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GGV formula attenuates CCl4-induced hepatic injury in mice by modulating the gut microbiota and metabolites
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Background: Liver disease is a global health issue requiring effective therapeutic interventions. Although the individual hepatoprotective properties of glutathione, Ganoderma lucidum extract, and vitamin C are well-documented, their combined effects remain to be elucidated.

Objective: This study aims to investigate the hepatoprotective potential of a functional food formula named GGV to mitigate acute liver injury induced in mice.

Methods: GGV was orally administered in a mouse model of carbon tetrachloride (CCl4)-induced acute liver injury. Liver function was assessed by measuring serum and hepatic biomarkers. Gut microbiota composition and diversity were evaluated using 16S rRNA gene sequencing. Serum metabolomic profiling was conducted using UPLC-Q/TOF-MS.

Results and conclusion: GGV administration significantly ameliorated CCl4-induced liver dysfunction, exhibiting greater efficacy than its individual components. Gut microbiota analysis revealed that GGV treatment restored the microbial diversity and composition disrupted by CCl4 exposure. Metabolomic profiling further indicated that GGV normalized phospholipid, fatty acid, and bile acid levels. Correlation analysis identified specific microbial genera associated with serum bile acid profiles, suggesting that the hepatoprotective effects of GGV are mediated through modulation of gut microbiota composition and metabolites. Taken together, these findings support the potential of GGV as a promising dietary intervention for promoting liver health through the liver-microbiota-gut axis.
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1 Introduction

The liver plays an important role in metabolic regulation, detoxification, and immune responses, making it highly susceptible to injury from external agents such as pharmaceuticals and environmental toxins. This susceptibility poses a serious threat to human health, contributing to approximately 2 million deaths annually, accounting for 4% of global mortality (1). Diseases such as viral hepatitis (hepatitis B and C), nonalcoholic fatty liver disease (NAFLD), alcoholic liver disease (ALD), and drug-induced liver injury (DILI) substantially contribute to this burden, posing a major public health challenge (2). With the aging population and the increasing prevalence of metabolic diseases, the incidence of liver-related diseases is expected to increase in the coming years. To better understand the underlying mechanisms of liver disease and explore therapeutic strategies, researchers often use animal models. The pathophysiology of acute liver injury is complex and involves various etiologies, including viral infections, drug toxicity, and ischemia. Among these models, the carbon tetrachloride (CCl4)-induced acute liver injury model is widely used because it effectively mimics human liver conditions, such as acute liver injury, fibrosis, and oxidative stress (3). This model is invaluable for studying the pathophysiology of liver damage and evaluating potential hepatoprotective agents (4).

Current treatments for liver diseases include antioxidants, hepatoprotective agents, anti-inflammatory drugs, and antivirals, all aimed at preventing or mitigating liver damage (5). For example, silymarin, an antihepatotoxic agent, is a widely accepted drug for the treatment of liver diseases (6). It has also demonstrated antioxidant, hypolipidemic, and hypoglycemic effects, extending its potential therapeutic applications to cardiovascular health (7). However, the clinical use of silymarin is limited by factors such as drug interactions and pharmacokinetic variability, which can significantly affect its effectiveness and lead to inconsistent therapeutic outcomes (8, 9). Furthermore, although some studies report improvements in liver function markers, there is no conclusive evidence that silymarin significantly enhances survival rates in severe liver conditions such as cirrhosis (10). Adverse effects, including gastrointestinal disturbances and allergic reactions, have also been observed in certain individuals (11). These challenges underscore the necessity for more effective and safer hepatoprotective therapies.

Glutathione, a key molecule involved in maintaining cellular redox homeostasis, has shown promise in protecting the liver from oxidative damage in various liver disorders. S-acetylglutathione (SAG), a prodrug of glutathione, has been found to mitigate CCl4-induced liver toxicity by restoring oxidative balance, promoting mitophagy, and reducing inflammation (12). Similarly, vitamin C, known for its antioxidant, anti-inflammatory, and antifibrotic properties, has exhibited hepatoprotective effects in liver conditions such as ALD, NAFLD, DILI, and viral hepatitis. In CCl4-induced liver injury, vitamin C supplementation has been shown to improve clinical outcomes and reduce hepatomegaly by restoring metabolic balance and reducing inflammation (13). Additionally, Ganoderma lucidum extract has been reported to neutralize free radicals and reduce oxidative stress in the liver, with its triterpenoids and polysaccharides providing protection against CCl4-induced liver damage with minimal toxicity (14).

