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Introduction: Mounting evidence has shown that Flammulina velutipes mycorrhizae dietary fiber (Fv-DF) has the potential to significantly improve health outcomes by addressing lipid metabolic disorders. However, the mechanism underlying Fv-DF in regulating liver lipid metabolism of high-fat diet (HFD)-induced obese mice still merits to be systematically elaborated.

Methods: Herein, we conducted a comprehensive study utilizing HFD-induced C57BL/6J mice as an obesity model to investigate the impact of Fv-DF on liver lipid accumulation.

Results: The study, which included an evaluation of Fv-DF on a high-fat diet (HFD)-induced obese mice, revealed that Fv-DF supplementation can effectively decrease weight gain, improve serum lipid levels, and reduce fat deposition in adipose tissues. The estimation of Fv-DF on liver tissues demonstrated that Fv-DF supplementation significantly ameliorated lipid metabolism and hepatic injury in HFD-induced obese mice. Furthermore, Fv-DF improved lipid metabolism in obese mice by modifying the abundance and related pathways of TG, PC, PE, and other lipid metabolites. Mechanistically, Fv-DF supplementation significantly suppressed the expression of lipid synthesis-related genes while promoting lipid oxidation-related genes.

Discussion: Collectively, the findings could inspire significant implications for Fv-DF in developing novel treatments for obesity-related metabolic disorders management.
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Introduction

The rapid advancement of the food production sector, particularly the increasing popularity of high-fat diets (HFD), has led to shifts in human lifestyle and eating patterns (1). However, numerous studies have demonstrated a strong negative correlation between HFD and human health, with the most immediate impact being the accumulation of organ fat and rising obesity rates (2). It has been documented that Chinese individuals’ fat consumption increased from 68.5 g/d to 79.3 g/d, resulting in a surge in obesity prevalence from 12.3 to 37.3% (3). According to the World Obesity Federation’s Atlas for 2023, an estimated global population of approximately 4 billion people (51%) will be affected by obesity or overweight within the next twelve years. Of concern is that obesity adversely affects most bodily functions and nearly all organ systems, leading to reduced lifespan and increased mortality rates (4). Existing pharmaceutical interventions and weight loss surgeries for preventing and managing obesity often entail various adverse effects (5). In contrast, lifestyle choices and adherence limit dietary regulation and physical activity. Therefore, there is a need to explore additional treatment targets and develop safer and more effective products for combating obesity.

The key feature of obesity is the disruption of lipid metabolism, with the liver playing a crucial role in regulating lipid intake, synthesis, and breakdown (6, 7). Fat accumulation from a high-fat diet can impair liver function and exacerbate glucose and lipid metabolism, leading to dyslipidemia and hepatic steatosis (8, 9). Therefore, analyzing changes in liver lipid metabolism is essential for managing and preventing obesity. Advanced detection technology has introduced high-resolution and high-sensitivity lipidomic analysis as an effective tool for comprehensively monitoring molecular-level lipid changes, replacing traditional biochemical detection methods (10). For instance, a study utilizing ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) revealed that sea cucumber phospholipids increased nine types of phospholipids in mice with glomerulopathy caused by obesity induced by a high-fat diet, thereby ameliorating renal damage (11). A liver lipidomic analysis using UPLC-MS identified 11 potential lipid biomarkers in hyperlipidemic mice treated with Gynostemma pentaphyllum (12).

Using plant and fungal byproducts with functional food potential has attracted significant attention (13, 14). Flammulina velutipes, a widely cultivated edible mushroom in China, is highly regarded for its gastronomic appeal and substantial medical and healthcare benefits. Its mycorrhiza—a byproduct rich in biologically active compounds such as dietary fiber (DF) and polysaccharides—is particularly intriguing. Studies indicate that these components present in F. velutipes mycorrhiza exhibit antioxidant and immune-enhancing properties and hold promise for addressing lipid metabolic disorders (15–17). A prior investigation demonstrated that F. velutipes mycorrhiza DF (Fv-DF) can alleviate high-fat diet-induced obesity in mice through modulation of the intestinal microbial-mediated adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway (18). Nevertheless, further exploration of the potential of Fv-DF to regulate liver lipid metabolism is warranted.

In this study, we utilized HFD-induced C57BL/6 J mice as an obesity model to investigate the impact of Fv-DF on lipid accumulation. We assessed serum lipid levels and adipose tissue indexes and performed biochemical and lipidomic analyses to explore hepatic function and lipid alterations. The results presented herein establish a basis for the potential application of Fv-DF in obesity management, suggesting promising prospects for its utilization in nutrition and obesity research.



Materials and methods


Dietary fiber preparation

The mycorrhiza utilized in the production of Fv-DF was sourced from the Institute of Agro-Food Science and Technology at Shandong Academy of Agricultural Science, China. The preparation process for Fv-DF followed a previously documented method (19). In brief, the mycorrhiza powder was dissolved in deionized water and subjected to hydrolysis with α-amylase and compound proteases separately at 55°C for 2 h. Following hydrolysis, the sample was precipitated by adding four times its volume of 95% ethanol and subsequently washed with acetone. The resulting precipitate underwent freeze-drying to yield the final Fv-DF product.



