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A new perspective on Wendan decoction: attenuation of CUMS-induced anxiety in mice by regulating gut microbiota and neuroinflammation
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Purpose: To study the effects of Wendan decoction (WDD) on anxiety in mice that have been exposed chronic unpredictable mild stress (CUMS) and to look into the underlying mechanisms from the perspective of regulating neuroinflammation and gut microbiota.

Methods: The CUMS program was administered to C57BL/6 J mice to mimic chronic exposure to persistent and uncontrollable stresses. Alterations in anxiety-like behaviors were documented via behavioral tests. After euthanasia, pro-inflammatory cytokines in colonic and hippocampal tissues were detected using ELISA kits. Using H&E staining and immunofluorescence staining, morphological alterations and neuroinflammation in the hippocampus were assessed. To assess the impact of WDD on gut microbiota, 16S rDNA gene sequencing was done.

Results: Mice in the CUMS group showed less food intake and less weight gain. Behavioral assessments revealed increased behaviors that resembled anxiety. WDD therapy reduced the mice’s anxiety-like behaviors while increasing their body weight and food intake. In addition, WDD treatment significantly enhanced gut microbiota diversity and effectively modulated composition. WDD also reduced pro-inflammatory cytokine levels in colonic and hippocampal tissues, alleviating intestinal inflammation and neuroinflammation.

Conclusion: WDD ameliorates CUMS-induced anxiety by modulating gut microbiota and attenuating neuroinflammation in mice.
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1 Introduction

Anxiety is an evolutionarily conserved adaptive response that serves to shield organisms from potentially life-threatening situations. However, when anxiety becomes chronic and dysregulated, it is classified as a pathological condition, profoundly impairing daily subjective experiences, behavior, and overall mental health. Anxiety is the most prevalent mental health disorder globally, affecting an estimated 25% of the population worldwide (Chellappa and Aeschbach, 2022). Accounting for 3.3% of the global burden of disease, anxiety disorders have become the ninth major cause of health-related disability (Penninx et al., 2021). Chronic stressful life experiences are among the environmental elements significantly influencing its etiology (Chang and Grace, 2014). Under unfavorable circumstances, such as persistent and uncontrollable stress, often triggered by social pressure or negative emotional stimuli, can cause anxiety disorders (da Silva et al., 2018). As a key component of memory and cognition, the hippocampus is one of the brain’s most sensitive and adaptable areas to stress stimulation. Memory loss and cognitive impairment are symptoms of anxiety, indicating that hippocampal dysfunction contributes to the pathogenesis of anxiety disorder (Pannekoek et al., 2015). Chronic stress affects hippocampus neurogenesis and causes neuroinflammation, contributing to emotional and cognitive deficits (Du Preez et al., 2021). The chronic unpredictable mild stress (CUMS) model, designed to mimic daily human stressors, induces behavioral and physiological changes in rodents resembling human anxiety and depression (Henningsen et al., 2012; Du Preez et al., 2021). CUMS exposure promotes passive coping strategies, increasing susceptibility to these disorders (Henningsen et al., 2012; Chang and Grace, 2014).

Gut microbiota, the largest and most direct external microenvironment, are essential to preserving human health and well-being (Hornig, 2013). They modulate energy metabolism, immune system development, and other critical physiological processes. The onset, progression, and remission of neuropsychiatric diseases are intimately related to alterations in gut microbiota. The “microbe-gut-brain axis” is fundamental for sustaining brain homeostasis and regulating normal behavioral patterns (Sharon et al., 2016; Morais et al., 2021). It is seen as a possible therapeutic target for stress behavioral impairments that can modulate both peripheral and brain immune landscapes (Westfall et al., 2021). The change in gut microbiota significantly impacts the pathophysiology of anxiety and depression disorders (Chen et al., 2018; Li et al., 2023). Numerous studies have demonstrated that gut ecology will become dysfunctional under chronic stresses, potentially resulting in systemic inflammation (Rudzki and Maes, 2020). Systemic inflammatory mediators can trigger the activation of neuroglial cells, which subsequently produce a cascade of inflammatory cytokines, amplifying the initial inflammatory response. These findings highlight gut microbiota as key players in anxiety/depression pathogenesis and potential targets for treatment (Slykerman et al., 2017).

Traditional Chinese medicine (TCM) offers multicomponent, multitarget therapeutic potential (Li et al., 2021). Wendan decoction (WDD) is a representative formula from Ji Yan Fang (Southern and Northern Dynasties), and adopted in the Ancient Classical Chinese Medicine Formula Catalogue (First Edition) (Wang et al., 2021). WDD is extensively utilized for managing neuropsychiatric, respiratory, and gastrointestinal disorders (Liu et al., 2009), with a particular emphasis on treating neurological and mental disorders, including schizophrenia, insomnia, and depression (Che et al., 2016; Wieland and Santesso, 2017). In clinical trials, WDD has shown significant efficacy in alleviating anxiety and depression symptoms, exhibiting favorable safety and therapeutic outcomes(Yang et al., 2023). Recently, a study has found potential WDD targets for the therapy of generalized anxiety disorder (GAD) using network pharmacology. It validated that WDD may inhibit the increase of anxiety behaviors and the proportion of interleukin-6 (IL-6) -positive lymphocytes in mice and reverse the PI3K/AKT signaling pathway and MAPK signaling pathway (Jin et al., 2022). However, it remains unclear whether WDD can alleviate stress-induced anxiety via gut microbiota modulation or neuroinflammation relief. Using CUMS model, this study investigates WDD’s behavioral, microbial, and neuroinflammatory effects in chronically stressed mice, providing some insights for future research.



2 Materials and methods


2.1 Animals and groups

Six-week-old male C57BL/6 J mice weighing 18–22 g were acquired from Beijing HFK Bio-Technology Co., Ltd., (Animal Production Licence No.: SCXK (Beijing) 2024–0003). The mice were acclimatized for 1 week in a specific pathogen-free (SPF) facility (ambient temperature maintained at 22 ± 1 °C, relative humidity at 55 ± 5%, under an automated light cycle of 12:12 h) with unlimited access to food and water. After acclimatization, mice were weighed and randomly divided into four distinct groups: (1) the control group (Con), (2) the CUMS model group (CUMS), (3) CUMS+diazepam (DZP) group (DZP), (4) CUMS+WDD group (WDD), with 10 mice per group, and each mouse housed in the separate cage. Over 28 days, the Con group received standard food and water, while mice in CUMS, DZP, and WDD groups were subjected to nine different CUMS stressors, following a protocol adapted from Wang et al. (2020). Detailed stressor schedules were provided in Supplementary material 1. Animal experiment procedures were approved by the Laboratory Animal Welfare and Ethics Committee of Henan University of Chinese Medicine (Approval No. IACUC-202410038).