Despite the well-documented individual benefits of glutathione, Ganoderma lucidum extract, and vitamin C, their combined hepatoprotective potential remains unexplored. This study aims to address this gap by evaluating the enhanced liver-protective effects of GGV, an innovative therapeutic formulation combining these 3 compounds. Using a CCl4-induced acute liver injury model in C57BL/6J mice, we investigated the hepatoprotective efficacy of GGV through comprehensive analyses of gut microbiota composition and serum metabolome.



2 Materials and methods


2.1 Materials and reagents

Glutathione (CAS: 70-18-8) was obtained from Yunnan Jida Biotechnology Co., Ltd. (Yunnan, China). The aqueous extract of Ganoderma lucidum (Gan) was purchased from Wuhu Acegem Biotechnology Co., Ltd. (Anhui, China). Vitamin C (CAS: 50-81-7) was purchased from Heilongjiang NHU Biotechnology Co., Ltd. (Heilongjiang, China). Silymarin and CCl4 were obtained from Aladdin Biochemical Technology Co. Ltd. (Shanghai, China). Biochemical assay kits for alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglyceride (TG), and superoxide dismutase (SOD) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



2.2 Animals and treatment

Male C57BL/6J mice, aged 6–8 weeks and weighing 18–20 g, were obtained from Zhuhai BesTest Bio-Tech Co., Ltd. (Zhuhai, China). The animals were housed in the animal facility of Zunyi Medical University under controlled conditions: 23 ± 2°C, 35% relative humidity, and a 12-h light/dark cycle. The mice were provided ad libitum access to water and food as previously described (15). The experimental protocols were approved by the Animal Welfare Ethics Committee of Zunyi Medical University (Approval No: ZHSC-2-[2024]023). The human-recommended daily doses for the glutathione-based formula components are as follows: 100 mg/day of glutathione, 400 mg/day of Ganoderma lucidum extract (equivalent to 4 g of raw material), and 400 mg/day of vitamin C, yielding a total dose of 900 mg/day. Silymarin was administered at 300 mg/day. The human doses were converted to mouse-equivalent doses using a standard adult human body weight of 60 kg, resulting in the following dosages: 0.00166 g/kg/day for glutathione, 0.00666 g/kg/day for Ganoderma lucidum extract, and 0.00666 g/kg/day for vitamin C. The combined dose of the formula was 0.015 g/kg/day, while silymarin dose was 0.15 g/kg/day. For the low- and high-dose treatment groups, 10-fold and 30-fold the human-equivalent doses were administered, respectively.

The mice were randomly divided into eight groups: control, vehicle, positive control (0.15 g/kg silymarin), glutathione (0.0166 g/kg), Ganoderma lucidum (Gan, 0.0666 g/kg), vitamin C (0.0666 g/kg), and GGV groups at two doses (0.15 g/kg, 0.45 g/kg). The control and model groups received distilled water. For the positive control group, silymarin was dissolved in 0.5% sodium carboxymethyl cellulose (Shanghai Shenguang Edible Chemicals Co., Ltd., Shanghai, China) as previously described (16). Each compound was administered daily by oral gavage at a volume of 0.1 mL per 10 g of body weight for 30 consecutive days. Body weight was recorded every 5 days, and dosages were adjusted accordingly.

To induce acute liver injury, CCl4 was diluted to 1% in peanut oil and administered via oral gavage at a dose of 5 mL/kg, which is equivalent to 80 mg/kg CCl4. On day 30, following a 16-h fasting period, all the mice except those in the control group received a single dose of CCl4. The control and vehicle groups were administered only peanut oil. The treatment groups continued receiving their respective compounds, with a minimum 4-h interval between CCl4 administration and the test compounds. 24 h after treatment with CCl4, the mice were euthanized, and blood, liver, and fecal samples were collected for further analysis.



2.3 Biochemical analysis of the serum and liver of the mice

Serum samples were thawed on ice and analyzed for AST, ALT, TG, and TC levels using commercially available assay kits following the manufacturers’ instructions. For liver tissue analysis, 0.1 g of liver tissue was homogenized in 0.9 mL of saline solution and centrifuged at 1,600 × g for 10 min at 4°C. The supernatant was used to measure protein concentration and SOD activity according to the corresponding kit protocol.



2.4 H&E Staining of mouse liver tissue

The left lobe of the mouse liver was fixed in 4% paraformaldehyde for 24 h at room temperature. After fixation, the tissue was sectioned into slices, dehydrated, embedded in paraffin, and stained with hematoxylin and eosin (H&E). Pathological changes in the liver tissue were examined under a light microscope (Olympus BX 50, Tokyo, Japan). Liver pathology was evaluated using the pathological scoring system as previously described (17).