Animal experiments

The study utilized 30 male C57BL/6 J mice, aged 4 weeks and weighing approximately 15 g, obtained from Huafukang Biotechnology Co. Ltd. (Beijing, China). The mice were housed in a controlled environment with a temperature of 22 ± 2°C, relative humidity of 55 ± 5%, and a 12 h light/dark cycle. After an acclimatization period of 7 days, the mice were randomly divided into three groups: chow diet (NF) group with a caloric density of 4.07 kcal/g and fat content of 5%, high-fat diet (HFD) group with a caloric density of 4.73 kcal/g and fat content of 45%, and HFD +10% FV-DF (Fv-DF) group (n = 10 per group). The HFD and Fv-DF groups were subjected to continuous HFD feeding for twelve weeks to induce obesity models. Lee’s obesity index was then calculated for each obese mouse model; an index exceeding 344.32 indicated the successful establishment of the obesity model (20). Subsequently, the HFD group transitioned to a chow diet, while the Fv-DF group switched to a chow diet supplemented with 10% Fv-DF for an additional 4 weeks, which 10% Fv-DF supplementation can effectively alleviate lipid metabolism disorder in our preliminary study (18). The NF group remained on the chow diet for sixteen weeks (18). Weekly mouse weight and food intake measurements were recorded throughout the experimental duration. On the last day of the experiment, fresh 24 h-faeces were collected and stored at −80°C. Then, humane euthanasia via cervical dislocation was performed on the mice; liver as well as groin and perirenal adipose tissues were collected post-sacrifice following ethical approval granted by the Ethics Committee of Shandong Academy of Agricultural Sciences (No. SAAS2021B01).



Biochemical analysis

The levels of glycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in faeces, serum, and liver tissues were measured using a commercially available kit from Nanjing Jiancheng Bioengineering Institute, China, following the provided instructions.



Histological analysis

The liver and perirenal fat tissue sections embedded in paraffin were stained with hematoxylin–eosin (H&E) (G1003, Servicebio, China) for microscopic examination. The inner diameter of adipose cells was measured using ImageJ software v. 1.54j (21). The groin fat tissues were preserved in optimal cutting temperature compound (OCT, Tissue-Tek 4,583, Sakura Finetek, United States), and the sections were stained with Oil-Red-O (O0625-25G, Merk Millipore, Germany) to observe lipid droplets.



Lipidomic analysis

The lipid extraction and detection methods were described previously (22). In brief, 200 μL of pre-cooled water was added to liver samples from mice and homogenized at 4°C using an MP homogenizer. Subsequently, 800 μL of pre-cooled methyl tert-butyl ether and 240 μL of methanol were added, followed by vortexing for 30 s and sonication at 4°C for 20 min. The mixture was allowed to stand for 30 min at 10°C before being centrifuged at 14,000 g for 15 min. The upper organic layer was then dried in a vacuum centrifuge. The resulting dry sample was reconstituted in a solution of isopropanol/acetonitrile (v/v: 9:1) before lipidomic analysis.

For lipid extract analysis, the Q-EXACTIVE PLUS mass spectrometer (Thermo Fisher Scientific, United States) was employed with the UHPLC Nexera LC-30A (SHIMADZU, Japan). In brief, lipids were separated using a Waters Acquity Premier CSH C18 color spectrum column (1.7 μm × 2.1 mm × 100 mm). The chromatography conditions involved acetonitrile: water = 6:4, v/v as flow phase A and acetonitrile: isopropanol = 1:9, v/v as flow phase B, with a flow rate of 300 μL/min and a column temperature of 45°C. Gradient elution conditions included maintaining flow phase B at 30% from 0 to 2 min, increasing it from 30 to 100% from 2 to 25 min, and then returning it to 30% from 25 to 35 min. Electrospraying ionization (ESI) was used for mass spectrometry analysis under positive and negative ion modes. Full scanning spectra were collected in the 200–1800 m/z range for positive and negative ion modes. Peak extraction and lipid identification were conducted using LipidSearch software v. 4.1 (Thermo Fisher Scientific, United States).

Use Principal Component Analysis (PCA) and Orthogonal Partial Least-Squares-Discriminant Analysis (OPLS-DA) to visualize lipid changes in the HFD and Fv-DF groups. Differential lipid metabolites were identified based on the VIP scores obtained from the OPLS-DA model. Two-Tailed Student’s t-test was employed to calculate the metabolites’ Fold Change (FC) and p value. Metabolites meeting the criteria of VIP ≥ 1, |Log2 FC| ≥ 1, and p value ≤0.05 were considered significantly different metabolites. Differential metabolites were subjected to pathway enrichment analysis using MetaboAnalyst 6.0 (23).



Western blot

Combine approximately 200 mg of liver tissue samples with 1 mL of RIPA Lysis Buffer containing 1 mM of proteinase inhibitor PSMF (Beyotime, China). Homogenize the mixture at −20°C for 30 min. Subsequently, the solution was centrifuged, and the supernatant was collected for subsequent western blot analysis. The protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific, United States). Then, take an equivalent amount of protein and subject it to SDS-PAGE separation, transfer it onto a PVDF membrane, and block it using 5% nonfat milk at 4°C. Proceed by incubating the primary antibodies, including Scd1, Pparγ, Pparα, Pgc1, Cpt1b, and β-actin (Abcam, China) overnight at room temperature before incubating with the secondary antibody for 1 hour at room temperature. The last is to utilize the ECL system (Cell Signaling Technology, United States) to detect the protein signal. Greyscale analysis of Western blot bands was performed with ImageJ v 1.48 (NIH, United States).



