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Background: Asiaticoside, the main active ingredient of Centella asiatica, is a pentacyclic triterpenoid compound. Previous studies have suggested that asiaticoside possesses neuroprotective and anti-depressive properties, however, the mechanism of its anti-depressant action not fully understood. In recent years, a growing body of research on anti-depressants has focused on the microbiota-gut-brain axis, we noted that disruption of the gut microbial community structure and diversity can induce or exacerbate depression, which plays a key role in the regulation of depression.Methods: Behavioral experiments were conducted to detect depression-like behavior in mice through sucrose preference, forced swimming, and open field tests. Additionally, gut microbial composition and short-chain fatty acid (SCFA) levels in mouse feces were analyzed 16S rRNA sequencing and gas chromatography-mass spectrometry (GC-MS). Hippocampal brain-derived neurotrophic factor (BDNF) and 5-hydroxytryptamine receptor 1A (5-HT1A) expression in mice was assessed by western blotting. Changes in serum levels of inflammatory factors, neurotransmitters, and hormones were measured in mice using ELISA.Results: This study revealed that oral administration of asiaticoside significantly improved depression-like behavior in chronic unpredictable mild stress (CUMS) mice. It partially restored the gut microbial community structure in CUMS mice, altered SCFA metabolism, regulated the hypothalamic–pituitary–adrenal axis (HPA axis) and inflammatory factor levels, upregulated BDNF and 5-HT1A receptor protein expression, and increased serum serotonin (5-hydroxytryptamine, 5-HT) concentration. These findings reveal that asiaticoside exerts antidepressant effects via the microbiota-gut-brain axis.Conclusions: These results suggested that asiaticoside exerts antidepressant effects through the microbiota-gut-brain axis in a CUMS mouse model.Keywords: asiaticoside, chronic unpredictable mild stress (CUMS), depression, gut microbiota, microbiota-gut-brain axis, brain-derived neurotrophic factor (BDNF), 5-hydroxytryptamine receptor 1A (5-HT1A)
INTRODUCTION
Depression is on a significant upward trend, in part due to the growing pressures of rapidly changing socioeconomic pressures, as well as improved diagnosis and reporting, which has accelerated after the 2019 COVID global outbreak. The rates of depression are estimated to affect up to 10% of the global population (https://www.who.int/news-room/fact-sheets/detail/depression), constituting a serious social and medical challenge (Huang et al., 2019; Smith and Mazure, 2021; Goodwin et al., 2022; COVID-19 Mental Disorders Collaborators, 2021; Ettman et al., 2022). Pharmacological therapy, which consists of medications such as selective serotonin reuptake inhibitors (SSRIs), and serotonin-norepinephrine reuptake inhibitors (SNRIs), is commonly used to treat depression. However, due to limited effectiveness and increasing resistance of these antidepressants, they are often inadequate to meet the needs of those suffering from depression. The pathophysiology of depression is extremely complex, and currently recognized hypotheses include monoamine (Hamon and Blier, 2013), neurotrophic factor (Kishi et al., 2017), hypothalamic–pituitary–adrenal (HPA) axis (Keller et al., 2017), and cytokine (Pariante, 2017) hypotheses. While research continues to reveal the underlying mechanisms of depression, the specific pathophysiology remains unknown.
Gut microbiota, which has been extensively researched in recent years, has been established to significantly impact human physiological and pathological behaviors. Dysbiosis of the gut microbiome can cause serious metabolic disorders and diseases (Martin et al., 2018; Pires et al., 2024). Clinical studies and animal model testing have demonstrated that disruption of the gut microbial community structure and diversity can induce or exacerbate depression (Jiang et al., 2015; Naseribafrouei et al., 2014). Simultaneously, improving the state of the gut microbiota can prevent and treat depression (Tillmann et al., 2019; Vuong et al., 2017).
Alterations in the composition of the gut microbiota also change the permeability of the gut barrier (Martel et al., 2022), in which bacteria and bacterial products can be transferred from the gut to the bloodstream, lymph nodes and other organs, to activate a systemic inflammatory response (Madison and Bailey, 2024; Caso et al., 2021; Miller and Raison, 2016), and hypothalamo-pituitary-adrenal axis activity (Osadchiy et al., 2019), reduce the levels of brain-derived neurotrophic factor (BDNF) and finally inducing depression (Du et al., 2020). Notably, short-chain fatty acids (SCFAs), decrease in response to imbalances in the microbiota as a metabolite of the gut microbiota (Koh et al., 2016), which may result in an inflammatory response as well as dysregulation of the HPA axis (Liu et al., 2021; van de Wouw et al., 2018). Acetic acid, propionic acid and butyric acid, the important neuromediators of short-chain fatty acids, may directly affect the brain by crossing the blood-brain barrier (BBB), altering BBB integrity, neurotransmission, neurotrophic factors and serotonin synthesis (Braniste et al., 2014; Varela et al., 2015; Barichello et al., 2015; Morais et al., 2021). So gut microbiome can regulate the gut-brain axis through neuroendocrine, neuroimmune and neural pathways by directly or indirectly producing metabolites of short-chain fatty acids (SCFAs) (Asgari et al., 2024). A new perspective suggests that the microbiota-gut-brain axis may hold the key to understanding depression, and could contribute to the development of novel antidepressant drugs (Chang et al., 2022).
Asiaticoside, the main active consistent of Centella asiatica (L.) Urb, is a pentacyclic triterpenoid consistent, has various pharmacological effects such as anti-tumor, neuroprotective, wound healing, and anti-depressant effects (He et al., 2023). Asiaticoside can regulate gut microbiota (Fu et al., 2023). Previous studies have shown that asiaticoside exerts its antidepressant effect by activating brain-derived neurotrophic factor (BDNF) signaling in the hippocampus (Luo et al., 2015), although the exact mechanism remains unknown. Therefore, this study aimed to explore whether the antidepressant effects of asiaticoside are mediated by alterations in the gut microbiome of mice that exhibit depression-like behavior.