2.2 Medicine

Consistent with previous studies (García-Ríos et al., 2019), DZP chosen as the positive control medication and administered daily via intragastric gavage at 2 mg/kg. WDD consists of six herbal ingredients (Henan Zhangzhongjing Pharmacy Co., Ltd., Henan, China), including Pinellia ternata (Thunb.) Makino (6 g), Zingiber officinale Roscoe (12 g), Citrus aurantium L. (9 g), Aurantii fructus Immaturus (6 g), Bambusa tuldoides Munro (6 g), Glycyrrhiza uralensis Fisch. ex DC. (3 g). Mice received 9.1-fold therapeutic doses of humans (body weight 60 kg) based on body surface area ratio (Jin et al., 2022), and the dose for mice was 6.37 g/kg/d (raw herbs). Detailed preparation processes of WDD are provided in Supplementary material 2.



2.3 Drug administration and sample collection

Mice in Con and CUMS groups received 0.1 mL/10 g normal saline, while intervention groups (DZP and WDD) were administered equivalent volumes of respective treatments. For 28 days in a row, treatments were given once daily. 1 h before stress exposure. Figure 1 shows the experimental timeline and treatment plan. Upon completion of experiment, samples were collected following the protocol detailed in Supplementary material 3.
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FIGURE 1
 Experimental timeline and treatment schedule.




2.4 Behavioral tests

The open field test (OFT), elevated plus-maze (EPM), and light/dark box (LDB) test were among the behavioral tests used to evaluate anxiety-like behaviors after medication administration. Spatial memory was evaluated via the Y-maze test. VisuTrack software (Shanghai Xinruan Information Technology Co. Ltd., Shanghai, China) was used to conduct and analyze all behavioral tests. All tests were conducted in a sequence of escalating stimulus intensity to minimize stress and habituation effects on mice. Detailed experimental procedures for behavioral tests were provided in Supplementary material 4.



2.5 Enzyme-linked immunosorbent assay (ELISA)

Hippocampal and colonic tissues from all mice were analyzed for interleukin-1β (IL-1β) (mlC50300B), IL-6 (ml098430B), and tumor necrosis factor-α (TNF-α) (mlC50536B) using ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd.). At 450 nanometers, the optical density (OD) value of each sample was measured using a microplate reader. ELISA Calc was used to plot a standard curve and calculate each sample’s concentration.



2.6 Hematoxylin and eosin (H&E) staining and immunofluorescence (IF) staining

H&E staining (Feldman and Wolfe, 2014) was used to assess morphological alterations of colonic and hippocampal tissues. Anti-Iba-1 mouse monoclonal antibody (GB15015, Servicebio, diluted 1:500) and anti-Arg-1 rabbit monoclonal antibody (GB11285, Servicebio, diluted 1:500) were used to perform IF staining (Zhang et al., 2023). Detailed protocols are provided in Supplementary material 5.



2.7 16S rDNA gene sequencing

16S rDNA gene sequencing was conducted by Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). Fecal samples’ genomic DNA was extracted, and its integrity, concentration, and purity were verified. Subsequently, PCR amplification was performed using barcoded primer pairs targeting 16S rDNA gene. The resultant PCR amplicons were sequenced using an ABI GeneAmp® Model 9,700 PCR instrument. Sequences were categorized into Operational Taxonomic Units (OTUs) using Usearch 11 (version 11; accessible at1) for sequence analysis. A similarity criterion of ≥97% was applied. OUT taxonomic annotation of species was conducted to refer to the NT_16S (v20221012) using the RDP classifier (version 2.13; available at2), with a confidence threshold of 70%. The community composition of each sample was examined at several taxonomic levels. The PICRUSt2 (version 2.2.0) program and the R language (version 3.3.1) Tax4Fun (0.3.1) package were used to conduct functional prediction analysis.



2.8 Statistical analysis

Data are expressed as mean ± SD, and GraphPad Prism (v 9.5.0) was applied for statistical analyses and graph generation both. Data were analyzed by one-way analysis of variance (ANOVA) or Kruskal-Wallis test. The linear discriminant analysis (LDA) score threshold was set at more than 3.5. A p-value<0.05 or <0.01 was found to be statistically significant. Spearman correlation analysis (R v3.3.1, pheatmap package) was employed to assess the relationship between gut microbiota and inflammatory cytokines.




3 Results


3.1 WDD treatment increased body weight and food intake in CUMS-induced mice

Weekly body weight and food intake were recorded at corresponding times throughout the 4-week experiment (Figures 2A,B). Mice in the Con group exhibited steady weight gain. CUMS group showed significantly reduced weight gain compared to the Con group (p < 0.01). Both WDD and DZP treatments significantly improved weight gain relative to the CUMS group (p < 0.05). Food intake decreased significantly in the CUMS group (p < 0.01). WDD and DZP therapy significantly increased weekly food intake (p < 0.05).
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FIGURE 2
 Effects of WDD on body weight and food intake in CUMS-induced mice. (A) Weekly body weight of mice in each group (n = 6). (B) Weekly food consumption of mice in each group (n = 6). **p < 0.01, ***p < 0.001 vs. Con group; #p < 0.05, ##p < 0.01 vs. CUMS model group.




3.2 WDD treatment attenuates anxiety-like behaviors in CUMS-induced mice

We assessed the ameliorative effects of WDD on behaviors resembling anxiety in mice produced by CUMS. In the OFT (Figure 3A), CUMS group exhibited reduced central area distance (p < 0.01), time spent in the center (p < 0.001), and the number of central entries (p < 0.05). Compared to the CUMS group, both WDD and DZP reversed these deficits (p < 0.05). In the EPM (Figure 3B), CUMS mice showed fewer open-arm entries (p < 0.01) and reduced time in open arms (p < 0.001). Both WDD and DZP intervention increased the time spent and percentage entries in open arms of mice (p < 0.05). In the LDB (Figure 3C), CUMS mice stayed longer in the dark environment (p < 0.001) and entered the light areas less frequently (p < 0.01). Following WDD treatment, the prolonged time of stay in the light area markedly increased (p < 0.001), along with a frequency of entries (p < 0.01). In the Y-maze test (Figure 3D), the CUMS group demonstrated a lower spontaneous alternation rate (p < 0.05), indicating impaired memory function due to CUMS exposure. WDD restored alternation rates to near-normal levels (p < 0.001).
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FIGURE 3
 Effects of WDD on anxiety-like behaviors. (A) Results of the OFT experiment (n = 6). (B) Results of the EPM test (n = 6). (C) Results of the LDB test (n = 6). (D) Results of the Y-Maze test (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. Con group; #p < 0.05, ##p < 0.01, ### p < 0.001 vs. CUMS model group; ns, not significant.