Quantitative real-time PCR

The total RNA was extracted from the liver tissue samples using the SteadyPure Universal RNA Extraction Kit according to the instructions provided (Accurate Biology, China). The quantitative real-time PCR (qRT-PCR) was performed according to what was described previously (17). In brief, 1 μg of total RNA was reverse transcribed to cDNA using the PrimeScrip RT Reagent Kit (Takara, Japan). The relative gene expression levels were determined by qRT-PCR using SYBR Premix EX Taq™ (Takara, Japan). GAPDH was the reference gene used to normalize the target gene expression levels. The relative gene expression levels were determined using a 2−∆∆Ct method. All primer sequences used are listed in Supplementary Table S1.



Statistical analysis

The data were presented as the mean ± standard deviation (SD). The data normality was performed with the Kolmogorov–Smirnov test, where p > 0.05 fit a normal distribution. For data with a normal distribution, one-way ANOVA with the Tukey post hoc test was used to compare the differences between groups, and for data that failed the normality tests, the Mann–Whitney U test was used in GraphPad Prism 9.0 (GraphPad Software, Inc., United States). Statistical significance was considered at a p value ≤0.05.




Results


Fv-DF decreased fat accumulation in HFD-induced obese mice

To confirm the beneficial impact of Fv-DF on HFD-induced obesity, we employed C57BL/6 J mice as an obesity model and subjected them to HFD. The mice were continuously fed HFD for 12 weeks, followed by a switch to a chow diet containing 10% Fv-DF for 4 consecutive weeks. At the beginning of the experiment, there were no significant differences in weight gain among the groups. After 12 weeks of HFD feeding, the HFD and Fv-DF groups exhibited an average weight exceeding 35 g, significantly higher than that of the NF group mice. Lee’s obesity index exceeded 344.32, indicating successful modeling of nutritional obesity in mice (Figure 1A). Following 4 weeks of Fv-DF treatment, it was revealed that compared to the HFD group, the weight gain of the Fv-DF group had significantly decreased (Figure 1A). Furthermore, the average food intake of the NF group mice was slightly higher than that of those fed HFD, suggesting its effect on mouse appetite; however, there was no significant difference between food intake in both HFD and Fv-DF groups (Figure 1B). These results suggest that Fv-DF can effectively ameliorate HFD-induced obesity without affecting appetite.
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FIGURE 1
 Fv-DF reduced body weight gain and improved lipid metabolism in HFD-induced obese mice. (A) Body weight changes of mice during experiment in three groups. (B) Food intake in mice with Fv-DF or HFD supplementation (Repeated measures ANOVA, main effect of diets, F2,9 = 4.520, p = 0.061). (C–F) Serum TG (C), TC (D), LDL-C (E), and HDL-C (F) levels were analyzed by ELISA. (G,H) Fecal TG (G) and TC (H) levels. Data are expressed as mean ± SD. One-way ANOVA followed by Tukey post hoc test for pairwise comparisons. ** p < 0.01, *** p < 0.001.


Lipid metabolic disorders are a significant consequence of obesity resulting from a high-fat diet. Compared to the NF group, the serum TG, TC, and LDL-C levels were notably elevated in the HFD group (Figures 1C–E), while HDL-C level was significantly reduced (Figure 1F). Fv-DF exhibited a significant reduction in TG, TC, and LDL-C levels compared to the HFD group and increased HDL-C levels. Furthermore, the fecal TG and TC levels were significantly increased in the Fv-DF group compared to the HFD group (Figures 1G,H).



Fv-DF mitigated lipid metabolic disorders in HFD-induced obese mice

Analyzing alterations in primary fat tissues showed that the accumulation of groin fat and perirenal fat was significantly higher in the HFD group than in the NF group (Figure 2A), leading to a larger adipose tissue index (Figure 2B). Pathological analysis using H&E staining revealed that compared to the NF group, perirenal fat cells were generally larger and contained larger lipid droplets within them for the HFD group (Figure 2C). Conversely, compared with the HFD group, it was noted that Fv-DF resulted in uneven sizes of perirenal fat cells with significantly smaller lipid droplet diameters. Consistent with this observation, Oil-Red-O staining results indicated that compared to the HFD group, the Fv-DF significantly reduced the number of lipid droplets in the groin fat tissue (Figure 2D). These results suggested that Fv-DF can promote fat metabolism, inhibit fat accumulation, and improve the cell size of adipose tissue, thereby achieving a certain anti-obesity effect.
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FIGURE 2
 Fv-DF improved fat deposition in HFD-induced obese mice. (A) Groin fat and perirenal fat tissues. (B) Index of adipose tissue for groin fat and perirenal fat. (C) Perirenal fat histology on H&E straining sections (scale bar, 50 μm). (D) Groin fat histology on Oil-Red-O straining sections (scale bar, 50 μm). Data are expressed as mean ± SD. One-way ANOVA followed by Tukey post hoc test for pairwise comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001.