2.5 Analysis of the gut microbiota in mice

The gut microbiota composition of the mice was analyzed using 16S rRNA sequencing as previously described (18). Genomic DNA was extracted from fecal samples using a commercial extraction kit. The purity and concentration of the extracted DNA were measured to ensure high quality. The V3–V4 region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR). PCR products were quantified, and library preparation was conducted according to the standard protocol for the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England Biolabs, United States). Paired-end sequencing (PE 250) was then performed using the Illumina NovaSeq 6000 platform (Guangdong Magigene Biotechnology Co., Ltd., Guangzhou, China). Sequences with ≥ 97% similarity were clustered into operational taxonomic units (OTUs) using USEARCH software. Taxonomy was assigned based on the SILVA database.



2.6 Microbial bioinformatics analysis

Microbial bioinformatics analysis was performed as previously described (19). Briefly, beta diversity was analyzed using principal coordinate analysis (PCoA) to compare the microbial communities between the groups. Differential abundance analysis was conducted to identify specific taxa with significant variation across groups. The linear discriminant analysis effect size method was used to detect potential microbial biomarkers. Statistical significance for multiple group comparisons was assessed using the nonparametric Kruskal-Wallis rank sum test to detect species with significant differences in abundance, followed by pairwise comparisons using Wilcoxon rank sum tests.



2.7 Preparation of serum samples for mass spectrometry analysis

Serum samples were thawed on ice, and 100 μL of each sample was mixed with 300 μL of precooled methanol and acetonitrile (2:1, v/v). The mixture was vortexed for 1 min to precipitate the proteins. The samples were then centrifuged at 4,000 × g for 20 min at 4°C. The supernatant was collected and filtered through a 0.22 μm micropore filter before analysis. Ultrahigh-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC-Q-TOF/MS, Waters Corp., Milford, United States) was used for sample analysis.



2.8 Mass spectrometry conditions and analysis

Mass spectrometry conditions and data analysis were performed as previously described (19, 20). Chromatographic separation was carried out using a Waters Acquity™ UPLC system (Waters Corp., Milford, United States) equipped with an ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm, 1.8 μm) maintained at 40°C. The mobile phases consisted of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B). The elution followed a linear gradient at a flow rate of 0.3 mL/min under the following conditions: 5–20% B from 0 to 1 min, 20–25% B from 1 to 5.5 min, 25–30% B from 5.5 to 6 min, 30% B from 6 to 8 min, 30–35% B from 8 to 9 min, 35–65% B from 9 to 17 min, 65–100% B from 17 to 18 min, 100% B from 18 to 19 min, and 5% B from 19.1 to 20 min. The injection volume was set at 2 μL per sample.

Mass spectrometric analysis was performed using a Waters SYNAPT XS system (Waters Corp., Milford, United States) connected to the UPLC system via an electrospray ionization (ESI) source operating in both positive and negative ionization modes. Data were acquired in MSE mode, covering a mass range of 50–1,200 Da. MS spectra were obtained using collision energies ranging from 20 to 50 eV, with a scan time of 0.5 s per spectrum. The cone voltage was set at 40 kV, the capillary voltage was 2.0 kV, and the desolvation gas flow rate was 600 L/h at 350°C. The source temperature was maintained at 120°C, with a cone gas flow rate of 50 L/h. Lock mass calibration was performed using [M + H] + (m/z 556.2771) in positive mode and [M-H]-(m/z 554.2615) in negative mode to ensure mass accuracy. Data acquisition and analysis were performed using MassLynx™ V4.1 software (Waters Corp., Milford, United States).

For metabolomic analysis, the data were preprocessed using Progenesis QI V2.1 software (Waters Corp., Milford, USA) as previously described (20). Principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) were performed using EZinfo V3.0 software (MKS Umetrics, Umea, Sweden). Variable importance in projection (VIP) values from the OPLS-DA model was used to identify potential metabolites, applying thresholds of VIP > 1, fold change (FC) > 3, and p < 0.05. Pathway enrichment and metabolic pathway analyses were performed using MetaboAnalyst 5.0.1 Heatmaps and Spearman correlation analyses were generated via the OmicShare bioinformatics platform.2 The correlation network of various parameters was visualized using Gephi software (version 0.9.2) as previously described (21).



2.9 Statistical analysis

Statistical analysis was performed using SPSS Version 29.0 (IBM Corp., Armonk, NY, United States). Data are expressed as means ± standard deviation (SD). One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was used to determine statistical significance. p < 0.05 was considered statistically significant.




