Shen, 2021). In contrast, B. vulgatus induced inflammatory cell infiltration in the intestine of an IL10−/− germ-free mouse model (Mills et al., 2022). In this study, all animals were kept under specific pathogen-free conditions rather than germ-free conditions. B. vulgatus exhibited beneficial effects similar to those observed in a conventional mouse model. This suggests that B. vulgatus plays different roles in common and germ-free mouse models. It is possible that the intestinal microbiota contributes to different functions of B. vulgatus.

Patients with IBD commonly receive infliximab to treat intestinal inflammation; however, its efficacy in treating depression remains uncertain (Raison et al., 2013; Horst et al., 2015; Thillard et al., 2020). In this study, we found that three B. vulgatus-derived metabolites (3-ASA, CDCA, 4-HPAA) had anti-inflammatory effects, whereas only 4-HPAA had antidepressant effects. This demonstrates that depressive symptoms are not completely alleviated by anti-inflammatory treatment alone. Additional antidepressants, such as tricyclic antidepressants and selective serotonin reuptake inhibitors are often used to treat depressive symptoms in patients with IBD (Frolkis et al., 2019; Mikocka-Walus et al., 2020). However, the combination of biologics and antidepressants increases the risk and economic burden on patients. Moreover, no effective regimen has been developed to treat intestinal inflammation and depression simultaneously. In our study, we found that B. vulgatus and B. vulgatus-derived 4-HPAA had dual effects in relieving intestinal inflammation and depressive symptoms in mice with colitis. Therefore, administration of B. vulgatus or 4-HPAA supplementation is a promising therapeutic strategy for treating patients with IBD, especially those with depression.

The gut–brain axis is considered a key regulator of neural function (Cryan et al., 2019). Lactiplantibacillus plantarum DMDL 9010 and Enterococcus faecalis 2001 have been reported to alleviate DSS-induced colitis and behavioural disorders through the gut–brain axis (Takahashi et al., 2019; Huang et al., 2022). However, few studies have explored how intestinal bacteria regulate the gut–brain axis through bacteria-derived metabolites in depression. We found that B. vulgatus regulates BDNF expression in the hippocampus, suggesting that it exerts antidepressant effects through the gut–brain axis. Furthermore, we identified key B. vulgatus metabolites through metabolome analysis and confirmed that the metabolite 4-HPAA directly regulates the gut–brain axis by protecting BBB permeability. Importantly, we identified the metabolites in BVCS and confirmed that 4-HPAA is indeed a metabolite produced by B. vulgatus rather than a dietary source.

Clinical and experimental evidences suggest that BBB hyperpermeability contributes to depression (Najjar et al., 2013; Wu et al., 2022). Additionally, the integrity of the BBB can be enhanced by microbe-derived metabolites, such as short-chain fatty acids and trimethylamine N-oxide (Hoyles et al., 2018, 2021). These results suggest a close relationship among bacteria-derived metabolites, BBB integrity, and depression. In our study, B. vulgatus-derived 4-HPAA protected BBB integrity. This is similar to a previous report showing that 4-HPAA reduces rat lung microvascular endothelial cell monolayer permeability (Liu et al., 2014). Claudin-5 is the most enriched tight junction protein in the BBB and its dysfunction is implicated in depression (Greene et al., 2019; Morais et al., 2021). Notably, BBB disruption can result in the loss of BDNF in the brain (Lesniak et al., 2021). In our study, B. vulgatus and 4-HPAA increased claudin-5 expression in the BBB vascular endothelium. Therefore, we speculated that B. vulgatus and 4-HPAA reduced BBB permeability via claudin-5. Moreover, B. vulgatus may regulate the BBB permeability and affect BDNF secretion in the brain. Nevertheless, given the differences between humans and experimental animals, further research is needed to investigate whether B. vulgatus and 4-HPAA can achieve similar therapeutic effects in humans.



Conclusion

In summary, B. vulgatus and B. vulgatus-derived 4-HPAA can relieve intestinal inflammation and alleviate depression-like behaviour in a mouse model. By increasing the expression of the tight junction protein claudin-5 in the vascular endothelium of the BBB, B. vulgatus and 4-HPAA play critical roles in gut–brain communication. Our research suggests that the administration of B. vulgatus or 4-HPAA supplementation may be a promising therapeutic strategy for treating IBD, especially IBDD.
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SUPPLEMENTARY FIGURE S1 | Experimental design for DSS-induced colitis. (A) Experimental design for DSS-induced colitis. (B) An analysis of the relative abundance of B. vulgatus  in mice’ stools after the last day of DSS treatment. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.