MATERIALS AND METHODS
Animals
Male C57BL/6 mice (five-to 6-weeks old) were purchased from Luzhou Yinhui Biotechnology Co. LTD., PR China. Each of the six mice was placed individually in a cage (320 × 215 × 170 mm) with a standard 12-h light/dark cycle, where the lights were turned on at 09:00 a.m. Before the experiment began, a 1-week period of adaptive feeding was conducted. Environmental temperature and relative humidity were maintained at 23°C–26°C and 55%, respectively. This study was approved by the Ethics Committee for Laboratory Animals of Southwest Medical University and complied with all relevant ethical guidelines for animal research and human participation (No. swmu20230026).
Chemicals and antibodies
Asiaticoside (HPLC purity 95%) was purchased from Shanghai Xushuo Biotechnology Co., Ltd. (Catalog No. DC21453-5g). Fluoxetine Hydrochloride (HPLC purity 98%) was purchased from Shanghai Macklin Biochemical Technology Co. Ltd. (Catalog No. F844356-100g). BDNF Polyclonal antibody was purchased from Proteintech Group, Inc. (Catalog No. 28205-1-AP), whereas the Anti-5HT1A Receptor antibody was purchased from Abcam (Catalog No. ab85615). The GAPDH antibody was purchased from Affinity Biosciences (Catalog No. AF7021).
Drug administration
To evaluate the effects of asiaticoside on depressive mice, the mice were divided into six groups: control (CON), chronic unpredictable mild stress (CUMS), asiaticoside low-dose (AS-L, 10 mg/kg), asiaticoside medium-dose (AS-M, 20 mg/kg), asiaticoside high-dose (AS-H, 40 mg/kg), and fluoxetine (FLX, 20 mg/kg). Asiaticoside and fluoxetine were ultrasonically dispersed in saline containing 0.5% Tween-80 and administered by oral gavage, following the methods described in previous reports (Liang et al., 2008; Wang et al., 2020; Yi et al., 2014). The drug treat was administered once daily for the last 4 weeks of the experiment.
CUMS depression mouse model
Before the initiation of CUMS treatment, the animals were randomly divided into two groups: stressed and control. Control mice were kept in separate rooms, devoid of any other interference, and were not exposed to stressed mice. Stressed mice were subjected to the CUMS protocol as previously described (Li et al., 2013; Ruilian et al., 2021). Briefly, the weekly stress regimen comprised day and night adjustments, fasting, water deprivation, horizontal shaking, restraint, high and low temperature swimming, a light clip of rat tail, wet litter, tilting squirrel cage, noise, and flash stimulation. All of these stressors were individually and consistently administered both during the day and at night. To prevent the mice from becoming habituated and to ensure the unpredictability of the stressors, all stressors were randomly scheduled over a 1-week period and were repeated throughout the 7-week experiment. Subsequently, sucrose preference, open field, and forced swimming tests were conducted to assess the success of simulating depressive behavior in mice.
Behavioral tests
Sucrose preference test (SPT)
The SPT serves as an important indicator for assessing animal pleasure, with a decrease in pleasure being the primary symptom of depression in mice. When mice are in an anxious or depressive state that leads to a loss of pleasure, they tend to avoid consuming sugary water (Markov, 2022). The SPT was conducted in the 6th week following modeling and in the 11th week following drug administration. Before the test, the mice were trained to adapt to the sucrose solution (1%, w/v) by providing them with two bottles of sucrose solution in each cage for 24 h and then replacing one bottle with water for 24 h. After adaptation, mice were deprived of water and food for 24 h. The test was conducted at 9 a.m. The mice were housed in individual cages and had free access to two bottles: one containing sucrose solution and the other containing water. After 6 h, the positions of the bottles were switched, and after another 6 h, the volumes of sucrose solution and water consumed were recorded. Sucrose preference was calculated as follows: [sucrose solution intake/(sucrose solution + water) intake] × 100%.
Forced swimming test (FST)
The FST and OFT are behavioral tests widely used to evaluate depression in mice and the effectiveness of different antidepressant drugs (Nestler and Hyman, 2010). The FST was conducted in the 6th week following modeling and in the 11th week following drug administration. The test was conducted using the same protocol as previously described in detail with minor modifications. Briefly, the mice were individually placed in a glass cylinder (30 cm in height and 15 cm in diameter) filled with 15 cm of water at a temperature of 24°C ± 2°C. The mice were immersed in water for 6 min, with the first 2 min for adaptation and the remaining 4 min to record the immobility time. When the mouse floated upright to keep its head above the water and made only minor movements, it was considered to be immobile. Water was replaced after each trial, and a quiet environment was maintained throughout the experiment.
Open-field test (OFT)
Open field experiments were conducted in the 6th week following modeling and in the 11th week following drug administration. The open field experiment was performed as previously described with slight modifications (Cruz et al., 2009; Menneson et al., 2019). The experimental apparatus consisted of a 50 × 50 × 40 cm3 cardboard box divided into 25 equal squares (10 × 10 cm2) at the bottom. At the beginning of the experiment, a single mouse was placed in one corner of the cardboard box, and its immobility time within 5 min was recorded using a camera, followed by cleaning with 75% ethanol after each test. The experiment was conducted in a quiet environment.