Fv-DF ameliorates hepatic injury in obese mice and enhances lipid metabolism

The liver was subjected to morphological and pathological analyses as the primary organ responsible for regulating lipid metabolism. As shown in Figure 3A, there was no significant difference in liver appearance among different groups. However, the liver index of the HFD group was significantly higher than that of the NF group, while the liver index of the Fv-DF group significantly recovered and decreased compared with the HFD group. H&E staining results showed that compared with the normal liver cells in the NF group, those in the HFD group exhibited white spot-like fat vacuoles around them, indicative of hepatic steatosis. Compared with the HFD group, the fat vacuole phenomenon in the Fv-DF group was reduced (Figure 3B), suggesting that Fv-DF can delay high-fat diet-induced hepatic steatosis and provide partial protection for the liver.
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FIGURE 3
 Fv-DF improved liver damage and lipid metabolism in HFD-induced obese mice. (A) Liver tissues and index. (B) H&E staining of liver tissues (scale bar, 20 μm). (C,D) Relative mRNA expression level of inflammatory cytokines (C) and antioxidant genes (D) in liver tissues. (E,F) Levels of liver TG (E) and TC (F). Data are expressed as mean ± SD. One-way ANOVA followed by Tukey post hoc test for pairwise comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001.


Obesity is typically characterized by low-grade chronic inflammation in adipose tissue, common in visceral fat. Compared with the NF group, the mRNA expression levels of pro-inflammatory cytokines such as Tnf-α, Mcp1, and Pai1 secreted by hepatic adipocytes were significantly elevated in the HFD group. Notably, these expression levels were restored towards normalcy or reduced upon supplementation of Fv-DF compared to those observed in the HFD group (Figure 3C).

Furthermore, the accumulation of adipose tissue can cause excessive oxidative damage to the body. As shown in Figure 3D, compared with the NF group, the mRNA expression levels of antioxidant stress-related genes Nrf2, Cat, and Ho1 were significantly decreased in the HFD group. Compared with the DF group, the Fv-DF group partially restored the expression of these genes associated with oxidative stress response. These findings indicate that Fv-DF alleviates the inflammatory response of adipose tissue caused by the HFD diet and improves the antioxidant capacity of obese mice.

To further verify whether Fv-DF alleviates liver lipid metabolism, we measured the total contents of TG and TC in the liver (Figures 3E,F). Compared with the NF group, the levels of TG and TC were significantly elevated in the HFD group. Conversely, compared with the HFD group, the Fv-DF group significantly reduced the contents of TG and TC, hence alleviating liver lipid metabolism. These results collectively demonstrate that Fv-DF ameliorates hepatic injury in HFD-induced obese mice and enhances lipid metabolism.



Identification of biomarkers related to hepatic lipid metabolism

To investigate changes in hepatic lipid metabolism and the potential relationship between key lipid biomarkers and the biological activity of Fv-DF, we employed lipidomic to analyze distinct lipid compositions in the HFD and Fv-DF groups. A total of 44 classes comprising 2,158 liver lipid metabolites were identified, including 500 triglycerides (TGs), 274 ceramides (Cers), 247 phosphatidylethanolamines (PEs), 221 phosphatidylcholines (PCs), 181 diglycerides (DGs), 74 cardiolipins (CLs), 69 phosphatidylglycerols (PGs), 68 sphingomyelins (SMs), 61 phosphatidylserines (PSs), and 59 wax esters (WEs). Principal component analysis revealed clear group separation between the HFD group and the Fv-DF group (Figure 4A). Similarly, OPLS-DA analysis also demonstrated consistent results (Figure 4B). The statistical model analysis indicated good adaptability and predictability for distinguishing between the HFD and Fv-DF groups (Figure 4C). This suggests that the OPLS-DA model can effectively differentiate between these two groups and serve as a predictive tool for evaluating alterations in lipidomic profiles. Furthermore, comparative analysis revealed significant increases in TG, lysophosphatidylethanolamine (LPE), WE, and DG, while Cer, CL, fatty acid (FA), and lysophosphatidylglycerol (LPG) were significantly decreased within the Fv-DF group compared to the HFD group (Figure 4D).
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FIGURE 4
 Liver lipidomic profiles of HFD-induced obese mice treated with HFD or Fv-DF. (A,B) PCA plot (A) and OPLS-DA plot (B) of the mice in HFD and Fv-DF groups. (C) Permutation test of OPLS-DA models. (D) Differential lipid classes between the Fv-DF group and the HFD group. The heatmap shows the relative expression level of the lipids, and the bar chart shows the fold changes between the two groups.