SUPPLEMENTARY FIGURE S2 | B. vulgatus  relieves LPS-induced depression-like behaviour in mice. (A) Representative activity tracking of 10 min in the OFT. (B, C) Statistical results of the total distance of mice in the open field and central zone. (D) TST immobility time statistics. (E) Representative images showing BDNF expression in hippocampus merged with DAPI. Scale bar = 100 μm. (F) Statistical results of relative BDNF intensity. n = 6 mice per group. FLX: Fluoxetine. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.

SUPPLEMENTARY FIGURE S3 | B. vulgatus -derived metabolites relieve colitis and depression. (A, B) DAI score change and statistics of DAI score on day 7. (C) Statistics of colon length. (D, E) Representative microscopic pictures of H&E staining (200x magnification) and statistics of histology score. (F) Expression of BDNF in the hippocampus was analyzed by ELISA. n = 6 mice per group. Data were expressed as mean ± SD. Differences of data were assessed by unpaired two-sided t-test. Exact p levels were all provided.



Footnotes

1   https://gmrepo.humangut.info/home



References

 Ananthakrishnan, A. N. (2015). Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 12, 205–217. doi: 10.1038/nrgastro.2015.34

 Arioz, B. I., Tastan, B., Tarakcioglu, E., Tufekci, K. U., Olcum, M., Ersoy, N., et al. (2019). Melatonin attenuates LPS-induced acute depressive-like behaviors and microglial NLRP3 Inflammasome activation through the SIRT1/Nrf2 pathway. Front. Immunol. 10:1511. doi: 10.3389/fimmu.2019.01511 

 Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al. (2011). Induction of colonic regulatory T cells by indigenous Clostridium species. Science 331, 337–341. doi: 10.1126/science.1198469 

 Barberio, B., Zamani, M., Black, C. J., Savarino, E. V., and Ford, A. C. (2021). Prevalence of symptoms of anxiety and depression in patients with inflammatory bowel disease: a systematic review and meta-analysis. Lancet Gastroenterol. Hepatol. 6, 359–370. doi: 10.1016/S2468-1253(21)00014-5 

 Bhowmick, S., D'Mello, V., Caruso, D., Wallerstein, A., and Abdul-Muneer, P. M. (2019). Impairment of pericyte-endothelium crosstalk leads to blood-brain barrier dysfunction following traumatic brain injury. Exp. Neurol. 317, 260–270. doi: 10.1016/j.expneurol.2019.03.014 

 Borren, N. Z., van der Woude, C. J., and Ananthakrishnan, A. N. (2019). Fatigue in IBD: epidemiology, pathophysiology and management. Nat. Rev. Gastroenterol. Hepatol. 16, 247–259. doi: 10.1038/s41575-018-0091-9 

 Cryan, J. F., O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The microbiota-gut-brain Axis. Physiol. Rev. 99, 1877–2013. doi: 10.1152/physrev.00018.2018

 Dion-Albert, L., Cadoret, A., Doney, E., Kaufmann, F. N., Dudek, K. A., Daigle, B., et al. (2022). Vascular and blood-brain barrier-related changes underlie stress responses and resilience in female mice and depression in human tissue. Nat. Commun. 13:164. doi: 10.1038/s41467-021-27604-x 

 Frolkis, A. D., Vallerand, I. A., Shaheen, A. A., Lowerison, M. W., Swain, M. G., Barnabe, C., et al. (2019). Depression increases the risk of inflammatory bowel disease, which may be mitigated by the use of antidepressants in the treatment of depression. Gut 68, 1606–1612. doi: 10.1136/gutjnl-2018-317182 

 Gomollon, F., Dignass, A., Annese, V., Tilg, H., Van Assche, G., Lindsay, J. O., et al. (2017). 3rd European evidence-based consensus on the diagnosis and Management of Crohn's disease 2016: part 1: diagnosis and medical management. J. Crohns Colitis 11, 3–25. doi: 10.1093/ecco-jcc/jjw168 