Western blotting
After the final behavioral test, all mice were decapitated between 12:00 PM and 2:00 PM. Immediately thereafter, the hippocampal region of the brain was excised and stored at −80°C for subsequent protein level analysis. The hippocampal samples were homogenized in lysis buffer and incubated on ice for 30 min. The homogenates were centrifuged at 14,000 rpm for 20 min at 4°C and the supernatants were collected. The protein concentrations of the samples were determined using BCA assay. Proteins were separated by SDS-PAGE, and the resulting proteins were transferred onto a PVDF membrane. The membranes were blocked in blocking buffer at room temperature for 15 min, and incubated with the appropriate primary antibodies overnight at 4°C (anti-BDNF: 1:1,000, anti-5HT1A:1:1,000, anti-GAPDH: 1:1,000). After three washes with TBST, the membranes were incubated with an HRP-labeled secondary antibody (1:3,000). The blots were washed three times with TBST buffer and immunoreactive bands were detected using an enhanced chemiluminescence technique. The results were normalized to the GAPDH protein expression levels in each sample.
ELISA
After the final behavioral test, all mice were decapitated between 12:00 PM and 2:00 PM to avoid hormonal fluctuations, and blood samples were immediately collected. Blood samples were collected on ice and centrifuged at 4°C (12,000 rpm for 10 min) to separate serum. The serum was stored at −20°C for subsequent testing. Serum samples were analyzed using Andygene ELISA kits, including the BDNF (Catalog: AD2815Mo-48T), Cortisol (CORT) (Catalog: AD2093Mo-48T), Corticotropin-releasing Hormone (CRH) (Catalog: AD3341Mo-48T), 5-Hydroxytryptamine (5-HT) (Catalog: AD3398Mo-48T), Mouse IL-6 (Catalog: AD3430Mo), Mouse TNF-α (Catalog: AD3051Mo), and Mouse IL-10 (Catalog: AD2776Mo) ELISA Kits.
Gut microbiome and metabolomic testing
16S rRNA gene sequencing and data processing
At the end of behavioral testing, mouse fecal samples were collected, placed in sterile tubes, and flash-frozen in liquid nitrogen. The fecal samples were stored in a refrigerator at −80°C until further analysis. Total microbial genomic DNA was extracted from mouse fecal samples using the E. Z.N.A. Stool DNA Kit (OMEGA, Bio-Tek, United States) according to manufacturer’s instructions. The quality and concentration of the DNA were determined using 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., United States). The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified using the primer pair 338F (5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). After all samples were amplified in triplicate, the PCR product was extracted using 2% agarose gel, purified, and quantified using the Quantus™ Fluorometer (Promega, United States). After quantification, the purified amplicons were combined in equimolar ratios and paired-end sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Bioinformatic analysis of the gut microbiota community was performed using the free online i-Sanger Cloud Platform of Majorbio (www.i-sanger.com).
Determination of short-chain fatty acid (SCFA) levels
The obtained mouse fecal samples were accurately weighed (25 mg) and placed into a 2 mL grinding tube, and 500 µL of water containing 0.5% phosphoric acid was added. The samples were frozen and ground at 50 Hz for 3 min, repeated twice, sonicated for 10 min, and centrifuged at 13,000 g for 15 min at 4°C. To extract the supernatant, 200 µL aqueous solution of the supernatant was placed in a 1.5 mL centrifuge tube, followed by 0.2 mL of n-butyl alcohol solvent containing the internal standard 2-ethylbutyric acid (10 μg/mL). Finally, the samples were vortexed for 10 s, sonicated at a low temperature for 10 min, and centrifuged at 13,000 g for 5 min at 4°C. The supernatant was collected and analyzed using an Agilent 8890B gas chromatograph coupled to an Agilent 5977B/7000D mass-selective detector with an inert electron impact (EI) ionization source with an ionization voltage of 70 eV (Agilent, United States of America). Separations were performed using a HP-FFAP (30 m × 0.25 mm × 0.25 µm) capillary column at a constant flow rate (1 mL/min) using 99.999% helium as the carrier gas. The gas column temperature was set at 80°C, then increased to 120°C at a rate of 40°C/min, 200°C at a rate of 5°C/min, and finally 220°C for 3 min. Samples were injected at a volume of 1 µL in splitting mode (10:1) with an inlet temperature of 180°C. The ion source temperature was 230°C and the quadrupole temperature was 150°C.
Statistical analyses
Unless otherwise specified, statistical analyses were performed using GraphPad Prism version 8.0. Multiple group comparisons were assessed using one-way analysis of variance (ANOVA) with Dunnett’s test or post hoc Tukey-Kramer test, and differences between each pair of groups were determined using two-tailed Student’s t-test or Wilcoxon rank sum test. All data were considered to be statistically significant at p < 0.05.
RESULTS
Effect of asiaticoside on depression-like behavior in mice
After exposing the mice to chronic unpredictable stress for 6 weeks, the SPT, FST, and OFT were conducted to assess the development of depression-like symptoms (Supplementary Figure S1). After successful modeling, CUMS mice were randomly divided into six groups and administered daily doses of physiological saline (CUMS), or asiaticoside at concentrations of 10 mg/kg (AS-L), 20 mg/kg (AS-M), 40 mg/kg (AS-H), or 20 mg/kg fluoxetine (FLX). Behavioral tests were conducted 5  weeks post-treatment.