3 Results


3.1 Effects of oral GGV formula on liver biochemical markers and body weight in mice

To assess the hepatoprotective effects of GGV, we designed the animal study as illustrated in Figure 1A. In the vehicle group, CCl4 administration significantly elevated the serum levels of AST and ALT, reflecting severe liver injury. In contrast, both the 0.15 g/kg and 0.45 g/kg GGV-treated groups showed significantly lower AST and ALT levels compared with the vehicle group (p < 0.05, Figures 1B,C). Notably, only GGV-treated groups, not the groups receiving individual components, demonstrated a significant reduction in ALT level. Interestingly, at the lower dose, GGV reduced ALT level more effectively than equivalent doses of glutathione or vitamin C. In addition to its hepatoprotective effects, GGV exhibited lipid-regulating properties by significantly reducing the serum TG and TC levels (p < 0.05), which were elevated in the vehicle group (Figures 1D,E). Compared with equivalent doses of Gan or VC, high doses of GGV significantly reduced TG level. Furthermore, GGV treatment appeared to reduce the liver index in a dose-dependent manner (Figure 1F), suggesting its potential to prevent hepatomegaly, a common consequence of liver injury. Importantly, no significant differences in body weight were observed among the groups (Figure 1G), indicating that GGV administration did not negatively impact overall body mass. These findings highlight GGV as a highly effective and safe therapeutic option for liver injury and associated metabolic disorders, offering both hepatoprotective and lipid-regulating benefits without adverse effects on body weight.
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FIGURE 1
 Effects of various treatments on liver function and lipid metabolism in C57BL/6J mice. (A) Schematic representation of the animal experimental design. The mice received oral treatments for 30 days, followed by the administration of CCl4 (0.08 g/kg). Silymarin served as a positive control. Serum levels of AST (B), ALT (C), TG (D), and TC (E) were measured. The liver index (F) and body weight changes (G) were also assessed. Data are presented as means ± SD (n = 10). #p < 0.05 compared with the control group; *p < 0.05 compared with the vehicle group; &p < 0.05 compared with the GSH or VC group; $p < 0.05 compared with the Gan or VC group. Veh: vehicle; Sil: silymarin; GSH: glutathione; VC: vitamin C; GGV: the formulation comprising glutathione, Ganoderma lucidum extract and vitamin C.




3.2 Pathological and antioxidant effects of GGV on the mouse liver

Figure 2A shows representative macroscopic and H&E-stained histological images of liver tissues. The vehicle group exhibited severe liver damage, including visible gross pathological changes and marked hepatocyte vacuolation (indicated by arrows), a characteristic feature of steatosis. In contrast, GGV (0.45 g/kg) treatment significantly attenuated these pathological alterations, reflected by the more normal liver appearance and reduced vacuolar degeneration in histological sections. Figure 2B shows the steatosis score, which was significantly greater in the vehicle group than in the control group (p < 0.05), indicating the development of fatty liver. GGV treatment significantly reduced the steatosis score (p < 0.05), reflecting its ability to mitigate lipid accumulation in the liver. As expected, the positive control group treated with silymarin also showed a significant reduction in steatosis. In addition to its protective effects on liver structure, GGV enhanced the liver’s antioxidant defenses. Figure 2C shows the effect of GGV on the activity of SOD, a key antioxidant enzyme. Compared with the control group, the vehicle group showed reduced SOD activity, which is indicative of oxidative stress. In contrast, both the GGV and silymarin treated groups demonstrated significantly increased SOD activity compared with the vehicle group (p < 0.05), suggesting that GGV enhances the antioxidant defenses of the liver. These findings demonstrate the dual role of GGV in reducing liver steatosis and improving antioxidant capacity.

[image: Figure 2]

FIGURE 2
 Effects of GGV on liver morphology, steatosis and antioxidant activity. (A) Representative images of liver morphology (top row) alongside corresponding H&E-stained liver sections (bottom row). Scale bars: 50 μm. (B) Quantification of the liver steatosis scores for each group. (C) Evaluation of SOD activity in liver tissue. Data are presented as means ± SD. #p < 0.05 compared with the control group. *p < 0.05 compared with the vehicle group.