 Goodhand, J. R., Greig, F. I., Koodun, Y., McDermott, A., Wahed, M., Langmead, L., et al. (2012). Do antidepressants influence the disease course in inflammatory bowel disease? A retrospective case-matched observational study. Inflamm. Bowel Dis. 18, 1232–1239. doi: 10.1002/ibd.21846 

 Greene, C., Hanley, N., and Campbell, M. (2019). Claudin-5: gatekeeper of neurological function. Fluids Barriers CNS. 16:3. doi: 10.1186/s12987-019-0123-z 

 Han, A., Sung, Y. B., Chung, S. Y., and Kwon, M. S. (2014). Possible additional antidepressant-like mechanism of sodium butyrate: targeting the hippocampus. Neuropharmacology 81, 292–302. doi: 10.1016/j.neuropharm.2014.02.017 

 Horst, S., Chao, A., Rosen, M., Nohl, A., Duley, C., Wagnon, J. H., et al. (2015). Treatment with immunosuppressive therapy may improve depressive symptoms in patients with inflammatory bowel disease. Dig. Dis. Sci. 60, 465–470. doi: 10.1007/s10620-014-3375-0 

 Hoyles, L., Pontifex, M. G., Rodriguez-Ramiro, I., Anis-Alavi, M. A., Jelane, K. S., Snelling, T., et al. (2021). Regulation of blood-brain barrier integrity by microbiome-associated methylamines and cognition by trimethylamine N-oxide. Microbiome 9:235. doi: 10.1186/s40168-021-01181-z 

 Hoyles, L., Snelling, T., Umlai, U. K., Nicholson, J. K., Carding, S. R., Glen, R. C., et al. (2018). Microbiome-host systems interactions: protective effects of propionate upon the blood-brain barrier. Microbiome. 6:55. doi: 10.1186/s40168-018-0439-y 

 Huang, Y. Y., Wu, Y. P., Jia, X. Z., Lin, J., Xiao, L. F., Liu, D. M., et al. (2022). Lactiplantibacillus plantarum DMDL 9010 alleviates dextran sodium sulfate (DSS)-induced colitis and behavioral disorders by facilitating microbiota-gut-brain axis balance. Food Funct. 13, 411–424. doi: 10.1039/D1FO02938J 

 Jian, X., Zhu, Y., Ouyang, J., Wang, Y., Lei, Q., Xia, J., et al. (2020). Alterations of gut microbiome accelerate multiple myeloma progression by increasing the relative abundances of nitrogen-recycling bacteria. Microbiome. 8:74. doi: 10.1186/s40168-020-00854-5 

 Kaplan, G. G., and Windsor, J. W. (2021). The four epidemiological stages in the global evolution of inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 18, 56–66. doi: 10.1038/s41575-020-00360-x 

 Kochar, B., Barnes, E. L., Long, M. D., Cushing, K. C., Galanko, J., Martin, C. F., et al. (2018). Depression is associated with more aggressive inflammatory bowel disease. Am. J. Gastroenterol. 113, 80–85. doi: 10.1038/ajg.2017.423 

 Krautkramer, K. A., Fan, J., and Backhed, F. (2021). Gut microbial metabolites as multi-kingdom intermediates. Nat. Rev. Microbiol. 19, 77–94. doi: 10.1038/s41579-020-0438-4 

 Lee, M., and Chang, E. B. (2021). Inflammatory bowel diseases (IBD) and the microbiome-searching the crime scene for clues. Gastroenterology 160, 524–537. doi: 10.1053/j.gastro.2020.09.056 

 Lesniak, A., Poznanski, P., Religa, P., Nawrocka, A., Bujalska-Zadrozny, M., and Sacharczuk, M. (2021). Loss of brain-derived neurotrophic factor (BDNF) resulting from congenital- or mild traumatic brain injury-induced blood-brain barrier disruption correlates with depressive-like behaviour. Neuroscience 458, 1–10. doi: 10.1016/j.neuroscience.2021.01.013 

 Li, S., Wang, C., Zhang, C., Luo, Y., Cheng, Q., Yu, L., et al. (2021). Evaluation of the effects of different Bacteroides vulgatus strains against DSS-induced colitis. J Immunol Res 2021, 1–15. doi: 10.1155/2021/9117805