The effect of asiaticoside on sucrose preference in depression-like mice is depicted in Figure 1A. Sucrose preference was significantly lower in the CUMS group than in the CON group. After long-term treatment with asiaticoside and fluoxetine, sucrose preference significantly increased in the AS-M, AS-H, and FLX groups compared to that in the CUMS group. The effect of asiaticoside on FST and OFT immobility time in depressed mice is shown in Figures 1B, C, respectively. Immobility time in the FST and OFT was significantly longer in the CUMS group than in the CON group. After treatment with asiaticoside and fluoxetine, FST immobility time was significantly reduced in the AS-M, AS-H, and FLX groups, whereas OFT immobility time was significantly reduced in the AS-L, AS-M, AS-H, and FLX groups compared to the CUMS group. The SPT, FST, and OFT in the AS-M and AS-H groups showed improvements, especially in AS-H group, which may be attributed to the positive effect of oral asiaticoside on depression-like behavior in mice.
[image: Figure 1]FIGURE 1 | Effects of asiaticoside on sucrose preference (A), FST immobility time (B), and OFT immobility time (C) in CUMS mice. Effects of asiaticoside on the expression of 5-HT1A (D) and BDNF (E) proteins in the hippocampus of CUMS mice (n = 6). Data are expressed as the mean with SD. #p < 0.05, ##p < 0.01, ### < 0.001 vs. CON group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CUMS group.
Effects of asiaticoside on 5-HT1A and BDNF expression in the hippocampus of CUMS mice
The expression levels of 5-HT1A and BDNF in the hippocampus are shown in Figures 1D, E. 5-HT1A and BDNF in the hippocampus were significantly reduced in the CUMS group compared to the CON group. After treatment with asiaticoside and fluoxetine, the AS-H and FLX groups exhibited significantly higher levels of 5-HT1A and BDNF protein expression than the CUMS group. And the expression levels of 5-HT1A and BDNF increased with an increase in the dose of asiaticoside.
Effects of asiaticoside on gut microbes in mice with depression-like behavior
Analysis of intestinal microbial diversity in mice with depression-like behavior
According to the Illumina MiSeq platform (Illumina, San Diego, United States), paired-end sequencing yielded 2,745,161 valid sequences with an average length of 419 nucleotides. Detailed information on the 30 samples is provided in Supplementary Table S1. The rarefaction curve (Supplementary Figure S2) tended to flatten and reach a saturation plateau, indicating that the sequence detection range encompassed most of the microorganisms in the samples. The α-diversity analysis, which was conducted at the operational taxonomic unit (OTU) level using four indices—Ace, Chao, Shannon, and Simpson, revealed the richness and diversity of the gut microbial community in six groups of samples (Figure 2A). The Ace and Chao indices of the CUMS group were significantly higher than those of the CON group, while the Ace and Chao indices of the AS-H group were significantly lower than those of the CUMS group. The Shannon index of the AS-M and AS-L groups was significantly lower than that of the CUMS group, whereas the Simpson index was higher. These findings suggested that the administration of asiaticoside in a dose-dependent manner could alter the richness and diversity of the intestinal flora in mice.
[image: Figure 2]FIGURE 2 | Diversity analysis of the gut microbiota among the six groups. (A) α-Diversity indices, that is, Ace and Chao indices reflect microbial community richness, Shannon and Simpson indices reflect microbial community diversity. (*p < 0.05, ***p < 0.001). (B) Hierarchical cluster tree of the microbial community in each sample at OTU level. (C) PLS-DA of bacterial communities in the six groups at the family level. (D) PCoA analysis based on Bray-Curtis distance showing the β-diversity of each group at the OTU level. (E) The discrete degree of PC1 is shown in the right pane.
In the β-diversity analysis, the hierarchical clustering tree depicted in Figure 2B demonstrates the relationship between the gut microbiota of the various samples. Each branch of the tree represented the gut microbiota of a sample, and the length of the tree branches represented the distance between samples, with shorter distances indicating higher similarity. The samples of the CUMS group clustered together, far from the CON group, whereas the AS-H group was very close to the CON group, indicating a high similarity between the AS-H and CON groups.
Partial least squares discriminant analysis (PLS-DA) (Figure 2C) indicated that the gut microbial structure of the CUMS group was significantly different from that of the CON group. However, the difference between the AS-M and AS-H groups reduced. The principal coordinates analysis (PCoA) method, which measures β-diversity at the OTU level, effectively differentiated the features of the CON, AS-H, and CUMS groups (Figure 2D), the discrete degree of PC1 is shown in the right panel (Figure 2E), indicating significant structural rearrangement of the gut bacterial community in the CUMS group. In summary, the gut microbial structure of CUMS mice is significantly different from that of normal mice, and when depression-like mice are administered a certain dose of asiaticoside, this difference can be improved, causing the gut microbial community of depression-like mice to resemble that of normal mice.
Analysis of gut microbiota composition in different groups
To evaluate the composition of the gut microbiota in each group, we analyzed the abundance of the gut microbial community at the phylum and genus levels. The relative abundance of the gut microbial community at the phylum level (Figure 3A) revealed that Bacteroidetes and Desulfobacterota were more abundant in the CUMS group than in the CON group, although they were less prevalent in the AS-L, AS-M, and AS-H groups. Additionally, the relative abundance of Firmicutes was higher in the AS-H group than that in the CUMS group. Figures 3B, C illustrate the distribution of the gut microbial population at the genus level for each sample, which included 169 bacterial genera. Compared to the CON group, the relative abundance of Alistipes and Alloprevotella increased in the CUMS group, whereas Lactobacillus decreased, and the opposite was observed in the AS group. These findings indicated that depression can alter the gut microbial structure at the phylum and genus levels in mice and that treatment in a dose-dependent manner of asiaticoside could restore the gut microbial structure in depression-like mice.
[image: Figure 3]FIGURE 3 | Distribution of bacterial genera and phyla among the six groups. (A) Community distribution at the phylum level. (B, C) Community distribution at the genus level.