3.3 Effects of GGV on the composition of the gut microbiota

The gut microbiota plays a crucial role in maintaining liver health, and its modulation represents a promising therapeutic strategy for managing liver injury (22). To evaluate the effects of GGV (0.45 g/kg) treatment on gut microbiota, we analyzed fecal samples by sequencing the V3 − V4 region of the 16S rRNA gene. PCoA plot (Figure 3A) revealed distinct clustering of gut microbiota composition among the groups, with clear separations observed between the control, vehicle, and GGV-treated groups. These results suggest that while CCl4 treatment disrupted gut microbial composition, GGV treatment restored it closer to the baseline of the control group. Further analysis of gut microbiota composition at both the phylum and genus levels (Figures 3B,C) revealed substantial changes. At the genus level (Figure 3B), CCl4 administration decreased the abundance of beneficial genera, including Allobaculum, Akkermansia, and Ileibacterium, while increasing the abundance of Alloprevotella. At the phylum level, Firmicutes and Bacteroidota were the dominant phyla in all the groups, accounting for more than 60% of the microbial community. Notably, compared with the vehicle group, GGV group exhibited an increased Firmicutes/Bacteroidota ratio (Figure 3C). This ratio showed a negative correlation with liver enzymes such as ALT and AST, indicating its potential involvement in regulating liver health (23).

[image: Figure 3]

FIGURE 3
 Modulation of the gut microbiota following GGV treatment. (A) PCoA plot based on Bray-Curtis distances showing the separation of microbial communities among groups. Bar charts depict the relative abundance of bacterial genera (B) and phyla (C) across the different groups.




3.4 Correlations between the gut microbiota and liver biochemical parameters

Compared with the control group, the vehicle group exhibited a significant reduction in gut microbiota diversity at both the genus and phylum levels. Notably, treatment with GGV formula (0.45 g/kg) effectively reversed these changes, restoring microbial balance (Figure 4A). For instance, GGV treatment significantly increased the abundance of Akkermansia, a beneficial microorganism known for its critical role in promoting health (24). Further analysis using the Random Forest model identified key phyla contributing to the observed differences among the experimental groups, as evidenced by their high mean decrease in Gini scores (Figure 4B). Correlation analysis revealed notable relationships between specific microbial genera and metabolic health markers, including AST, ALT, TG, TC, and SOD (Figure 4C). Specifically, significant negative correlations were observed: Faecalibaculum, Alloprevotella, and Candidatus Saccharimonas were significantly negatively correlated with ALT, TG, and AST, respectively. In contrast, Colidextribacter was significantly positively correlated with AST. These associations suggest that these microbial genera may play distinct roles in regulating hepatic health and metabolic function.

[image: Figure 4]

FIGURE 4
 Effects of GGV on the gut microbial composition in CCl4-induced liver injury mouse model. (A) Relative abundance of the microbial taxa at the genus (top) and phylum (bottom) levels. #p < 0.05 compared with the control group. *p < 0.05 compared with the vehicle group. (B) The Random Forest analysis identified key phyla markers distinguishing the experimental groups. (C) Heatmap illustrating the relative abundance of key bacterial genera (left panel) and their correlations with metabolic parameters (right panel), including AST, ALT, TG, TC, and SOD. Positive correlations are indicated in red, while negative correlations are shown in blue. Statistically significant correlations (p < 0.05) are marked with white asterisks (*) within the squares.




3.5 Metabolite identification and multivariate statistical analysis

We utilized UPLC-Q/TOF-MS/MS (Agilent Technologies, Santa Clara, CA, United States) to analyze blood metabolites in both positive and negative ionization modes. As illustrated in Figure 5, the positive ion mode revealed several prominent peaks corresponding to metabolites eluted at specific retention times, including 3.99, 4.25, 10.92, and 12.91 min. The most substantial peak, observed at 12.91 min, suggested a major metabolite with high abundance. In contrast, the negative ion mode presented a distinct chromatographic profile with primary peaks identified at 9.63, 10.15, and 12.81 min. The details of the identified metabolites are provided in Supplementary Table S1. We detected Ganolucidic acid A in the serum of metaplastic study. This bioactive triterpene compound is derived from Ganoderma lucidum. To ensure analytical precision, quality control (QC) samples were used to monitor and validate the consistency of the analysis.

[image: Figure 5]

FIGURE 5
 Chromatographic analysis of GGV components and metabolites via UPLC-Q-TOF-MS. Chromatograms display retention times (x-axis) for each peak and ion counts (y-axis), which represent the relative abundance of each component or metabolite. The upper chromatogram shows results from the positive ion mode, while the lower chromatogram displays results from the negative ion mode.