3.3 WDD improves the morphology of hippocampal neurons in CUMS-induced anxious mice

H&E staining (Figure 4A) showed cells exhibited regular morphology in the Con group, with neurons arranged neatly and densely. Cells had tight intercellular junctions, intact nuclear membranes, clear nucleoli, abundant cytoplasm, and evenly distributed chromatin. In the CUMS group, cells showed a reduced number of layers, and neurons were disorganized. Intercellular arrangements were loose and irregular, exhibiting nuclear chromatin aggregation and deep staining. After WDD and DZP treatments, the number of cell layers increased in the hippocampus, and the neuronal organization disorder was restored, cells were more regularly arranged, and the chromatin was evenly distributed.
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FIGURE 4
 Effects of WDD on morphological alterations and neuroinflammation in the hippocampus. (A) Results of the hippocampal tissue H&E staining. CA1, CA3, and DG were chosen for comparison (n = 6). (B) Immunofluorescence staining results of hippocampus in Con, CUMS, DZP, and WDD groups. Iba-1+ cells are seen in red, Arg-1+ cells in green, and nuclei are stained with DAPI, resulting in a blue appearance. Scale bar = 100 μm. (C) Quantification of the Iba-1+ cell in the hippocampus (n = 6). (D) Quantification of the Arg-1+/Iba-1+ colocalization cells in the hippocampus (n = 6). (E) Hippocampal levels of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. Con group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS model group; ns, not significant.




3.4 WDD mitigates neuroinflammation in CUMS-induced anxious mice

IF analysis examined Iba-1+ and Arg-1+/Iba-1+ cells in the hippocampus. The CUMS group had significantly more activated microglial cells in the four subregions of the hippocampus (CA1, CA2, CA3, and DG) than the Con group (p < 0.05). WDD therapy dramatically recovered the quantity of activated microglial cells in the hippocampus when compared to the CUMS group (p < 0.01) (Figures 4B,C). Furthermore, mice exposed to CUMS had significantly fewer Arg-1+ microglial cells in CA1 and DG than the Con group (p < 0.01). However, CA2 and CA3 showed no significant differences (p > 0.05). WDD treatment effectively reversed these changes (p < 0.05, Figure 4D). The hippocampal levels of pro-inflammatory cytokines were reduced by WDD therapy and were nearly normal (p < 0.05, Figure 4E). These findings collectively point to a conclusion that WDD’s anxiolytic and effects are linked to neuroinflammation modulation.



3.5 WDD alleviates colonic inflammation in CUMS-induced anxious mice

Histopathological study of the colonic tissue was performed using H&E staining (Figure 5A). The Con group had intact colonic mucosa, characterized by orderly epithelial cell arrangement and an absence of inflammatory cell infiltration. In the CUMS group, colonic mucosa exhibited substantial damage or absence, with the glands in lamina propria compromised, accompanied by considerable inflammatory cell infiltration. WDD treatment ameliorated mucosal damage and reduced inflammatory infiltration.
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FIGURE 5
 Effects of WDD on colonic inflammation. (A) H&E staining results of the effect of WDD on the colon pathology. (B) Effects of WDD on IL-1β, IL-6, and TNF-α levels of the colon (n = 6). *p < 0.05 vs. Con group; #p < 0.05 vs. CUMS model group; ns, not significant.


We assessed the impact of WDD on colonic inflammation. While there was no discernible difference in the levels of IL-6 expression (p > 0.05), CUMS mice significantly raised the expression levels of TNF-α and IL-1β in the colon (p < 0.05). WDD significantly reduced the expression of pro-inflammatory cytokines in comparison to the CUMS group (p < 0.05, Figure 5B), confirming its efficacy in mitigating CUMS-induced colonic inflammation.



3.6 WDD improves gut microbiota dysbiosis in CUMS-induced anxious mice

To assess whether WDD can modulate the gut microbiota of CUMS-induced anxious mice, 16S rDNA gene sequencing was performed across groups. Pan analysis (Supplementary Figure 1A) demonstrated sufficient samples and exhibited high microbiota species richness. Core analysis revealed that the number of microbiotas differed among groups (Supplementary Figure 1B). Rank-Abundance curves had responded to species abundance and species evenness (Supplementary Figure 1C). Chao, Shannon and Simpson indices showed no discernible differences in species richness between groups (p > 0.05, Supplementary Figures 1D–F). Hierarchical cluster analysis dendrograms uncovered substantial differences in gut microbiota abundance between the CUMS group and the Con group, with the WDD group exhibiting greater similarity to the Con group (Figure 6A). Principal component analysis (PCA) was used to conduct species diversity and characteristic species analysis and evaluate the similarity among microbial communities. PCoA, NMDS, and PLS-DA revealed an apparent separation of microbial communities in the CUMS group, with DZP and WDD groups clustering closer to the Con group (Figures 6B,C).
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FIGURE 6
 Effect of WDD on gut microbiota. (A) The hierarchical cluster analysis dendrogram (lengths between the branches represent distances between the samples). (B) Results of PCoA and NMDS for gut microbiota utilizing bray_curtis distance metrics (n = 6), stress<0.2, indicate that the graph has some interpretative significance. (C) Partial least squares discriminant analysis (PLS-DA) differences between groups. (D) Taxonomic profile in mice at the phylum level (n = 6). (E) Taxonomic profile in mice at the genus level (n = 6). (F) Notable variations in phylum-level species abundance. (G) Significant differences in species abundance at the genus level. (H) LEfSe analysis of Con and CUMS groups at the phylum level. (I) LEfSe analysis of all groups at the genus level. *p < 0.05, **p < 0.01, ***p < 0.001.


Subsequently, we looked into the microbiota’s relative abundance at various taxonomic levels. At the phylum level (Figure 6D), the CUMS model group exhibited a notable reduction in Bacteroidetes abundance (p < 0.001) and an increase in Firmicutes (p < 0.01) and Deferribacteres abundance (p < 0.001). These changes were reversed following WDD and DZP treatment. At the genus level (Figure 6E), in comparison to the Con group, the CUMS group showed a significant increase in the abundance of Mucispirillum (p < 0.001) and Helicobacter (p < 0.001) and a significant decrease in Duncaniella (p < 0.001) and Muribaculum (p < 0.05). WDD therapy reinstated the Duncaniella population (p < 0.05) and considerably reduced the populations of Mucispirillum (p < 0.001) and Helicobacter (p < 0.01) relative to the CUMS group. The Kruskal-Wallis H-test found 4 significantly different microbiota at the phylum level and 10 at the genus level (Figures 6F,G). LEfSe analysis identified key microbiota that differ in each group at the phylum/genus level. As depicted in Figure 6H, gut microbiota, including Bacteroidota, Actinobacteria, Firmicutes, and Deferribacteres played an important role in differentiating Con and CUMS model mice. Notably, Muribaculum, Prevotellamassilia, Eubacterium, Clostridium, Anaerovorax, and Burkholderia played an important role in the DZP-treated group, whereas the specific bacterial taxa in which the WDD intervention played a role were Alistipes, Odoribacter, Prevotella, and Bacteroides (Figure 6I). Investigating the functionality of gut microbiota in the treatment of WDD, we conducted an in-depth analysis of 16S rDNA gene profiles utilizing the PICRUSt2 program. Upon analyzing the COG database data (Supplementary Figure 1G), it was revealed that the microbiota function was predominantly associated with amino acid transport and metabolism, transcription, translation, ribosomal structure, and biogenesis. Furthermore, KEGG pathway analysis demonstrated that the predicted microbiota function was linked to carbohydrate metabolism, amino acid metabolism, membrane transport, and metabolism of cofactors and vitamins (Supplementary Figure 1H). These findings demonstrate WDD’s capacity to improve gut microbiota imbalance in CUMS-induced anxiety.