 Liu, Z., Xi, R., Zhang, Z., Li, W., Liu, Y., Jin, F., et al. (2014). 4-hydroxyphenylacetic acid attenuated inflammation and edema via suppressing HIF-1alpha in seawater aspiration-induced lung injury in rats. Int. J. Mol. Sci. 15, 12861–12884. doi: 10.3390/ijms150712861 

 Liu, L., Xu, M., Lan, R., Hu, D., Li, X., Qiao, L., et al. (2022). Bacteroides vulgatus attenuates experimental mice colitis through modulating gut microbiota and immune responses. Front. Immunol. 13:1036196. doi: 10.3389/fimmu.2022.1036196 

 Magro, F., Gionchetti, P., Eliakim, R., Ardizzone, S., Armuzzi, A., Barreiro-de Acosta, M., et al. (2017). Third European evidence-based consensus on diagnosis and Management of Ulcerative Colitis. Part 1: definitions, diagnosis, extra-intestinal manifestations, pregnancy, Cancer surveillance, surgery, and Ileo-anal pouch disorders. J. Crohns Colitis 11, 649–670. doi: 10.1093/ecco-jcc/jjx008 

 Michaelis, L., Tress, M., Low, H. C., Klees, J., Klameth, C., Lange, A., et al. (2020). Gut commensal-induced IkappaBzeta expression in dendritic cells influences the Th17 response. Front. Immunol. 11:612336. doi: 10.3389/fimmu.2020.612336

 Mikocka-Walus, A., Ford, A. C., and Drossman, D. A. (2020). Antidepressants in inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 17, 184–192. doi: 10.1038/s41575-019-0259-y

 Mills, R. H., Dulai, P. S., Vazquez-Baeza, Y., Sauceda, C., Daniel, N., Gerner, R. R., et al. (2022). Multi-omics analyses of the ulcerative colitis gut microbiome link Bacteroides vulgatus proteases with disease severity. Nat. Microbiol. 7, 262–276. doi: 10.1038/s41564-021-01050-3 

 Morais, L. H., Schreiber, H. L. IV, and Mazmanian, S. K. (2021). The gut microbiota-brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 19, 241–255. doi: 10.1038/s41579-020-00460-0

 Najjar, S., Pearlman, D. M., Devinsky, O., Najjar, A., and Zagzag, D. (2013). Neurovascular unit dysfunction with blood-brain barrier hyperpermeability contributes to major depressive disorder: a review of clinical and experimental evidence. J. Neuroinflammation 10:142. doi: 10.1186/1742-2094-10-142

 Needham, B. D., Funabashi, M., Adame, M. D., Wang, Z., Boktor, J. C., Haney, J., et al. (2022). A gut-derived metabolite alters brain activity and anxiety behaviour in mice. Nature 602, 647–653. doi: 10.1038/s41586-022-04396-8 

 Pinto-Sanchez, M. I., Hall, G. B., Ghajar, K., Nardelli, A., Bolino, C., Lau, J. T., et al. (2017). Probiotic Bifidobacterium longum NCC3001 reduces depression scores and alters brain activity: a pilot study in patients with irritable bowel syndrome. Gastroenterology 153, 448–459.e8. doi: 10.1053/j.gastro.2017.05.003 

 Raison, C. L., Rutherford, R. E., Woolwine, B. J., Shuo, C., Schettler, P., Drake, D. F., et al. (2013). A randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-resistant depression: the role of baseline inflammatory biomarkers. JAMA Psychiatry 70, 31–41. doi: 10.1001/2013.jamapsychiatry.4 

 Rudzki, L., Ostrowska, L., Pawlak, D., Malus, A., Pawlak, K., Waszkiewicz, N., et al. (2019). Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and improves cognitive functions in patients with major depression: a double-blind, randomized, placebo controlled study. Psychoneuroendocrinology 100, 213–222. doi: 10.1016/j.psyneuen.2018.10.010 

 Simpson, C. A., Diaz-Arteche, C., Eliby, D., Schwartz, O. S., Simmons, J. G., and Cowan, C. S. M. (2021). The gut microbiota in anxiety and depression - a systematic review. Clin. Psychol. Rev. 83:101943. doi: 10.1016/j.cpr.2020.101943