The VIP score calculated from the OPLS-DA model is a crucial indicator for assessing differential metabolites. Compared to the HFD group, 379 differential metabolites with VIP ≥1 were identified in the Fv-DF group (Figure 5A). Based on the |Log2 FC| ≥ 1 and p value ≤0.05, a total of 342 differential lipid metabolites were further identified in the Fv-DF group, including199 up-regulated and 143 down-regulated (Figure 5B; Supplementary Table S2). The classification of these differential lipid metabolites revealed 179 TGs (36 down-regulated), 57 DGs (23 down-regulated), 20 Ceramides (15 down-regulated), 17 Phosphatidylcholines (17 down-regulated), 14 Phosphatidylserines (12down-regulated), and 11 Phosphatidylethanolamines (9 down-regulated). Of the topmost significant 20 differential metabolites, 12 lipid metabolites were down-regulated in the Fv-DF group, including 7 TGs, PG, ZyE, PC, PS, and ST (Figure 5C). Furthermore, KEGG pathway enrichment analysis showed that the differential lipid metabolites were primarily associated with glycerophospholipid metabolism, linoleic acid metabolism, and steroid biosynthesis (Figure 5D). These findings suggest that Fv-DF improves lipid metabolism in HFD-induced obese mice by modifying the abundance and related pathways of TG, PG, PE, and other lipid metabolites.
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FIGURE 5
 Screening and enrichment analysis of differential lipid metabolites. (A) S-plot showing the differential lipid metabolites based on VIP ≥ 1 between the Fv-DF and DF groups. (B) Volcano plot showing differential lipid metabolites based on p value ≤0.05, |Log2FC| ≥ 1, and VIP ≥ 1. (C) Bar chart showing the top 20 differential lipid metabolites with the largest fold changes. (D) Dot plot of KEGG enrichment analysis for differential lipid metabolites.




The potential mechanism of Fv-DF improving lipid metabolism in HFD-induced obese mice

Lipid oxidation and lipid synthesis are two crucial processes that regulate lipid metabolism; we explored several pivotal proteins involved in the two processes among NF, HFD, and Fv-DF groups (Figures 6A,B). Compared with the NF group, HFD resulted in elevated expression of Pparγ and Scd1 proteins in the liver of obese mice in the HFD group, while it reduced the expression of Pparα, Pgc1, and Cpt1b proteins. In contrast to the HFD group, Fv-DV supplementation suppressed the expression of Pparγ and Scd1 while enhancing the expression of Pparα, Pgc1, and Cpt1b. These findings collectively suggest that Fv-DF likely mitigates lipid accumulation in HFD-induced obese mice by promoting lipid oxidation and inhibiting lipid synthesis (Figure 6C).
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FIGURE 6
 The potential mechanism of Fv-DF in treating HFD-induced obese mice. (A,B) Western blot analysis of lipid oxidation and synthesis-related proteins (A) and band intensities were estimated against the control Actin (B). (C) The potential mechanism of Fv-DF in the treatment of HFD-induced obese mice. Fv-DF supplementation down-regulated the expression level of the lipid synthesis-related gene Scd1 and up-regulated the lipid oxidation-related gene Cpt1b and Pgc1 to improve lipid metabolism in HFD-induced obese mice. Data are expressed as mean ± SD. One-way ANOVA followed by Tukey post hoc test for pairwise comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001.





Discussion

The present study delved into the potential of Fv-DF to be an effective intervention for mitigating lipid accumulation in HFD-induced obese mice. Our findings, based on serum lipid levels, adipose tissue indexes, and biochemical analyses, suggest that Fv-DF has the potential to be an effective intervention for mitigating lipid metabolic disorders and hepatic injury in obese mice while enhancing lipid metabolism. Furthermore, lipidomic analysis on liver tissues revealed that Fv-DF improves lipid metabolism in obese mice by modifying the abundance and related pathways of TG, PC, PE, and other lipid metabolites. We also uncovered the potential action mechanism of Fv-DF in improving lipid metabolism in HFD-induced obese mice, which is likely by promoting lipid oxidation and inhibiting lipid synthesis. These findings could inspire significant implications for the development of novel treatments for obesity-related metabolic disorders.

In this study, we first assessed the impact of Fv-DF on weight gain in HFD-induced obese mice. The results showed that Fv-DF significantly decreased the weight gain in HFD-induced obese mice without affecting appetite compared to the HFD group. These findings, which align with previous studies (8, 24), suggest that the impact of Fv-DF on weight gain in obese mice is likely associated with lipid breakdown and metabolism. The levels of TC and TG in fecal samples were determined to confirm the conclusion, and the results revealed that both levels were significantly increased in the Fv-DF group compared to the HFD group, indicating a promoting role of Fv-DF in excess lipid excretion from the intestinal tract of the obese mice. The determination of TC and TG levels in liver tissue also showed that both were lower in the Fv-DF group than in the HFD group, suggesting a crucial role of Fv-DF in alleviating the occurrence of lipotoxicity (25, 26). These findings collectively suggest that Fv-DF supplementation can effectively mitigate lipid metabolic disorders in HFD-induced obese mice, offering a promising avenue for future research and potential therapeutic interventions. However, more accurate methods such as magnetic resonance imaging (MRI) and dual-emission X-ray absorptiometry (DEXA) are needed to examine changes in total body fat mass in mice to assess the actual effects of Fv-DF on fat metabolism.