3.7 Association between gut microbiota and inflammatory cytokines in colonic/hippocampal tissues

Spearman correlation analysis revealed distinct relationships between gut microbiota and pro-inflammatory cytokines. Inflammation of the colonic tissue had a strong relationship with gut microbiota. Mucispirillum abundance correlated positively with IL-1β and IL-6 expression (p < 0.01). Helicobacter demonstrated a positive correlation with IL-1β, IL-6, and TNF-α expression (p < 0.05, Figure 7A). Inflammation of the hippocampus also had a strong relationship with gut microbiota. As shown in Figure 7B, the abundance of Muribaculum, Duncaniella, and Tidjanibacter was negatively correlated with IL-1β, IL-6, and TNF-α expression (p < 0.05), while Mucispirillum was correlated positively (p < 0.05). The abundance of Christensenella and Anaerotruncus exhibited a significant correlation with IL-6 expression (p < 0.01). Helicobacter and Akkermansia showed a positive correlation with IL-1β expression (p < 0.05). However, certain microbiota did not correlate with inflammatory markers, indicating that specific microbiota groups within the gut may serve distinct functions and not cause inflammation.
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FIGURE 7
 Relationships between gut microbiota and inflammatory cytokines in colonic/hippocampal tissues. (A) Correlation of gut microbiota (genus level) with pro-inflammatory cytokines in the colonic tissue (n = 6). (B) Correlation of gut microbiota (genus level) with pro-inflammatory cytokines in the hippocampal tissue (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.





4 Discussion

Chronic or excessive stress can induce maladaptive responses and significantly disrupt the body’s equilibrium, producing several symptoms such as depression and anxiety (McEwen and Gianaros, 2011; Moritz et al., 2020). CUMS procedure has been proposed to replicate socio-environmental stressors to elicit behaviors associated with anxiety and depression (Guilloux et al., 2011). In this study, WDD demonstrated anxiolytic effects in CUMS-induced mice by modulating gut microbiota and attenuating neuroinflammation, aligning with our hypothesis and providing mechanistic insights into its therapeutic potential. CUMS mice exhibited significantly reduced weight gain and decreased food intake, consistent with previous reports (Li et al., 2019a; Wang et al., 2020). Following 28 days of CUMS exposure, CUMS mice demonstrated a range of behavioral alterations resembling anxiety, as verified by EPM, OFT, and LDB tests, validating model success. We observed that WDD treatment significantly restored weight gain and improved food intake, which may be related to mitigating intestinal inflammatory and injurious effects. Behavioral improvements included reduced anxiety-like behaviors in mice. The Y-maze test revealed WDD’s ability to restore spatial working memory deficits caused by chronic stress. Yang et al. (2012) demonstrated that enhancement of learning and memory in schizophrenic rats by WDD was equivalent to the impact of clozapine treatment.

Under normal conditions, the mammalian gut microbiota and the host maintain a state of microecological equilibrium, which is essential for overall health. Disruption of balance may promote the occurrence of diseases (Yoshikawa et al., 2013). It is frequently stated that the gut microbiota is often implicated in the neurobiology of social behavior and stress response (Dinan and Cryan, 2012; Cryan and Dinan, 2019). The composition of the gut microbiota is changed in a number of mental illnesses, such as anxiety and depression (Butler et al., 2023). 16S rRNA sequencing revealed that CUMS rats exhibited a significantly reduced concentration of Bacteroidetes and a significantly larger concentration of Firmicutes (Li et al., 2019b), suggesting microbial shifts contribute to stress pathology. Considering these factors, this study observed the regulatory effects of WDD on the gut microbiota of CUMS mice. As expected, examining the microbial makeup of mice feces indicated that WDD can mitigate gut dysbiosis. At the phylum and genus levels, we investigated the microbiota of each group of mice. The overall characterization of gut microbiota can be grasped at the phylum level, whereas the genus level allows for disease-specific association. In the CUMS model, at the phylum level, we discovered that while Bacteroidetes’ relative abundance declined, Firmicutes’ grew dramatically. It is consistent with Yue et al. (2021). Hydrolyzing proteins and carbohydrates is the primary job of Firmicutes in the stomach (Bäckhed et al., 2005). Bacteroidetes promote protein synthesis and the absorption of polysaccharides by primarily affecting steroids, polysaccharides, and bile acids (Xu et al., 2003). Deferribacterium is a conditionally pathogenic bacterium that promotes inflammation (Xie et al., 2023). Deferribacterium can generate energy through iron reduction, thereby playing a critical role in iron metabolism. We noted a substantial rise in the abundance of Deferribacterium in the CUMS group, which was markedly recovered following the WDD treatment. Mucispirillum is a pathogenic bacterium widely distributed in the gastrointestinal tract. Flagella help it to penetrate the mucosal barrier, potentially resulting in intestinal inflammation and colitis (Qin et al., 2012; Berry et al., 2015; Loy et al., 2017; Zhai et al., 2018). This study demonstrated that the abundance of Mucispirillum returned to normal after WDD treatment, indicating that WDD may mitigate intestinal inflammation by modulating gut microbiota composition. A cross-sectional study in humans reported that Helicobacter pylori (Hp) infection, the most common representative of Helicobacter spp., increases the risk of depression and mental disease. An elevated risk of psychological distress, anxiety, and depression was associated with higher Hp levels (Takeoka et al., 2017). Furthermore, research conducted by Hajime Suzuki et al.(Suzuki et al., 2019) demonstrated that Hp infection triggered anxiety and diminished food consumption among experimental animals, aligning with our observations. Marques et al. (2023) discovered that exposure to emotional single prolonged stress (E-SPS) elicited a phenotype resembling depression and anxiety, accompanied by a reduced relative abundance of Duncaniella. Our observations revealed that compared to the CUMS model, WDD treatment resulted in a notable reduction in the abundance of Mucispirillum and Helicobacter. Conversely, it brought about an increase in the abundance of Duncaniella. Through LEfSe analysis, we found that the most significantly different bacteria in WDD were Alistipes, which were proven beneficial gut microbiota (Zou et al., 2024). We conjectured that Alistipes are crucial in the functioning of WDD.