 Spitzer, R. L., Kroenke, K., and Williams, J. B. (1999). Validation and utility of a self-report version of PRIME-MD: the PHQ primary care study. Primary care evaluation of mental disorders. Patient health questionnaire. JAMA 282, 1737–1744. doi: 10.1001/jama.282.18.1737 

 Takahashi, K., Nakagawasai, O., Nemoto, W., Odaira, T., Sakuma, W., Onogi, H., et al. (2019). Effect of enterococcus faecalis 2001 on colitis and depressive-like behavior in dextran sulfate sodium-treated mice: involvement of the brain-gut axis. J. Neuroinflammation 16:201. doi: 10.1186/s12974-019-1580-7 

 Thillard, E. M., Gautier, S., Babykina, E., Carton, L., Amad, A., Bouzille, G., et al. (2020). Psychiatric adverse events associated with infliximab: a cohort study from the French Nationwide discharge abstract database. Front. Pharmacol. 11:513. doi: 10.3389/fphar.2020.00513 

 Tian, P., Chen, Y., Zhu, H., Wang, L., Qian, X., Zou, R., et al. (2022). Bifidobacterium breve CCFM1025 attenuates major depression disorder via regulating gut microbiome and tryptophan metabolism: a randomized clinical trial. Brain Behav. Immun. 100, 233–241. doi: 10.1016/j.bbi.2021.11.023 

 Wang, J. W., Dranovsky, A., and Hen, R. (2008). The when and where of BDNF and the antidepressant response. Biol. Psychiatry 63, 640–641. doi: 10.1016/j.biopsych.2008.01.008

 Wirtz, S., Popp, V., Kindermann, M., Gerlach, K., Weigmann, B., Fichtner-Feigl, S., et al. (2017). Chemically induced mouse models of acute and chronic intestinal inflammation. Nat. Protoc. 12, 1295–1309. doi: 10.1038/nprot.2017.044

 Wu, S., Sun, C., Li, Y., Wang, T., Jia, L., Lai, S., et al. (2020). GMrepo: a database of curated and consistently annotated human gut metagenomes. Nucleic Acids Res. 48, D545–D553. doi: 10.1093/nar/gkz764 

 Wu, S., Yin, Y., and Du, L. (2022). Blood-brain barrier dysfunction in the pathogenesis of major depressive disorder. Cell. Mol. Neurobiol. 42, 2571–2591. doi: 10.1007/s10571-021-01153-9 

 Yuan, X., Chen, B., Duan, Z., Xia, Z., Ding, Y., Chen, T., et al. (2021). Depression and anxiety in patients with active ulcerative colitis: crosstalk of gut microbiota, metabolomics and proteomics. Gut Microbes 13:1987779. doi: 10.1080/19490976.2021.1987779 

 Yuan, S., and Shen, J. (2021). Bacteroides vulgatus diminishes colonic microbiota dysbiosis ameliorating lumbar bone loss in ovariectomized mice. Bone 142:115710. doi: 10.1016/j.bone.2020.115710 



Glossary

[image: Table1]



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bacteroides vulgatus alleviates dextran sodium sulfate-induced colitis and depression-like behaviour by facilitating gut-brain axis balance



		Introduction



		Materials and methods



		Participants and sample collection



		Metagenomic sequencing and analysis



		16S ribosomal DNA qPCR



		GMrepo database analysis



		Preparation of Bacteroides vulgatus



		Mouse models and treatments



		Histological assessment



		Behavioural assessment



		Transcriptome sequencing and real-time qPCR



		Immunofluorescence staining



		Enzyme-linked immunosorbent assay (ELISA)



		Metabolomics analysis



		Measurement of BBB permeability in vivo



		Transmission electron microscopy



		Statistical analysis









		Results



		Abundance of Bacteroides vulgatus is decreased in patients with IBDD



		Bacteroides vulgatus administration ameliorated DSS-induced colitis



		Bacteroides vulgatus relieves depression-like behaviour in mice



		Bacteroides vulgatus alters metabolite profile in the stool



		Bacteroides vulgatus-derived metabolites relieve colitis and depression



		Role of Bacteroides vulgatus-derived 4-HPAA in the gut–brain axis



		Bacteroides vulgatus-derived 4-HPAA regulates the BBB permeability









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



		Glossary



















OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Bacteroides vulgatus alleviates
dextran sodium sulfate-induced
colitis and depression-like
behaviour by facilitating gut-brain
axis balance












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1287271-g005.jpg
class - DSS -+~ DSS +BV

PC2 (10.78%)

]
PC1 (18.90%)

Metabolc pathays
Butanoate metabolism .
LongHem depression

Biosynthesis ofaminoacids | @

Proten igestion and absorption °

Pimary bile acidbiosynhesis | ®
Mineral absorption- .