Analysis of differences in gut microbiota in the different groups
As shown in Figure 4A, the relative abundances of Bacteroidetes, Firmicutes, Actinobacteriota, Desulfobacterota, Proteobacteria, and Patescibacteria demonstrated notable dissimilarity at the phylum level across the six groups. Compared with the CON group, the relative abundances of Bacteroidetes, Actinobacteriota, Desulfobacterota, and Proteobacteria were significantly higher in the CUMS group and lower in the AS group. Among the groups, the relative abundance of Firmicutes was the highest in the AS-L group. The composition and proportional distribution of the dominant genera in the CON, CUMS, and AS-H groups were visually represented in a ternary plot (Figure 4B). Furthermore, the differences in the composition of the gut microbial community between the AS-treated and untreated groups were assessed at the genus level. Compared to the CON group, the abundance of Akkermansia, Prevotellaceae_UCG-001, norank_f__norank_o__Clostridia_UCG-014, Lactobacillus, Muribaculum, Clostridium_sensu_stricto_1, and Rikenellaceae_RC9_gut_group were significantly lower in the CUMS group, whereas the abundance of Alistipes, Alloprevotella, and Desulfovibrio was significantly higher (Figure 4C). Compared to the CUMS group, the abundance of Lactobacillus was significantly higher in the AS-M group, while the abundance of Dubosiella, Colidextribacter, unclassified_f__Oscillospiraceae, and 13 other genera was significantly lower (Figure 4D). In the comparison between the CUMS and AS-H groups, the abundance of Lactobacillus and Muribaculum was significantly higher in the CUMS group, whereas the abundance of norank_f__Muribaculaceae, Alistipes, Prevotellaceae_UCG-001, Faecalibaculum, and Desulfovibrio, among the 13 other genera, was significantly lower than that in the CUMS group (Figure 4E). Compared to the CUMS group, the abundance of Akkermansia, Ruminococcus, and Lachnospiraceae UCG-001 was higher in the FLX group, while the abundance of Alistipes, Dubosiella, norank f Eubacterium, and coprostanoligenes_group, among the 12 other genera, was significantly lower (Figure 4F). To further explore the differences in the gut microbial community among the six groups, LEfSe and hierarchical clustering heatmap (Figures 5A, B) analysis were conducted to reveal specific bacteria and changes in the overall gut microbial community.
[image: Figure 4]FIGURE 4 | Differences in the relative abundance of specific microbial taxa among the six groups. (A) Significant differences in the gut microbiota across the six groups at the phylum level. (B) The ternary plot presents the main differences in the gut microbiota in the CON, CUMS, and AS-L groups at the genus level. The dot size indicates the relative abundance of the genera. (C–F) Significant differences in gut microbiota between the AS-treated and CUMS groups at the genus level. The Wilcoxon rank-sum test was used for statistical analysis. Data are expressed as mean ± SD. (*p < 0.05, **p < 0.01, and ***p < 0.001).
[image: Figure 5]FIGURE 5 | Overall changes in gut bacterial composition among the six groups. (A) Linear discriminant analysis (LDA) scores of relative genera in six groups. The length of the column is proportional to the taxa abundance. (B) LEfSe analysis of differentially abundant taxa in the six groups. p, phylum; c, class; o, order; f, family; g, genus. (C) Heatmap analysis of the bacterial genera in each sample.
Effects of asiaticoside on gut metabolite SCFAs in CUMS mice
Gas chromatography-mass spectrometry (GC-MS) was used to evaluate SCFA levels in the feces of mice from six different groups, including acetic acid, propanoic acid, butanoic acid, isobutyric acid, isovaleric acid, valeric acid, isohexanoic acid, and hexanoic acid. Compared to the CON group, the acetic acid content in the CUMS group was significantly reduced, while the AS-M, AS-H, and FLX groups showed a significant dose-dependent increase in acetic acid content compared to the CUMS group (Figure 6A). Additionally, propanoic acid (Figure 6B) and butanoic acid (Figure 6C) contents in the AS-H group were significantly higher than those in the CUMS group. The isobutyric acid (Figure 6D) and isovaleric acid (Figure 6E) contents in the CUMS group were significantly lower than those in the CON group, with the AS group showing an increasing trend compared to the CUMS group. The hexanoic acid content in the AS-H and FLX groups was significantly higher than that in the CUMS group, but there was no significant difference in the hexanoic acid content between the CUMS and CON groups (Figure 6H). There was no significant difference in the contents of valeric acid (Figure 6F) and isohexanoic acid (Figure 6G) among the six groups.
[image: Figure 6]FIGURE 6 | The concentrations (µg/mL) of acetic (A), propanoic (B), butanoic (C), isobutyric (D), isovaleric (E), valeric (F), isohexanoic (G), and hexanoic acid (H) in the fecal samples among the six groups were determined using GC-MS. Data are expressed as mean ± SD. #p < 0.05, ##p < 0.01, ### < 0.001 vs. CON group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CUMS group.
Effects of asiaticoside on serum neurotransmitters and inflammatory factors in CUMS mice
The correlation between depression and neurotransmitters as well as inflammatory factors is well established. Therefore, in this study, ELISA was used to measure the levels of serum inflammatory factors and neurotransmitters. The levels of IL-6 (Figure 7A) and TNF-α (Figure 7B) were significantly higher in the CUMS group than in the CON group, whereas the levels of IL-10 (Figure 7C) were significantly lower. The levels of IL-6 and TNF-α were significantly lower in the AS group than in the CUMS group, whereas the levels of IL-10 were significantly higher. The effects of asiaticoside on serum CRH and CORT levels are shown in Figures 7D, E. CRH and CORT levels in the CUMS group were significantly higher than those in the CON group, but treatment with asiaticoside or fluoxetine resulted in a significant reduction in these levels. Serotonin (5-HT) plays a key role in the onset and treatment of depression. Our results (Figure 7F) showed that the serum 5-HT levels in the CUMS group were significantly lower than those in the CON group, whereas the 5-HT levels in the AS-H and FLX groups were significantly higher than those in the CUMS group.