The gut-brain axis (GBA) is an attractive new target for psychiatric treatment. The emergence of stress-induced neuropsychiatric diseases is linked to GBA, including the regulation of inflammation, neurotransmitters, and their precursors (Butler et al., 2019; Butler et al., 2023). Research suggests that the gut, particularly the disordered microbiota, may be a major source of inflammation leading to neurodegeneration (Kesika et al., 2021; Buga et al., 2023). A previous study has reported that proteins associated with anxiety and depression in colitis accumulate within acute inflammatory response pathway (Yuan et al., 2021). One study used unbiased machine learning algorithms to formulate relevant GBA associations in the context of recurrent stress-induced anxiety and depression, proposing that the gut microbiota triggers the brain’s immune response and neuroinflammation (Westfall et al., 2021). Numerous studies have shown that changes to the gut microbiota impact inflammation and brain function. According to current studies, the gut can act as a conduit and send inflammatory signals to the brain through three different pathways: the neuronal pathway, the cellular immunological channel, and the systemic humoral pathway (Agirman et al., 2021). The permeability of body barriers, particularly the blood–brain barrier (BBB) and intestinal barrier, is compromised, allowing potentially harmful substances to enter the brain tissue along the GBA (Saffrey, 2013; Sarubbo et al., 2022). Intestinal toxins can get across the gut-blood barrier and into the systemic circulation when the intestinal barrier’s function is disrupted. These inflammatory mediators and toxins can therefore enter the brain through the blood–brain barrier. This disturbance sets off an inflammatory response that eventually results in neurological dysfunction, including anxiety, by activating immune cells like microglia in the brain (Parker et al., 2020). The body can also absorb gut bacterial metabolites such bile acids (Bhargava et al., 2020) and short-chain fatty acids (SCFAs) (Erny et al., 2015), some of which have protective effects on the blood–brain barrier by preventing microglial activation. In this study, we conducted a histological study of colon sections from each group and assessed the levels of IL-1β, IL-6, and TNF-α in the colon. According to the findings, CUMS activation exacerbated the colon’s inflammatory response, which is in line with what Chen et al. (2024). WDD treatment significantly ameliorated this change. Spearman correlation analysis showed that microbiota associated with intestinal inflammation were positively correlated with the levels of pro-inflammatory cytokines in the colon. In contrast, microbiota that improved inflammation were negatively correlated with the levels of pro-inflammatory cytokines in the colon (Huang et al., 2023). Similar results were shown in the hippocampal tissue. The limitation, however, is that we have not delved into the mechanisms that cause this correlation. Is intestinal permeability altered? Are the BBB and intestinal barriers disrupted? Do gut metabolites play a role in WDD treatment for anxiety? These will be the focus of our future research.

Neuroglia, resident immune cells in the brain, are highly responsive to various pathological stimuli, including stress, infection, and injury. Microglia are resident macrophages of the central nervous system (CNS) that are crucial for brain development, homeostasis, and disease (Wolf et al., 2017). Excessive activation and the resulting neuroinflammation can damage neurons and glial cells, even while microglial activation is essential for launching immune responses to pathogenic threats (Kocovski et al., 2021). Microglia engage with immune cells to initiate inflammation, culminating in the liberation of cytokines including TNF-α, IL-1β, IL-6, ROS, and nitric oxide (Lee et al., 2018), which can contribute to neuronal injury and cellular demise. We noted that stimulation with the CUMS program prompted the growth of hippocampus microglia and elevated the release of inflammatory cytokines. The link between microglial activation and behaviors resembling anxiety and depression is further supported by animal models (Riazi et al., 2015). WDD treatment reduced proinflammatory cytokines and increased Arg-1+ microglia. Arg-1+ microglia suppress inflammatory processes in the brain, promote neurite outgrowth, and protect neurons from inflammation-induced damage (Zhang et al., 2021; Jiang et al., 2022). While depression and anxiety are typically linked to elevated inflammation, evidence of “depression accompanied by immunosuppression” also exists that occurs in various people or at various phases of the illness. Patients with major depressive disorder have elevated levels of IL-6 and deficient maturation of NK cells and T helper cells, suggesting that both cellular immunosuppression and increased cytokine production can occur in the same individual. TNF is linked to atypical features and chronicity, and IL-6 may represent an “indicator of acute exacerbation status” (Beurel et al., 2020). Nevertheless, WDD is a complex concoction composed of numerous herbs, the precise actions and potential synergistic interactions among its constituents are yet to be elucidated. In the next phase of our study, we aim to identify the most important acting component in WDD and validate its efficacy through serum medicinal chemistry combined with network pharmacology. Moreover, there is still a lack of concrete proof that gut microbiota has a role in reducing anxiety through WDD. Consequently, future investigations will delve deeper into anxiolytic properties of WDD by employing fecal microbiota transplantation (FMT) and germ-free (GF) mice models, aiming to delineate the role of gut microbiota more clearly.



5 Conclusion

In conclusion, our research offers fresh perspectives on WDD from the standpoint of gut microbiota and neuroinflammation in reducing anxiety brought on by long-term, unmanageable stress. WDD likely exerts therapeutic effects by modulating gut microbial composition and attenuating neuroinflammatory responses. However, the mechanisms underlying WDD’s anxiolytic properties require further elucidation, particularly its multi-target pathways and gut-brain axis interactions, which warrant further investigation.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: http://www.ncbi.nlm.nih.gov/bioproject/PRJNA1353653/.



Ethics statement

The animal study was approved by the Laboratory Animal Welfare and Ethics Committee of Henan University of Chinese Medicine. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ZG: Formal analysis, Methodology, Data curation, Project administration, Writing – original draft. QW: Software, Methodology, Investigation, Supervision, Data curation, Writing – original draft. YC: Writing – original draft, Resources, Visualization, Methodology. BW: Software, Investigation, Writing – review & editing, Conceptualization. BZ: Methodology, Data curation, Supervision, Writing – review & editing. JiH: Writing – review & editing, Formal analysis, Project administration. YN: Validation, Supervision, Writing – review & editing. JuH: Visualization, Writing – review & editing, Validation. ZW: Resources, Writing – review & editing, Visualization. SF: Formal analysis, Funding acquisition, Resources, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the Key Research and Development Special Project of Henan Province (No. 241111311200), the Joint Funds of Science and Technology Research and Development Project of Henan Province (No. 232301420070), the Key Research Project of Colleges and Universities in Henan Province (No. 24A310006), the Natural Science Foundation of Henan Province (No. 242300420498), the Scientific and Technological Attack Project of Henan Province (No. 252102311277) and the graduate research innovation project of Henan University of Traditional Chinese Medicine (No. 2024KYCX024).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1708868/full#supplementary-material