Carbon metabolisn |~ @
Dopaminergic synapse .
Gap juncton .

Phenyialanine metabolsm °
ine, erine and teonine
s "metabolsm o

0%0 085 010 01
RichFactor

Concentration of
3-ASA (umollg)
a o

DSS DSS +8V

025
502
§3
EZor
EED!O
T
8 0.05-
0.00-

~log10 (test_p.value)

i
i
i

(] 2
log2(ratio)

Concentration of
CDCA (umolig)

Aminosalicyic_acid
4 Hydonyphenylacetc_acid-

Chenadeorycholc_acid

sig
- Up Picaiic_acid-
= Down
Normal  Hydrocinnamic._acid
2Phenyipropionate
Hydroxproine
2 o 2 4 & 8
4 ratio
F
sig
“Up
« Down
Normal
Feces BVCS
p=00%2
—
8

B

Concentration of
4HPAA (umol/g)

e

DSS DSS +BV

DSS DSS +BV DSS DSS +BV





OPS/images/fmicb-14-1287271-g006.jpg
0,169

P

> ) <

(9%)ss01 141

~#+ DSS +4-HPAA

s+ DSS +4-HP.

p <0001

0.002

p=

g g 8
g g

(0) 140 Ut @oueISIP felo)

DSS + CDCA DSS + 4-HPAA

DSS+ 3ASA

p<0.001

p=0013

(wuw)euoz fenuso ul
souersp [e10L





OPS/images/fmicb-14-1287271-g003.jpg
Cytokine-cylokine receptor |
perre T interaction
. d IL-17 signaling pathway: o
® i Amoebiasis: o ot
H Protein digestion and, ° g
absorplion [y
i : Relaxin signaling pathway- [} : :
- Chemokine signaling pathway { ]
! Viral protein interaction °
= i . with cytokine and cytokine
_ i s e o
K Mmps  Mmp ! © Down TNF signaling pathway [ )
g
S o 0°° °5” : : 3:""5' Rheumatoid arthritis: 'Y qalue
= o
8 e Lg? i ECM-receptor interaction: [ ] e
T oot
selampon | Hematopoietic cell Ineage |~ @ et
i Legionellosis{ @ oms
! Hypertrophic cardiomyopathy | @
Dilated cardiomyopathy{ @
Thyroid hormone synthesis {®
004 006 008 010
GeneRatio
= g &7
Dss s g g
Dss+BV % . g §
<8 E g E N
28 104 H 23
134 g2 . €95
g~ 3 2 2
£ 5 : 5
& gl 2 ] 4
S
st0088 & 2 A
staono & &
p=0021
8 5 254 — 5
oxeLt § 5 & 5
oxeLz 2 & 2 20 g
M £ £
8= 8- 154 R
=3 L] o}
g2 EE EES
g% 23 104 g0 HA
£, a £ £ 1 N
£ “ 2 4| 2
= 5 £ o5 2 w
3 k]
© ol & oo - 2 o
5
&
2

(IAg+ssa
(2ng+ssa
(e)ng+ssa






OPS/images/fmicb-14-1287271-g004.jpg
3 p=0002 p=0002 € D
Esooq T T 800 p<0.001 p=0013 b5 150 =003 p-0021
£ = — e ey
i 4000 £ £
S gEend 3 =
£ oo 5
8 35 a0
& 200 38
4 23
S it 80
Control DSS DSS + BV e B 3

Relative BONF intensity cz%o/

Control DSS DSS+BV





OPS/images/fmicb-14-1287271-t001.jpg
1BD

uc

c

1BDD
IBDND
CDD
CDND
ucp
UCND
HC

OFT

TST

B. vulgatus
DS

DAI
BBB
BDNF

PHQ-9

Inflammatory bowel di
Ulcerative colitis
Crohn’s disease

IBD patients with depre

IBD patients without depression
CD patients with depression
CD patients without depression
UC patients with depression
UC patients without depression
Healthy controls