[image: Figure 7]FIGURE 7 | The concentrations of IL-6 (A), TNF-α (B), IL-10 (C), CRH (D), CORT (E), and 5-HT (F) in the serum samples were determined using ELISA. Data are expressed as the mean ± SD. p < 0.05 was considered statistically significant. #p < 0.05, ##p < 0.01 vs. CON group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CUMS group. (G) Spearman Correlation H.eatmap.
Sequencing results correlated with changes in neurotransmitter and inflammatory factor levels
The Spearman correlation heatmap (Figure 7G) indicated that higher levels of inflammation (TNF-α and IL-6) and hormone levels (CRH and CORT) were positively correlated with norank_f__Muribaculaceae, Alistipes, and Desulfovibrio, whereas they were negatively correlated with Lactobacillus. Additionally, the increases in IL-10 and 5-HT were positively correlated with Lactobacillus and negatively correlated with norank_f__Muribaculaceae, Alistipes, and Desulfovibrio.
DISCUSSION
The findings of this study suggest that asiaticoside can reverse depression-like behavior in CUMS mice by improving gut microbiota, SCFA levels, HPA axis hormone levels, serum inflammatory factors, and protein expression of hippocampal 5-HT1A and BDNF. These results imply that asiaticoside exerts antidepressant effects through restoration of depressive-like behaviors in mice with dysregulated gut microbiota, and dysfunction of many biochemical factors that are critical for the development of depression.
Asiaticoside is a triterpenoid consistent extracted from Centella asiatica that exhibits antitumor, anti-inflammatory, and neuroprotective effects (Sun et al., 2020). This study primarily focused on its antidepressant effects. Previous studies have demonstrated that asiaticoside improves depression-like behavior in mice by upregulating 5-HT and BDNF levels in the hippocampus (Wang et al., 2020). Moreover, asiaticoside can upregulate the expression of BDNF, PSD-95, and synapsin I in the hippocampus of CUMS mice. BDNF can potentiate excitatory synaptic transmission and proteins in neurons and the brain, and the expression of PSD95 and synapsin I, as downstream proteins of BDNF, were regulated by BDNF (Luo et al., 2015). Thus, asiaticoside may exert its antidepressant effects by activating BDNF signaling in the hippocampus as well as upregulating 5-HT expression. However, asiaticoside, a triterpenoid compound with a high molecular weight, is not easily absorbed through biological membranes. Consequently, further research is necessary to understand the mechanisms underlying the antidepressant effects of oral asiaticoside administration.
The CUMS mouse model is a commonly used depression model that induces depressive like behaviour through long-term unpredictable physical stress, effectively mimicking various psychological stressors encountered in daily human life (Qiao et al., 2016; Willner, 1997). In this study, administration of asiaticoside and fluoxetine to CUMS mice resulted in an increased sugar water preference rate and a decrease in immobility time during the FST and OFT, suggesting behavioral normalization in the mice. These findings imply that asiaticoside possesses properties and can improve the depressive state in mice.
Furthermore, reduced expression of BDNF in the hippocampus is considered a significant mechanism for the onset of depression (Adachi et al., 2017; Arumugam et al., 2017; Castrén and Monteggia, 2021). This is because CUMS can significantly increase hippocampal autophagy, reduce hippocampal BDNF expression, and induce depressive behavior in experimental animals (Rana et al., 2021). BDNF belongs to the neurotrophic factor family and is distributed in both the brain and periphery. Moreover, it is primarily expressed in the hippocampus and cortex, where it is produced by neurons and astrocytes (Kang et al., 2016). In this study, asiaticoside and fluoxetine reversed the decrease in hippocampal BDNF levels in CUMS mice and improved depressive symptoms.
The monoamine neurotransmitter hypothesis, which posits that alterations in the levels of monoamine neurotransmitters such as 5-HT can contribute to depression, is widely recognized as a key factor in the pathogenesis of depression. 5-HT, a monoamine neurotransmitter, plays a crucial role in regulating behavior, emotions, and memory in the human body and is closely associated with nervous system disorders (Ma et al., 2023). SSRIs, such as fluoxetine, are currently widely used as antidepressant drugs in clinical practice. Studies have shown (Chen et al., 2023) that following the use of fluoxetine, serum 5-HT levels in depressed mice significantly increased, and depressive symptoms improved significantly. In this study, we found that CUMS mice treated with asiaticoside or fluoxetine exhibited an increase in serum 5-HT levels and an improvement in depression, further confirming that asiaticoside is effective in ameliorating the depressive state. Furthermore, the expression of 5-HT1A in the hippocampus of mice was detected. The results revealed that after a period of CUMS, the expression of 5-HT1A in the mouse hippocampus significantly decreased, which is consistent with previous findings (Drevets et al., 2007). Interestingly, after oral administration of asiaticoside or fluoxetine to CUMS mice for a certain period, the expression of 5-HT1A in the hippocampus significantly increased. The 5-HT1A receptor is the most widely distributed subtype of 5-HT receptor in the brain, especially in the hippocampus and prefrontal cortex, and is an important target for the clinical treatment of depression and anxiety disorders (Yohn et al., 2017). Most studies have shown that chronic stress can cause a decrease in hippocampal 5-HT levels, downregulation of 5-HT1A receptors, and a decrease in the function of the 5-HT system (Drevets et al., 2007).