Footnotes

1   http://drive5.com/usearch/

2   http://rdp.cme.msu.edu/


References
	 Agirman,G., Yu,K. B., and Hsiao,E. Y. (2021). Signaling inflammation across the gut-brain axis. Science 374, 1087–1092. doi: 10.1126/science.abi6087 
	 Bäckhed,F., Ley,R. E., Sonnenburg,J. L., Peterson,D. A., and Gordon,J. I. (2005). Host-bacterial mutualism in the human intestine. Science 307, 1915–1920. doi: 10.1126/science.1104816 
	 Berry,D., Kuzyk,O., Rauch,I., Heider,S., Schwab,C., Hainzl,E., et al. (2015). Intestinal microbiota signatures associated with inflammation history in mice experiencing recurring colitis. Front. Microbiol. 6:1408. doi: 10.3389/fmicb.2015.01408 
	 Beurel,E., Toups,M., and Nemeroff,C. B. (2020). The bidirectional relationship of depression and inflammation: double trouble. Neuron 107, 234–256. doi: 10.1016/j.neuron.2020.06.002 
	 Bhargava,P., Smith,M. D., Mische,L., Harrington,E., Fitzgerald,K. C., Martin,K., et al. (2020). Bile acid metabolism is altered in multiple sclerosis and supplementation ameliorates neuroinflammation. J. Clin. Invest. 130, 3467–3482. doi: 10.1172/JCI129401 
	 Buga,A. M., Padureanu,V., Riza,A. L., Oancea,C. N., Albu,C. V., and Nica,A. D. (2023). The gut-brain Axis as a therapeutic target in multiple sclerosis. Cells 12:1872. doi: 10.3390/cells12141872 
	 Butler,M. I., Bastiaanssen,T. F. S., Long-Smith,C., Morkl,S., Berding,K., Ritz,N. L., et al. (2023). The gut microbiome in social anxiety disorder: evidence of altered composition and function. Transl. Psychiatry 13:95. doi: 10.1038/s41398-023-02325-5
	 Butler,M. I., Cryan,J. F., and Dinan,T. G. (2019). Man and the microbiome: a new theory of everything? Annu. Rev. Clin. Psychol. 15, 371–398. doi: 10.1146/annurev-clinpsy-050718-095432 
	 Chang,C. H., and Grace,A. A. (2014). Amygdala-ventral pallidum pathway decreases dopamine activity after chronic mild stress in rats. Biol. Psychiatry 76, 223–230. doi: 10.1016/j.biopsych.2013.09.020 
	 Che,Y. W., Yao,K. Y., Xi,Y. P., Chen,Z. J., Li,Y. L., Yu,N., et al. (2016). Wendan decoction (温胆汤) for treatment of schizophrenia: a systematic review of randomized controlled trials. Chin. J. Integr. Med. 22, 302–310. doi: 10.1007/s11655-015-2047-z 
	 Chellappa,S. L., and Aeschbach,D. (2022). Sleep and anxiety: from mechanisms to interventions. Sleep Med. Rev. 61:101583. doi: 10.1016/j.smrv.2021.101583 
	 Chen,Z., Cao,J., Xiao,Z., Yang,Z., Cheng,Y., Duan,J., et al. (2024). HDC downregulation induced by chronic stress promotes ovarian cancer progression via the IL-6/STAT3/S100A9 pathway. Front. Pharmacol. 15:1485885. doi: 10.3389/fphar.2024.1485885
	 Chen,Z., Li,J., Gui,S., Zhou,C., Chen,J., Yang,C., et al. (2018). Comparative metaproteomics analysis shows altered fecal microbiota signatures in patients with major depressive disorder. Neuroreport 29, 417–425. doi: 10.1097/WNR.0000000000000985 
	 Cryan,J. F., and Dinan,T. G. (2019). Decoding the role of the microbiome on amygdala function and social behaviour. Neuropsychopharmacology 44, 233–234. doi: 10.1038/s41386-018-0233-3 
	 da Silva,D. C., Tavares,M. G., do Nascimento,C. K. B., Lira,E. C., Dos Santos,Â. A., Maia,L., et al. (2018). Can coconut oil and treadmill exercise during the critical period of brain development ameliorate stress-related effects on anxiety-like behavior and episodic-like memory in young rats? Food Funct. 9, 1492–1499. doi: 10.1039/C7FO01516J 
	 Dinan,T. G., and Cryan,J. F. (2012). Regulation of the stress response by the gut microbiota: implications for psychoneuroendocrinology. Psychoneuroendocrinology 37, 1369–1378. doi: 10.1016/j.psyneuen.2012.03.007 
	 Du Preez,A., Onorato,D., Eiben,I., Musaelyan,K., Egeland,M., Zunszain,P. A., et al. (2021). Chronic stress followed by social isolation promotes depressive-like behaviour, alters microglial and astrocyte biology and reduces hippocampal neurogenesis in male mice. Brain Behav. Immun. 91, 24–47. doi: 10.1016/j.bbi.2020.07.015 
	 Erny,D., Hrabě de Angelis,A. L., Jaitin,D., Wieghofer,P., Staszewski,O., David,E., et al. (2015). Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 18, 965–977. doi: 10.1038/nn.4030 
	 Feldman,A. T., and Wolfe,D. (2014). Tissue processing and hematoxylin and eosin staining. Methods Mol. Biol. 1180, 31–43. doi: 10.1007/978-1-4939-1050-2_3
	 García-Ríos,R. I., Mora-Pérez,A., González-Torres,D., Carpio-Reyes,R. J., and Soria-Fregozo,C. (2019). Anxiolytic-like effect of the aqueous extract of Justicia spicigera leaves on female rats: a comparison to diazepam. Phytomedicine 55, 9–13. doi: 10.1016/j.phymed.2018.07.007 
	 Guilloux,J. P., Seney,M., Edgar,N., and Sibille,E. (2011). Integrated behavioral z-scoring increases the sensitivity and reliability of behavioral phenotyping in mice: relevance to emotionality and sex. J. Neurosci. Methods 197, 21–31. doi: 10.1016/j.jneumeth.2011.01.019 
	 Henningsen,K., Palmfeldt,J., Christiansen,S., Baiges,I., Bak,S., Jensen,O. N., et al. (2012). Candidate hippocampal biomarkers of susceptibility and resilience to stress in a rat model of depression. Mol. Cell. Proteomics 11:M111.016428. doi: 10.1074/mcp.M111.016428 
	 Hornig,M. (2013). The role of microbes and autoimmunity in the pathogenesis of neuropsychiatric illness. Curr. Opin. Rheumatol. 25, 488–795. doi: 10.1097/BOR.0b013e32836208de 
	 Huang,L., Ma,Z., Ze,X., Zhao,X., Zhang,M., Lv,X., et al. (2023). Gut microbiota decreased inflammation induced by chronic unpredictable mild stress through affecting NLRP3 inflammasome. Front. Cell. Infect. Microbiol. 13:1189008. doi: 10.3389/fcimb.2023.1189008