Our study, which investigated hepatic lipid alteration in HFD-induced obese mice with Fv-DF supplementation, is significant due to the liver’s pivotal role in lipid metabolism. We identified 2,158 liver lipid metabolites and 379 differential metabolites between the Fv-DF and HFD groups. PE and PC, known lipid species in the normal obese liver (27), are crucial in promoting adipogenesis and increasing lipid droplet and TG levels (28). This study identified 11 differential PEs and 17 differential PCs in the Fv-DF group compared to the HFD group. Most PE and PC metabolites decreased in the Fv-DF group, aligning with liver morphological and pathological analyses. This suggests a critical role of Fv-DF supplementation in reducing liver adipogenesis and lipid droplet accumulation in HFD-induced obese mice, indicating its potential therapeutic implications. In this study, the trends in TG and DG species varied, with most of the differential TGs and DGs up-regulated in the Fv-DF group. The results aligned with several previous reports (29, 30), but the occurrence of these contrast observations may vary from different obesity models used (31). Moreover, the pathway enrichment analysis revealed that these differential lipid species were primarily related to glycerophospholipid metabolism, linoleic acid metabolism, and steroid biosynthesis. These findings open up intriguing possibilities for the potential role of Fv-DF supplementation in managing hepatic lipid alteration in obesity.

Lipid oxidation and synthesis are two crucial processes that regulate lipid metabolism. This study explored several pivotal proteins involved in the process among NF, HFD, and Fv-DF groups to investigate the potential mechanism underlying Fv-DF supplementation in improving lipid metabolism in HFD-induced obese mice. More evidence has shown that the elevation of Pparγ and Scd1 proteins were correlated with the increase of hepatic lipid synthesis (32–34); our study showed that the Fv-DF supplementation significantly suppressed the protein expression levels in HFD-induced obese mice. Furthermore, the investigation of Pparα, Pgc1, and Cpt1b, which were involved in lipid oxidation (35, 36), showed that the expressions of these proteins were remarkably elevated in liver tissue in HFD-induced obese mice upon Fv-DF supplementation. These findings collectively indicated that the anti-obesity of Fv-DF supplementation in HFD-induced obese mice promotes lipid oxidation and inhibits lipid synthesis.



Conclusion

In summary, this study systematically explored the anti-obesity of Fv-DF supplementation in HFD-induced obese mice. The findings showed that Fv-DF supplementation can effectively improve lipid metabolic disorders in HFD-induced obese mice, largely by promoting lipid oxidation and inhibiting lipid synthesis. The results presented herein establish a basis for the potential application of Fv-DF in obesity management, suggesting promising prospects for its utilization in nutrition and obesity research.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Ethics Committee of Shandong Academy of Agricultural Sciences (No. SAAS2021B01). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

FJ: Writing – original draft, Conceptualization. YG: Writing – original draft, Investigation. JZ: Writing – original draft, Data curation. FH: Methodology, Writing – review & editing. JS: Writing – review & editing, Software. SS: Writing – review & editing, Methodology. SY: Project administration, Writing – original draft, Conceptualization, Funding acquisition.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project was funded by Key Research and Development Project of Shandong Province (2023TZXD006, 2024TZXD032), Natural Science Foundation of Shandong Province (ZR2022MC096, ZR2022QC239), National Natural Science Foundation of China (32402158), and Agriculture Scientific and Technological Innovation Program of Shandong Academy of Agriculture Sciences (CXGC2024F09, CXGC2023F09).



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 author(s) declare that no Gen AI was used in the creation of this manuscript.



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/fnut.2025.1551987/full#supplementary-material



References

 1. Imamura, F, Micha, R, Khatibzadeh, S, Fahimi, S, Shi, P, Powles, J , et al. Dietary quality among men and women in 187 countries in 1990 and 2010: a systematic assessment. Lancet Glob Health. (2015) 3:e132–42. doi: 10.1016/S2214-109X(14)70381-X 

 2. Fontana, L. Calorie restriction and cardiometabolic health. Eur J Cardiovasc Prev Rehabil. (2008) 15:3–9. doi: 10.1097/HJR.0b013e3282f17bd4 

 3. Wang, L, Wang, HJ, Zhang, B, Popkin, BM, and Du, SF. Elevated fat intake increases body weight and the risk of overweight and obesity among Chinese adults: 1991–2015 trends. Nutrients. (2020) 12:12113272. doi: 10.3390/nu12113272 

 4. Tam, BT, Morais, JA, and Santosa, S. Obesity and ageing: two sides of the same coin. Obes Rev. (2020) 21:e12991. doi: 10.1111/obr.12991 

 5. Squadrito, F, Rottura, M, Irrera, N, Minutoli, L, Bitto, A, Barbieri, MA , et al. Anti-obesity drug therapy in clinical practice: evidence of a poor prescriptive attitude. Biomed Pharmacother. (2020) 128:110320. doi: 10.1016/j.biopha.2020.110320 

 6. Li, P, He, X, Feng, EX, Wei, J, Tu, HJ, and Chen, TT. JYLA-126 ameliorates obesity-associated metabolic disorders by positively regulating the AMPK signaling pathway through the gut-liver Axis. Probiotics Antimicrob Proteins. (2023) 17:62–80. doi: 10.1007/s12602-023-10190-3 

 7. Qin, H, Xu, HY, Yu, L, Yang, LN, Lin, C, and Chen, JH. Sesamol intervention ameliorates obesity-associated metabolic disorders by regulating hepatic lipid metabolism in high-fat diet-induced obese mice. Food Nutr Res. (2019) 63:3637. doi: 10.2921/fnrv63.3637

 8. Zhou, MC, Huang, JQ, Zhou, JW, Zhi, CT, Bai, Y, Che, QS , et al. Anti-obesity effect and mechanism of Chitooligosaccharides were revealed based on Lipidomics in diet-induced obese mice. Molecules. (2023) 28:28145595. doi: 10.3390/molecules28145595 