QC samples displayed tight clustering in both ionization modes (Figure 6A), indicating the robustness and reproducibility of the measurement protocol with minimal variability. PCA of the metabolic profiles revealed distinct clustering among the control, vehicle, and GGV-treated groups, indicating metabolic shifts. A total of 21 metabolites were significantly altered in the GGV-treated group (p < 0.05, fold change > 3, VIP > 1), indicating a substantial metabolic response to GGV treatment. Pathway enrichment analysis (Figure 6B) revealed notable perturbations in primary bile acid biosynthesis and glycerophospholipid metabolism, with thresholds of −log10(P) > 1 and pathway impact values exceeding 0.01. These pathways were the most affected, suggesting that GGV treatment induces targeted metabolic reprogramming, particularly in lipid and bile acid metabolism.

[image: Figure 6]

FIGURE 6
 Metabolic profile and correlations with hepatic biochemical parameters following treatment. (A) PCA score plots illustrating the metabolic differences among the control (orange), vehicle (green), and GGV (blue) groups in both negative and positive ionization modes. (B) Pathway analysis revealed statistically significant pathways, with color intensity indicating p values. (C) Heatmap showing z score-normalized metabolite intensities across the groups and their correlations with biochemical parameters (AST, ALT, TG, TC, and SOD). The blue squares indicate negative correlations, while the red squares represent positive correlations. White asterisks (*) within the squares indicate statistically significant correlations (p < 0.05).


Figure 6C provides a detailed heatmap visualization of the identified metabolites, showing a marked increase in the levels of phospholipids (PGP, PI, PCs, LysoPCs, and LysoPEs) in the vehicle group. These phospholipids were positively correlated with the hepatic biomarkers AST and TG, suggesting a link between elevated lipid metabolites and impaired liver function. Conversely, GGV treatment significantly attenuated the levels of key lipid metabolites, including LysoPCs, LysoPE, 2-(14,15-epoxyeicosatrienoyl) glycerol, and various bile acids, such as 3β, 12α-dihydroxy-5α-cholanoic acid, 3α, 7α, 12β-trihydroxy-5β-cholanoic acid, hyocholic acid, cholic acid, and 3-oxocholic acid. These reductions aligned with the decreased levels of AST, ALT, TG, and TC in the GGV-treated group. Notably, the fatty acyl-CoA species 11Z, 14Z-eicosadienoyl-CoA, which was depleted in the vehicle group, exhibited partial recovery in the GGV group, which was correlated with improvements in hepatic markers (AST, TG, TC, and SOD). Collectively, these findings indicate that GGV treatment modulates the serum metabolite profile, particularly lipid and bile acid metabolism, supporting a hepatoprotective role for GGV.



3.6 Correlations between metabolites and the gut microbiota

To explore the relationships between gut microbiota composition and serum metabolites, Spearman’s rank correlation coefficient was calculated. As illustrated in Figure 7, a correlation analysis revealed associations between 20 differentially abundant metabolites and 7 distinct microbial genera, which formed distinct clusters. Among the seven genera analyzed, four microorganisms exhibited significant positive or negative correlations (p < 0.05) with at least one metabolite, including phosphatidylglycerol phosphate (PGP), phosphatidylcholine (PC), and lysophosphatidylcholine (LysoPC). For instance, Allobaculum displayed negative correlations with metabolites such as PGP and PC, but was positively correlated with the fatty acid CoA derivative 11Z, 14Z-Eicosadienoyl-CoA. These findings suggest that Allobaculum may play diverse metabolic roles and contribute to varying metabolite profiles under conditions of CCl4-induced hepatic injury in mice. Notably, most of the serum metabolites were negatively correlated with Ileibacterium, Faecalibaculum, Allobaculum, Candidatus Saccharimonas, and Akkermansia, while positive correlations were predominantly observed with Desulfovibrio and Colidextribacter.
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FIGURE 7
 Correlation heatmap of the gut microbiota and metabolites. The heatmap illustrates Spearman’s rank correlation coefficients, with color gradients indicating the strength of the correlations. Red squares represent positive correlations, while blue squares indicate negative correlations. The intensity of the color reflects the magnitude of the correlation. White asterisks (*) within the squares indicate statistically significant correlations (p < 0.05).