These findings support the antidepressant effect of asiaticoside. However, owing to its poor absorption in the intestinal tract, exerting its antidepressant effects through direct absorption is challenging. In recent years, the development and promotion of high-throughput sequencing have provided a better understanding of the relationship between neurological diseases and microorganisms (Gilbert et al., 2018). The “microbiota-gut-brain axis” has received increasing attention, and there is increasing evidence that the gut microbiota of depressed patients is dysregulated (Chang et al., 2022). Currently, the brain-gut-microbiota axis is not merely a concept, but also represents the interactions between the host’s gut-brain-microbiota system, central nervous system (CNS), endocrine chemical signaling system, and brain and gut barrier function (Dinan and Cryan, 2013).
Therefore, we focused our attention on the gut microbiota. Previous literature suggests that certain traditional Chinese medicine consistents, such as ginsenoside R1, resveratrol, and albiflorin, possess antidepressant properties (Jiang et al., 2020; Zhao et al., 2018; Nabavi et al., 2017). Among these, albiflorin can alleviate depression by regulating the composition of the gut microbiota. However, research on the influence of asiaticoside on the gut microbiota is limited. In this study, we compared the gut microbial community in healthy mice and depression-like mice using the alpha diversity index, PCoA, and hierarchical clustering tree methods. Our findings indicated that the species richness and diversity of the gut microbial community in CUMS mice were higher than those in healthy mice, which contradicts the results of McGaughey and Li (McGaughey et al., 2019; Li et al., 2018). Some studies have also shown that there is no apparent correlation between gut microbial community diversity and depression (Rincel et al., 2019; Zhu et al., 2019), further research is necessary to elucidate the specific role of gut microbial diversity in depression. In this study, oral administration of asiaticoside with increased dose partially restored gut microbial community diversity and species differences, upregulated hippocampal 5-HT1A and BDNF expression, and improved depressive behaviors in mice with depressive-like behaviors.
In the present study, the relative abundances of Bacteroidetes, Actinobacteriota, Desulfobacterota, and Proteobacteria at the phylum level in CUMS mice were higher than those in normal mice, whereas their abundance was significantly reduced after oral administration of asiaticoside or fluoxetine. The relative abundance of Firmicutes in CUMS mice that received a high dose of asiaticoside was significantly increased. In other reports (Li et al., 2018; Yang et al., 2020), the relative abundance of Bacteroidetes, Actinobacteriota and Desulfobacterota was significantly increased in the gut of patients or mice with depression, further demonstrating that the gut microbial composition of mice exhibiting depression-like behavior was altered. This alteration leads to an increase in intestinal permeability on the one hand and affects the integrity of the blood-brain barrier (BBB) on the other hand (Martel et al., 2022; Braniste et al., 2014; Conn et al., 2024), such that some inflammatory factors can be transferred from the intestinal to the bloodstream and then across the BBB, thereby activated the systemic inflammatory response (Madison and Bailey, 2024). These cytokines, including IL-6 and TNF-α, are also effective activators of the HPA axis (Bodemeier Loayza Careaga and Wu, 2024). Furthermore, gut microbiota -mediated inflammation is strongly associated with the development of depression through the downregulation of BDNF expression involved in NF-κB activation (Han et al., 2021). This is confirmed by our detection of increased serum IL-6, TNF-α, CRH, and CORT levels as well as decreased hippocampal BDNF expression in depression-like mice, these results are both caused by depression and in turn can exacerbate depression. So the administration of asiaticoside to depression-like mice restored the composition of the gut microbiota, could improve intestinal permeability and blood-brain barrier integrity, then could decrease the levels of IL-6, TNF-α, CRH, and CORT and increase hippocampal BDNF levels.
Analysis of the gut microbiota at the genus level revealed that the relative abundance of Alistipes and Desulfovbrio in CUMS mice was significantly higher than that in healthy mice. However, this condition improved after treatment with high-dose asiaticoside or fluoxetine. Alistipes, which belongs to the Bacteroidetes family, may be associated with inflammatio (Saulnier et al., 2011; Frémont et al., 2013; Verstreken et al., 2012; Rowan et al., 2009; Dostal Webster et al., 2019). In addition, Jiang et al. found that the relative abundance of Alistipes in the feces of patients with depression was also significantly increased (Vuong et al., 2017). Alistipes contains tryptophanase, which metabolizes tryptophan to indole. This process affects tryptophan metabolism, which in turn affects 5-HT levels. Inflammation is an essential pathogenic mechanism of depression (Guo et al., 2018). This also explains the increase in 5-HT content, decrease in pro-inflammatory factors TNF-α and IL-6 content, and increase in anti-inflammatory factor IL-10 content in the serum of mice with depression-like behavior after oral administration of asiaticoside. In addition to the increased relative abundance of harmful bacteria in mice with depression-like behavior, the relative abundance of beneficial bacteria was decreased in these mice. Lachnospiraceae_NK4A136_group as a bacterium negatively correlated with intestinal permeability (Yang et al., 2024), its abundance is reduced in depression-like mice, may result in the progression of depression through systemic inflammation caused by increased intestinal permeability. Lactobacillus is a bacterial species that belongs to the phylum Firmicutes. Studies have shown that oral administration of Lactobacillus can improve the depressive state in mice and has an antidepressant effect (Bravo et al., 2011). Specifically, Lactobacillus supplementation increased hippocampal BDNF levels (Yun et al., 2023), Lactobacillus has been shown to stimulate anti-inflammatory cytokines, including IL-10, and downregulate pro-inflammatory cytokines (Sokol et al., 2008; Llopis et al., 2009). According to our results, the relative abundance of Lactobacillus in CUMS mice was significantly lower than that in normal mice, and the relative abundance of Lactobacillus in CUMS mice was significantly increased after asiaticoside administration. Therefore, at the genus level, asiaticoside also exhibits a strong ability to restore gut microbial composition in depressed mice.