 9. Qiao, X, Zhou, ZC, Niu, R, Su, YT, Sun, Y, Liu, HL , et al. Hydroxychloroquine improves obesity-associated insulin resistance and hepatic steatosis by regulating lipid metabolism. Front Pharmacol. (2019) 10:00855. doi: 10.3389/fphar.2019.00855 

 10. Wu, Z, Bagarolo, GI, Thoroe-Boveleth, S, and Jankowski, J. "Lipidomics": mass spectrometric and chemometric analyses of lipids. Adv Drug Deliv Rev. (2020) 159:294–307. doi: 10.1016/j.addr.2020.06.009 

 11. Fan, X, Hu, X, Cong, P, Wang, X, Song, Y, Liu, Y , et al. Combined UPLC-QqQ-MS/MS and AP-MALDI mass spectrometry imaging method for Phospholipidomics in obese mouse kidneys: alleviation by Feeding Sea cucumber phospholipids. J Agric Food Chem. (2024) 72:16312–22. doi: 10.1021/acs.jafc.4c02692

 12. Xie, P, Xie, JB, Xiao, MY, Guo, M, Qi, YS, Li, FF , et al. Liver lipidomics analysis reveals the anti-obesity and lipid-lowering effects of gypnosides from heat-processed Gynostemma pentaphyllum in high-fat diet fed mice. Phytomedicine. (2023) 115:154834. doi: 10.1016/j.phymed.2023.154834 

 13. Bas-Bellver, C, Andres, C, Segui, L, Barrera, C, Jimenez-Hernandez, N, Artacho, A , et al. Valorization of persimmon and blueberry byproducts to obtain functional powders: in vitro digestion and fermentation by gut microbiota. J Agric Food Chem. (2020) 68:8080–90. doi: 10.1021/acs.jafc.0c02088 

 14. Lavelli, V, Proserpio, C, Gallotti, F, Laureati, M, and Pagliarini, E. Circular reuse of bio-resources: the role of Pleurotus spp. in the development of functional foods. Food Funct. (2018) 9:1353–72. doi: 10.1039/c7fo01747b 

 15. Yan, ZF, Liu, NX, Mao, XX, Li, Y, and Li, CT. Activation effects of polysaccharides of Flammulina velutipes mycorrhizae on the T lymphocyte immune function. J Immunol Res. (2014) 2014:285421:1–7. doi: 10.1155/2014/285421 

 16. Xu, Y, Zhang, Z, Wang, B, He, X, Tang, J, Peng, W , et al. Flammulina velutipes polysaccharides modulate gut microbiota and alleviate carbon tetrachloride-induced hepatic oxidative injury in mice. Front Microbiol. (2022) 13:847653. doi: 10.3389/fmicb.2022.847653

 17. Luo, Z, Gao, QY, Li, YF, Bai, YF, Zhang, J, Xu, WN , et al. Mycorrhizae attenuate high fat diet-induced lipid disorder, oxidative stress and inflammation in the liver and Perirenal adipose tissue of mice. Nutrients. (2022) 14:14183830. doi: 10.3390/nu14183830 

 18. Wang, W, Yang, S, Song, S, Zhang, J, and Jia, F. Flammulina velutipes mycorrhizae dietary fiber improves lipid metabolism disorders in obese mice through activating AMPK signaling pathway mediated by gut microbiota. Food Biosci. (2021) 43:101246. doi: 10.1016/j.fbio.2021.101246

 19. Jia, F, Liu, X, Gong, Z, Cui, W, Wang, Y, and Wang, W. Extraction, modification, and property characterization of dietary fiber from Agrocybe cylindracea. Food Sci Nutr. (2020) 8:6131–43. doi: 10.1002/fsn3.1905 

 20. Bunyan, J, Murrell, EA, and Shah, PP. The induction of obesity in rodents by means of monosodium glutamate. Br J Nutr. (1976) 35:25–39. doi: 10.1079/bjn19760005 

 21. Schneider, CA, Rasband, WS, and Eliceiri, KW. NIH image to ImageJ: 25 years of image analysis. Nat Methods. (2012) 9:671–5. doi: 10.1038/nmeth.2089 

 22. Chen, W, Xu, Z, You, W, Zhou, Y, Wang, L, Huang, Y , et al. Cold exposure alters lipid metabolism of skeletal muscle through HIF-1alpha-induced mitophagy. BMC Biol. (2023) 21:27. doi: 10.1186/s12915-023-01514-4 

 23. Pang, Z, Lu, Y, Zhou, G, Hui, F, Xu, L, Viau, C , et al. MetaboAnalyst 6.0: towards a unified platform for metabolomics data processing, analysis and interpretation. Nucleic Acids Res. (2024) 52:W398–406. doi: 10.1093/nar/gkae253 

 24. Baba, Y, Azuma, N, Saito, Y, Takahashi, K, Matsui, R, and Takara, T. Effect of intake of Bifidobacteria and dietary Fiber on resting energy expenditure: a randomized, placebo-controlled, double-blind, parallel-group comparison study. Nutrients. (2024) 16:16142345. doi: 10.3390/nu16142345 