4 Discussion

This study demonstrated that the GGV formula exhibits hepatoprotective effects in a CCl4-induced liver injury model in mice. Our results revealed that the GGV formula and its individual components significantly reduced the serum AST, TG, and TC levels. Additionally, GGV treatment also reduced liver steatosis and enhanced SOD activity, reflecting improved antioxidant defense. Mechanistic investigations indicated that these protective effects of GGV are, at least in part, mediated by the alterations of gut microbiota composition and the promotion of beneficial metabolite production (Figure 8). Taken together, these findings support the potential of GGV as functional food for liver protection, possibly through the modulation of the liver-microbiota-gut axis.
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FIGURE 8
 Schematic overview of the pharmacological actions of GGV in alleviating CCl4-induced acute liver injury in mice through modulation of the liver-microbiota-gut axis. GGV administration for 30 days improved the levels of serum and liver biochemical markers, including reductions in AST, ALT, TG, and TC levels, along with an increase in SOD activity (top right), indicating enhanced liver function and reduced oxidative stress. Additionally, GGV treatment enhanced gut microbiota diversity (middle right), suggesting a beneficial shift in microbial composition that supports liver health. Key serum metabolites were identified using UPLC-Q/TOF-MS/MS, with a correlation heatmap (bottom right) illustrating the relationships between these metabolites and critical biochemical markers, and highlighting the interconnected metabolic pathways influenced by GGV treatment in mitigating liver injury.


In terms of the component combination, we observed interesting protective effects on liver function. Our results demonstrated that the GGV formula, along with its individual components, significantly reduced serum levels of AST, TG, and TC. Notably, only the complete GGV formula effectively reduced ALT levels, a critical biomarker of liver damage. Furthermore, at lower doses, the GGV formula was more effective in reducing ALT levels compared to equivalent doses of glutathione or VC. In addition, at higher doses, the GGV formula significantly reduced TG levels compared to the equivalent doses of glutathione or VC. These findings suggest potential synergistic effects, which are consistent with previous studies highlighting the antioxidant synergy between vitamin C and glutathione (25). To explore the active compositions of Ganoderma lucidum extract, its ingredients were identified in the blood samples of mice in the intervention group. Among these, it has been previously reported that Ganoderma lucidum contains polysaccharides, alkaloids, and triterpenoids, which have demonstrated therapeutic effects in the treatment of liver diseases (26). Specifically, Ganoderma lucidum polysaccharides have been reported to inhibit liver fibrosis (27). In addition, ganoderic acids, another bioactive components in Ganoderma lucidum, have exhibited protective effects against alcohol-induced liver injury (28).

Currently, the pathogenic mechanisms underlying CCl4-induced hepatic injury are not been fully elucidated, but they are likely to be multi-factorial. CCl4 is a well-known hepatotoxin that induces oxidative stress, leading to liver injury and fibrosis (29). It is logical to speculate that antioxidants could confer hepatoprotection. Non-enzymatic antioxidants, such as vitamin C and glutathione, play crucial roles in neutralizing reactive oxygen species (ROS) and protecting cells from oxidative stress. Vitamin C directly scavenges free radicals, while glutathione serves a dual role, acting as a direct antioxidant and regenerating other antioxidants, thereby bolstering the overall defense against oxidative damage (25, 30, 31). Lipophilic antioxidants, such as vitamin E and carotenoids, protect cellular membranes by preventing lipid peroxidation, thus safeguarding cellular structures from oxidative stress. The liver also relies on its enzymatic antioxidant system, which includes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). These enzymes work together to neutralize ROS. SOD converts superoxide radicals into hydrogen peroxide, which is then detoxified by CAT and GPx, ensuring effective cellular protection against oxidative damage (32, 33). Additionally, phenolic compounds have been shown to directly scavenge ROS, reducing oxidative stress. By acting as electron donors, these compounds can reduce Fe3+ to Fe2+, enhancing the cell redox buffering capacity. They also support the antioxidant system by enhancing the activity of enzymes such as APX and GR, which mitigate H₂O₂-induced membrane damage. Through enzyme regulation, phenolic compounds inhibit PPO/POD activity while activating APX/GR, maintaining redox balance (34). In the present study, we found that GGV treatment increased SOD activity and increased the abundances of Allobaculum and Akkermansia, both of which are positively correlated with SOD levels, indicating enhanced antioxidant capacity. These findings underscore the importance of antioxidants in liver health and support the role of the GGV formula in enhancing antioxidative responses for liver protection.