The primary metabolites of the gut microbiota are SCFAs that can directly affect the brain by crossing the blood-brain barrier (BBB). They can also influence the integrity of the BBB, neurotransmission, biosynthesis of BDNF, and serotonin levels, which are of great significance in regulating depression (Agirman and Hsiao, 2021; Xiao et al., 2020). Our experimental results indicated that SCFA levels in CUMS mice differed significantly from those in normal mice, with a notable decrease in the concentrations of acetic acid, butyric acid, and propionic acid, which presumably caused by disordered gut microbiota in CUMS mice, as Firmicutes bacteria can produce short-chain fatty acids (Tian et al., 2022; Samuel et al., 2008). And the relative abundance of Firmicutes were decreased in CUMS mice, leading to the speculation that the relative abundance of Firmicutes is positively correlated with the production of acetic, butyric, and propionic acids. In addition, Research has indicated that SCFAs are involved in digestion, immune function, and CNS function. The symptoms of depression in mice can be alleviated by controlling the three most abundant SCFAs: propionic acid, acetic acid, and butyric acid (van de Wouw et al., 2018). Butyric acid can increase the concentration of the central neurotransmitter 5-HT and promote BDNF expression in the hippocampus (Sun et al., 2016). Propionic acid also affects neurotransmission in the brain by interfering with synaptic neurotransmitter release (Jesulola et al., 2018). This suggests that asiaticoside can regulate the gut microbiota of mice with depression-like behavior, thereby influencing the synthesis and metabolism of SCFAs and thus exerting an antidepressant effect by up-regulating the expression of 5-HT and BDNF.
Hypothalamic-pituitary-adrenal (HPA) axis dysregulation is one of the most consistent pathophysiologic manifestations in depression (Pereira et al., 2024). The HPA axis, as a crucial component of the gut-brain axis, may affect the structure of the gut microbiota in animal models in response to various stressors (Bailey and Coe, 1999; Babaei et al., 2022). However, the relationship between gut microbiota and the HPA axis is bidirectional. Studies have shown that probiotics based on Lactobacillus and Bifidobacterium can restore stress-induced HPA axis dysfunction and improve learning, memory, depression, and anxiety-like symptoms (Desbonnet et al., 2010; Eutamene et al., 2007). Prolonged exposure to unpredictable physical stress in mice can lead to dysregulation of the endocrine system, such as hyperactivation of the HPA axis, which increases the secretion of cortisol (CORT), adrenocorticotropic hormone (ACTH), and corticotropin-releasing hormone (CRH) and which can trigger harmful systemic biological responses and depression (Aas et al., 2019). Studies have shown that chronic CORT can induce depression-like behavior in mice and reduce the expression of BDNF in dentate gyrus (DG) neurons of the hippocampus (Zhang et al., 2023). After treatment with asiaticoside, CUMS mice showed improved depression-like behaviors due to remodeled gut microbiota structure, significant increase in relative abundance of Lactobcillus, suppression of HPA axis hyperactivity, upregulation of hippocampal BDNF expression, and decrease in serum inflammatory factor levels. In addition to the gut microbiota, SCFAs can also regulate the HPA axis. Studies have found that acetic acid directly interacts with the HPA axis in the brain, thereby improving overactivation of the HPA axis (Frost et al., 2014). This suggests that asiaticoside exerts its antidepressant effects by regulating dysregulated acetic acid production and the HPA axis. This bidirectional regulation is also reflected by the HPA axis and inflammatory factors. Alterations in the gut microbiota and overactivation of the HPA axis may contribute to the enhanced release of cytokines and the synthesis of bioactive molecules. Conversely, certain cytokines such as IL-6 and TNF-α may pass through the BBB and activate the HPA axis (Banks, 2005; Hassamal, 2023).
The results of this study demonstrate that asiaticoside can improve the gut microbial structure in CUMS mice, alter SCFA metabolism, regulate the HPA axis and inflammatory factor levels, upregulate hippocampal BDNF and 5-HT1A protein expression, and increase serum 5-HT concentration, thereby improving depression-like behavior in CUMS mice. However, no dose-response trend was observed for asiaticoside at the three doses in Western blot, ELISA, SCFAs, and intestinal microbial analysis. There is currently no clear explanation for this observation. Based on the results of this study, we hypothesize that the optimal dosage of asiaticoside on depression-like mice is 20–40 mg/kg.
CONCLUSION
The purpose of this study was to explore whether asiaticoside could ameliorate CUMS-induced depression-like symptoms and its possible mechanism through the microbe-gut-brain axis. Male mice were subjected to CUMS and treated with asiaticoside. Depression-like behavior was measured by a series of behavioral tests. Gut microbiota, short-chain fatty acids, 5-HT1A, BDNF, serum inflammatory factors, and HPA axis-secreted hormones were evaluated. Asiaticoside intervention significantly attenuated CUMS-induced depressive-like behavior in mice due to upregulation of BDNF and 5-HT1A expression in the hippocampus and 5-HT in serum, and downregulation of IL-6, TNF-α, CRH, and CORT. Changes in these metrics were associated with short-chain fatty acids, Alistipes, Desulfovbrio, Lachnospiraceae_NK4A136_group, Lactobcillus, and Firmicute. Taken together, our results suggest that asiaticoside has a positive ameliorative effect on CUMS mice, which we hypothesized may be due to the restoration of gut microbiota allowing its metabolic pathways to increase the content of short-chain fatty acids, reduce inflammatory responses, inhibit HPA axis hyperactivity, and subsequently stimulate the expression of cerebral BDNF and 5-HT1A.
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