	 Jiang,X., Yi,S., Liu,Q., Su,D., Li,L., Xiao,C., et al. (2022). Asperosaponin VI ameliorates the CMS-induced depressive-like behaviors by inducing a neuroprotective microglial phenotype in hippocampus via PPAR-γ pathway. J. Neuroinflammation 19:115. doi: 10.1186/s12974-022-02478-y
	 Jin,Q., Li,J., Chen,G. Y., Wu,Z. Y., Liu,X. Y., Liu,Y., et al. (2022). Network and experimental pharmacology to decode the action of Wendan decoction against generalized anxiety disorder. Drug Des. Devel. Ther. 16, 3297–3314. doi: 10.2147/dddt.S367871
	 Kesika,P., Suganthy,N., Sivamaruthi,B. S., and Chaiyasut,C. (2021). Role of gut-brain axis, gut microbial composition, and probiotic intervention in Alzheimer's disease. Life Sci. 264:118627. doi: 10.1016/j.lfs.2020.118627 
	 Kocovski,P., Tabassum-Sheikh,N., Marinis,S., Dang,P. T., Hale,M. W., and Orian,J. M. (2021). Immunomodulation eliminates inflammation in the Hippocampus in experimental autoimmune encephalomyelitis, but does not ameliorate anxiety-like behavior. Front. Immunol. 12:639650. doi: 10.3389/fimmu.2021.639650 
	 Lee,B., Moon,K. M., and Kim,C. Y. (2018). Tight junction in the intestinal epithelium: its association with diseases and regulation by phytochemicals. J Immunol Res 2018:2645465. doi: 10.1155/2018/2645465 
	 Li,C., Su,Z., Chen,Z., Cao,J., Liu,X., and Xu,F. (2023). Lactobacillus reuteri strain 8008 attenuated the aggravation of depressive-like behavior induced by CUMS in high-fat diet-fed mice through regulating the gut microbiota. Front. Pharmacol. 14:1149185. doi: 10.3389/fphar.2023.1149185
	 Li,H., Wang,P., Huang,L., Li,P., and Zhang,D. (2019a). Effects of regulating gut microbiota on the serotonin metabolism in the chronic unpredictable mild stress rat model. Neurogastroenterol. Motil. 31:e13677. doi: 10.1111/nmo.13677
	 Li,N., Wang,Q., Wang,Y., Sun,A., Lin,Y., Jin,Y., et al. (2019b). Fecal microbiota transplantation from chronic unpredictable mild stress mice donors affects anxiety-like and depression-like behavior in recipient mice via the gut microbiota-inflammation-brain axis. Stress 22, 592–602. doi: 10.1080/10253890.2019.1617267
	 Li,T., Zhang,W., Hu,E., Sun,Z., Li,P., Yu,Z., et al. (2021). Integrated metabolomics and network pharmacology to reveal the mechanisms of hydroxysafflor yellow a against acute traumatic brain injury. Comput. Struct. Biotechnol. J. 19, 1002–1013. doi: 10.1016/j.csbj.2021.01.033 
	 Liu,P., Zhao,L., Zhang,S. L., and Xiang,J. Z. (2009). Modified Wendan decoction can attenuate neurotoxic action associated with Alzheimer's disease. Evid. Based Complement. Alternat. Med. 6, 325–330. doi: 10.1093/ecam/nem103 
	 Loy,A., Pfann,C., Steinberger,M., Hanson,B., Herp,S., Brugiroux,S., et al. (2017). Lifestyle and horizontal gene transfer-mediated evolution of Mucispirillum schaedleri, a Core member of the murine gut microbiota. mSystems 2:e00171-16. doi: 10.1128/mSystems.00171-16
	 Marques,L. S., Jung,J. T., Zborowski,V. A., Pinheiro,R. C., Nogueira,C. W., and Zeni,G. (2023). Emotional-single prolonged stress: a promising model to illustrate the gut-brain interaction. Physiol. Behav. 260:114070. doi: 10.1016/j.physbeh.2022.114070 
	 McEwen,B. S., and Gianaros,P. J. (2011). Stress- and allostasis-induced brain plasticity. Annu. Rev. Med. 62, 431–445. doi: 10.1146/annurev-med-052209-100430 
	 Morais,L. H., Schreiber,H. L. T., 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 
	 Moritz,B., Schmitz,A. E., Rodrigues,A. L. S., Dafre,A. L., and Cunha,M. P. (2020). The role of vitamin C in stress-related disorders. J. Nutr. Biochem. 85:108459. doi: 10.1016/j.jnutbio.2020.108459 
	 Pannekoek,J. N., van der Werff,S. J., van Tol,M. J., Veltman,D. J., Aleman,A., Zitman,F. G., et al. (2015). Investigating distinct and common abnormalities of resting-state functional connectivity in depression, anxiety, and their comorbid states. Eur. Neuropsychopharmacol. 25, 1933–1942. doi: 10.1016/j.euroneuro.2015.08.002 
	 Parker,A., Fonseca,S., and Carding,S. R. (2020). Gut microbes and metabolites as modulators of blood-brain barrier integrity and brain health. Gut Microbes 11, 135–157. doi: 10.1080/19490976.2019.1638722 
	 Penninx,B. W., Pine,D. S., Holmes,E. A., and Reif,A. (2021). Anxiety disorders. Lancet 397, 914–927. doi: 10.1016/S0140-6736(21)00359-7 
	 Qin,J., Li,Y., Cai,Z., Li,S., Zhu,J., Zhang,F., et al. (2012). A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 490, 55–60. doi: 10.1038/nature11450 
	 Riazi,K., Galic,M. A., Kentner,A. C., Reid,A. Y., Sharkey,K. A., and Pittman,Q. J. (2015). Microglia-dependent alteration of glutamatergic synaptic transmission and plasticity in the hippocampus during peripheral inflammation. J. Neurosci. 35, 4942–4952. doi: 10.1523/JNEUROSCI.4485-14.2015 
	 Rudzki,L., and Maes,M. (2020). The microbiota-gut-immune-glia (MGIG) Axis in major depression. Mol. Neurobiol. 57, 4269–4295. doi: 10.1007/s12035-020-01961-y 
	 Saffrey,M. J. (2013). Cellular changes in the enteric nervous system during ageing. Dev. Biol. 382, 344–355. doi: 10.1016/j.ydbio.2013.03.015 
	 Sarubbo,F., Cavallucci,V., and Pani,G. (2022). The influence of gut microbiota on neurogenesis: evidence and hopes. Cells 11:382. doi: 10.3390/cells11030382 
	 Sharon,G., Sampson,T. R., Geschwind,D. H., and Mazmanian,S. K. (2016). The central nervous system and the gut microbiome. Cell 167, 915–932. doi: 10.1016/j.cell.2016.10.027 