Besides the antioxidant-based strategies for live protection, modulation of the gut microbiota has emerged as a promising strategy for alleviating symptoms of CCl4-induced acute liver injury (35). A systematic review highlighted the potential of modifying intestinal microbiota as a potential therapeutic strategy for liver disease (36). In this study, we found that GGV administration effectively reversed microbial dysbiosis induced by CCl4 exposure. This effect was characterized by the enrichment of beneficial bacterial taxa, including Akkermansia, Allobaculum, and Firmicutes. Among these, Akkermansia is widely recognized for its hepatoprotective effects, including reducing liver fibrosis and inflammation in alcohol-induced liver injury model (37). It improves biochemical marker levels, reduces inflammatory cytokine levels, and ameliorates histopathological damage (38). Furthermore, Akkermansia has been implicated in alleviating metabolic dysfunction associated with fatty liver disease by enhancing L-asparagine metabolism via the gut-liver axis (39). Similarly, Allobaculum is associated with reversing hepatic lesions, reducing fat accumulation, and alleviating oxidative stress in liver tissues (40). Another study demonstrated that a traditional herbal formula enriched with Allobaculum improved gut microbial composition and liver function in a model of nonalcoholic fatty liver disease (41). Firmicutes, on the other hand, contribute to gut barrier integrity and regulate metabolic pathways, with increased abundance linked to improved liver health and reduced fibrosis and inflammation (42, 43). Based on our findings and the existing literature, the hepatoprotective effects of GGV may, at least in part, be attributed to restoring microbial balance and enriching beneficial bacterial taxa.

Gut microbiota also plays a critical role in maintaining host health, particularly by regulating metabolism (44). Extensive evidence has revealed that GGV influences bile acid metabolism, a key factor associated with microbial metabolic stability (45). Alistipes, identified as a potential producer of short-chain fatty acids (SCFA), contribute to modulating inflammatory responses, with decreased levels linked to hepatic fibrosis (46). SCFA production by certain gut microbes further supports liver protection through their anti-inflammatory effects and maintenance of mucosal integrity (47). The increased SCFA production regulated by GGV administration likely aids in reducing chronic inflammation, thereby reinforcing the hepatoprotective properties of GGV. In addition, bile acids shape the composition of the gut microbiota and are transformed by gut bacteria, creating a feedback mechanism essential for liver and gut health (48). Primary bile acids are reabsorbed and recirculated through the enterohepatic system, while gut microbiota converts them into secondary bile acids, which regulate host metabolism and immune responses (49). Modulation of this bile acid cycle by GGV suggests its therapeutic potential in stabilizing the liver-microbiota-gut axis and enhancing liver detoxification processes. These findings highlight the need for future research on dietary components that influence bile acid metabolism and gut microbiota composition, which may reveal new strategies for treating liver diseases (50).

The therapeutic potential of GGV is further underscored by its role in modulating the liver-microbiota-gut axis, a complex system of interactions in which gut-derived metabolites influence liver function, while the liver, in turn, regulates the gut microbiota through bile acid release. This reciprocal relationship is critical, as disruptions in the gut microbiota are associated with liver diseases (51). Modulation of bile acid metabolism by GGV may stabilize microbial communities and improve metabolic homeostasis, particularly by enhancing lipid regulation. Furthermore, interventions targeting the liver-microbiota-gut axis may offer novel approach for treating specific toxicities, such as arsenic exposure in poultry by promoting gut microbiota balance to improve liver function and reduce toxicity (52). Overall, GGV shows promise in managing liver injuries and related metabolic dysfunctions by reinforcing the bidirectional communication within the liver-microbiota-gut axis. Despite these promising findings supporting the therapeutic potential of GGV, several limitations of this study must be acknowledged. First, the mechanisms underlying interactions between serum metabolites and the gut microbiota are complex and not yet fully understood. Further experimental validation is needed to gain a deeper understanding of these relationships. Second, although the current study provides a chemical characterization of the phytotherapeutic agents used, it does not determine whether a specific biomarker of Ganoderma lucidum is present in liver tissue. This aspect should be further clarified in future investigations. Finally, the specific antioxidant mechanisms involved need further exploration. For example, measuring multiple antioxidant markers across different experimental groups could provide valuable insight into the potential synergistic effects of the active ingredients within GGV.



5 Conclusion

Using a CCl4-induced acute liver injury model, this study demonstrated that GGV provides protective effects, as evidenced by improvements in ALT and AST levels and histopathological outcomes in mice. According to the criteria in the Technical Standards for the Testing and Assessment of Health Foods in China, GGV exhibits hepatoprotective properties against chemically induced liver damage. The findings of this study suggest that GGV may alleviate CCl4-induced acute liver injury, potentially through modulation of the liver-microbiota-gut axis. These results underscore the potential of GGV for developing innovative therapeutic strategies for acute liver injury.
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13'-Carboxy-alpha-tocotrienol
Rac-5,6-Epoxy-retinoyl-beta-D-glucuronide

3b,12a-Dihydroxy-5a-cholanoic acid

3a,7a,12b-Trihydroxy-5b-cholanoic acid
Hyocholic acid

Cholic acid

3-Oxocholic acid 0.5
Erucic acid 0
11Z,14Z-Eicosadienoyl-CoA 0.5
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