Open field test

Tail suspension test

Bacteroides vulgatus

Dextran sulfate sodium salt

Disease activity index

Blood-brain barrier
Brain-derived neurotrophic factor

Patient Health Questionnaire-9





OPS/images/fmicb-14-1287271-g007.jpg
>

sig

- Up

- Down
Normal

~log10 (ttest_p.value)

log2(ratio)

Coam  [w

Giyoolic_acid:
10Z Heptadecenoic_acid
D-Maltose_and_Alpha-Lactose-

Glyceraldehyde
‘Suberic_acid

[

L]

pooomete it [ |
[

Myristoyicaritne:

4-Hydroxyphenylacetic_acid

3Indolepropionic_acid:

2-Amino-4-S-methylsulfonimidoyl
“butanoic_acid

Hippuric_acid:
2-Phenylpropionate-
Hydrocinnamic_acid
Indoleacefic_acid
4-Hydroxybenzoic_acid:
Phenylpyruvic_acid:

D-Xylose:






OPS/images/fmicb-14-1287271-g008.jpg
A B
p <0001
— 15 p <0001
2 @ p<0.001 5
8 /) ® p<0.001
5 4 8
3 s
£5° 3
HES ]
22 E
2 2 -
£ §
g o
fii
o
EF S
& FOQ
S & W
&«
&
<
D E
Pp<0.001 p<0.001
¥ 3
5 p=0.001

°

05

Cldn5 protein level (% control)

Loss o tight
juncton protein

C ) —gwmm )

Blood-brain barrier disruption

Bacteroides vuigatus 4HPAA






OPS/images/fmicb-14-1287271-g001.jpg
A B [ cOND [N CDD

s Bacteroides vulgatus-|
Badteroides sp_CAG_462-|
25 Akkermansia sp_CAG_344-1
H Adiercreutzia equolfaciens-|
s Rutheribacterium lactatformans -
S = uncultured bacterium—{
: Class Bacteroides coprocola-{
4§ «cop Fimicues bacterum CAG_41]
g0 « COND  Subdolgranuum sp_4_3 S4A2FAA-|
g Bacteroides ovatus—{
% Ruminococeus sp_CAG_ 108
25 refated 41_35
Ruminococcaceae bacterumv2-|
/Aquimarina macrocephali-
50 Thermodestfovibrio thiophius-|
-40 -20 0 20 40 60 Gondde gabeata ) ) F =
X-variate 1:8% exp.var i 22 0 2 4
LDA score (log10)
c D E F
p=0025 2%
1014 1014
5 1004 5 0]
15
a 100]
88 e 89 o1 8 S
g€ 1 ge £ 3
B2 1034 2y 107 g0 3
8§ 104 28 100 : ¢ g
3 105 23 . % =
B 1004 £
i s Lo .
€ 1074 2 105 . . .
104 i 100 0 O —er—1———
¥ % 4 00 05 10 15 20 25
UCND uco B. vulgatus
(n=5)  (n=10) . vulgat
G H 1
p=0014 P <0001 p <0001
102 o 107 g 1%
5 10 .%, 2 10 3 0
109 $
g§ 102 ? D § 1014 Sgwor
S8 52 H
ﬁ%"; . 83 102 83 102
= Se § <10
EEprs > 5% 100 LE
10%. - - H 4.
& qor 3 10 -
. < < s
10% T T A0%: T T
He 8D HC  1BD HC  Depression

(n=40)  (n=64) (n=096) (n=495) (n=996)  (n=352)





OPS/images/fmicb-14-1287271-g002.jpg
Weight loss(%)

DAI score

e~ Control
154 = DSS
20 -+ Dss+Bv

DSS+BV

01 2 3 4 5 6 7 8
Days

Control

Day7 DAI Score

Day7 weight loss(%)
&
!

P <0001p <0001
0o 1

&
&

49 p<0001 p <0001

| e R |
.
3]
.
2]
+
‘_
O——epm—— T
N
oo“‘@ & 0
§
F

Histological score

Control

DSS

DSS+BV

14

p<0.001 P <0001

Colon length(cm)

Pp<0001 p <0001