	 Slykerman,R. F., Hood,F., Wickens,K., Thompson,J. M. D., Barthow,C., Murphy,R., et al. (2017). Effect of Lactobacillus rhamnosus HN001 in pregnancy on postpartum symptoms of depression and anxiety: a randomised double-blind placebo-controlled trial. EBioMedicine 24, 159–165. doi: 10.1016/j.ebiom.2017.09.013 
	 Suzuki,H., Ataka,K., Asakawa,A., Cheng,K. C., Ushikai,M., Iwai,H., et al. (2019). Helicobacter pylori Vacuolating Cytotoxin a causes anorexia and anxiety via hypothalamic Urocortin 1 in mice. Sci. Rep. 9:6011. doi: 10.1038/s41598-019-42163-4
	 Takeoka,A., Tayama,J., Kobayashi,M., Sagara,I., Ogawa,S., Saigo,T., et al. (2017). Psychological effects of Helicobacter pylori-associated atrophic gastritis in patients under 50 years: a cross-sectional study. Helicobacter 22:2445. doi: 10.1111/hel.12445 
	 Wang,T., Yan,Y. F., Yang,L., Huang,Y. Z., Duan,X. H., Su,K. H., et al. (2020). Effects of Zuojin pill on depressive behavior and gastrointestinal function in rats with chronic unpredictable mild stress: role of the brain-gut axis. J. Ethnopharmacol. 254:112713. doi: 10.1016/j.jep.2020.112713 
	 Wang,Q., Zou,Z., Zhang,Y., Lin,P., Lan,T., Qin,Z., et al. (2021). Characterization of chemical profile and quantification of major representative components of Wendan decoction, a classical traditional Chinese medicine formula. J. Sep. Sci. 44, 1036–1061. doi: 10.1002/jssc.202000952 
	 Westfall,S., Caracci,F., Estill,M., Frolinger,T., Shen,L., and Pasinetti,G. M. (2021). Chronic stress-induced depression and anxiety priming modulated by gut-brain-Axis immunity. Front. Immunol. 12:670500. doi: 10.3389/fimmu.2021.670500 
	 Wieland,L. S., and Santesso,N. (2017). Summary of a Cochrane review: Wendan decoction traditional Chinese medicine for schizophrenia. Eur. J. Integr. Med. 15, 81–82. doi: 10.1016/j.eujim.2017.09.009 
	 Wolf,S. A., Boddeke,H. W., and Kettenmann,H. (2017). Microglia in physiology and disease. Annu. Rev. Physiol. 79, 619–643. doi: 10.1146/annurev-physiol-022516-034406 
	 Xie,Y., Li,J., Liu,D., Wu,B., Zhao,H., Liu,G., et al. (2023). Dietary ethylenediamine dihydroiodide improves intestinal health in Cherry Valley ducks. Poult. Sci. 102:103022. doi: 10.1016/j.psj.2023.103022 
	 Xu,J., Bjursell,M. K., Himrod,J., Deng,S., Carmichael,L. K., Chiang,H. C., et al. (2003). A genomic view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299, 2074–2076. doi: 10.1126/science.1080029 
	 Yang,C., Cai,C., Yang,X., Yang,Y., Zhou,Z., Liu,J., et al. (2012). Wendan decoction improves learning and memory deficits in a rat model of schizophrenia. Neural Regen. Res. 7, 1132–1137. doi: 10.3969/j.issn.1673-5374.2012.15.002 
	 Yang,Y., Chen,R., Li,C., Zheng,Q., Lv,Y., Li,L., et al. (2023). A synthetic external control study comparing the clinical efficacy of Wendan decoction and 19 antidepressants. Int. J. Neuropsychopharmacol. 26, 739–746. doi: 10.1093/ijnp/pyad044 
	 Yoshikawa,K., Shimada,M., Kuwahara,T., Hirakawa,H., Kurita,N., Sato,H., et al. (2013). Effect of Kampo medicine "Dai-kenchu-to" on microbiome in the intestine of the rats with fast stress. J. Med. Investig. 60, 221–227. doi: 10.2152/jmi.60.221 
	 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
	 Yue,Y., Chen,Y., Liu,H., Xu,L., Zhou,X., Ming,H., et al. (2021). Shugan Hewei decoction alleviates cecum mucosal injury and improves depressive- and anxiety-like behaviors in chronic stress model rats by regulating Cecal microbiota and inhibiting NLRP3 Inflammasome. Front. Pharmacol. 12:766474. doi: 10.3389/fphar.2021.766474 
	 Zhai,X., Lin,D., Zhao,Y., Li,W., and Yang,X. (2018). Effects of dietary Fiber supplementation on fatty acid metabolism and intestinal microbiota diversity in C57BL/6J mice fed with a high-fat diet. J. Agric. Food Chem. 66, 12706–12718. doi: 10.1021/acs.jafc.8b05036 
	 Zhang,J., Li,L., Liu,Q., Zhao,Z., Su,D., Xiao,C., et al. (2023). Gastrodin programs an Arg-1(+) microglial phenotype in hippocampus to ameliorate depression- and anxiety-like behaviors via the Nrf2 pathway in mice. Phytomedicine 113:154725. doi: 10.1016/j.phymed.2023.154725 
	 Zhang,J., Rong,P., Zhang,L., He,H., Zhou,T., Fan,Y., et al. (2021). IL4-driven microglia modulate stress resilience through BDNF-dependent neurogenesis. Sci. Adv. 7:9888. doi: 10.1126/sciadv.abb9888 
	 Zou,Q., Han,S., Liang,J., Yan,G., Wang,Q., Wang,Y., et al. (2024). Alleviating effect of vagus nerve cutting in Salmonella-induced gut infections and anxiety-like behavior via enhancing microbiota-derived GABA. Brain Behav. Immun. 119, 607–620. doi: 10.1016/j.bbi.2024.04.034 



Glossary


	CUMS

	
Chronic unpredictable mild stress



	TCM

	
Traditional Chinese medicine



	WDD

	
Wendan decoction



	GAD

	
Generalized anxiety disorder



	IL-6

	
Interleukin-6



	SPF

	
Specific pathogen-free



	DZP

	
Diazepam



	OFT

	
Open field test



	EPM

	
Elevated plus-maze



	LDB

	
Light/dark box



	ELISA

	
Enzyme-linked immunosorbent assay



	IL-1β

	
Interleukin-1β



	TNF-α

	
Tumor necrosis factor-α



	OD

	
Optical density



	H&E

	
Hematoxylin and eosin



	IF

	
Immunofluorescence



	OTUs

	
Operational taxonomic units



	ANOVA

	
Analysis of variance



	LDA

	
Linear discriminant analysis



	PCA

	
Principal component analysis



	Hp

	

Helicobacter pylori




	E-SPS

	
Emotional single prolonged stress



	GBA

	
Gut-brain axis



	BBB

	
Blood–brain barrier



	SCFAs

	
Short-chain fatty acids



	CNS

	
Central nervous system



	FMT

	
Fecal microbiota transplantation



	GF

	
Germ-free
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