 25. Liu, Z, Dai, J, Liu, R, Shen, Z, Huang, A, Huang, Y , et al. Complex insoluble dietary fiber alleviates obesity and liver steatosis, and modulates the gut microbiota in C57BL/6J mice fed a high-fat diet. J Sci Food Agric. (2024) 104:5462–73. doi: 10.1002/jsfa.13380 

 26. Liu, J, Hua, J, Chen, S, Zhao, L, Wang, Q, and Zhou, A. The potential mechanisms of bergamot-derived dietary fiber alleviating high-fat diet-induced hyperlipidemia and obesity in rats. Food Funct. (2022) 13:8228–42. doi: 10.1039/d2fo00747a 

 27. Wattacheril, J, Seeley, EH, Angel, P, Chen, H, Bowen, BP, Lanciault, C , et al. Differential intrahepatic phospholipid zonation in simple steatosis and nonalcoholic steatohepatitis. PLoS One. (2013) 8:e57165. doi: 10.1371/journal.pone.0057165 

 28. Presa, N, Dominguez-Herrera, A, van der Veen, JN, Vance, DE, and Gómez-Muñoz, A. Implication of phosphatidylethanolamine N-methyltransferase in adipocyte differentiation. BBA-Mol Basis Dis. (2020) 1866:165853. doi: 10.1016/j.bbadis.2020.165853 

 29. Seubnooch, P, Montani, M, Tsouka, S, Claude, E, Rafiqi, U, Perren, A , et al. Characterisation of hepatic lipid signature distributed across the liver zonation using mass spectrometry imaging. JHEP Rep. (2023) 5:100725. doi: 10.1016/j.jhepr.2023.100725 

 30. Yetukuri, L, Katajamaa, M, Medina-Gomez, G, Seppanen-Laakso, T, Vidal-Puig, A, and Oresic, M. Bioinformatics strategies for lipidomics analysis: characterization of obesity related hepatic steatosis. BMC Syst Biol. (2007) 1:12. doi: 10.1186/1752-0509-1-12 

 31. Nam, M, Choi, MS, Jung, S, Jung, Y, Choi, JY, Ryu, DH , et al. Lipidomic profiling of liver tissue from obesity-prone and obesity-resistant mice fed a high fat diet. Sci Rep. (2015) 5:16984. doi: 10.1038/srep16984 

 32. Li, T, Li, X, Meng, H, Chen, L, and Meng, F. ACSL1 affects triglyceride levels through the PPARgamma pathway. Int J Med Sci. (2020) 17:720–7. doi: 10.7150/ijms.42248 

 33. Chen, LP, Zhang, LF, Liu, S, Hua, H, Zhang, L, Liu, BC , et al. Ling-Gui-Zhu-Gan decoction ameliorates nonalcoholic fatty liver disease via modulating the gut microbiota. Microbiol Spectr. (2024) 12:e0197923. doi: 10.1128/spectrum.01979-23 

 34. Min, JY, and Kim, D. Stearoyl-CoA desaturase 1 as a therapeutic biomarker: focusing on Cancer stem cells. Int J Mol Sci. (2023) 24:24108951. doi: 10.3390/ijms24108951 

 35. Cheng, CF, Ku, HC, and Lin, H. PGC-1 as a pivotal factor in lipid and metabolic regulation. Int J Mol Sci. (2018) 19:19113447. doi: 10.3390/ijms19113447 

 36. Schlaepfer, IR, and Joshi, M. CPT1A-mediated fat oxidation, mechanisms, and therapeutic potential. Endocrinology. (2020) 161:046. doi: 10.1210/endocr/bqz046 


Copyright
 © 2025 Jia, Gao, Zhang, Hou, Shi, Song and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-12-1551987-g005.jpg
A

1,04 VIP21:379

0.54

0.0+

p(corn)[1]

-0.5+

-1.04

T T
-0.2 -0.1 0.0 0.1

pl1]
Volcano

02

© Down (143)
© Nossig. (37)
© Up (199)

7.5+

-Log,, (P value)
o
2

il
o
1

0.0+

C

-Log,, (P value)

-9.02 [ PG(34:3e)-H
-8.52 [ zyE(18:3)+H
751 [ TG@8:1y+NHa
-7.47 [ TG(42:5)+NH4
740 [ TG46:7y+NH4
TG(44:8)+H
-7.01 [l Pc(32:3)+Hco0
-6.70 [ TG(59:7)+NH4
-6.58 [l Ps27:3¢)+H
-6.52 [l ST(d45:0+0)+Na
-6.49 [l Cer(d42:3+20)+HCOO
-6.23 [l TG(49:2)+NH4
-6.20 [ TG(42:6)+NH4
TG(46:9)+H [ .36
76(50:5)+NH4 [l 6.61
T6(55:4)+NH4 [ 6.73
76(36:5¢)+H [ 7.00
T6(68:3)+NH4 [ 7.02
Pi40:4)-H [ 7.13
oees)+H NG 23 59
T T T 1

T
-10 0 10 20 30

Log, FC (Fv-DF vs. HFD)

2

b

Linoleic acid metabolism

¢ aipha-Linolenic acid metabolism
“Glycosylphosphatidylinositol (GPY)-anchor biosynthesis
~Arachidonic acid metabolism

Glycerophospholipid metabolism @

@ Steroid biosynthesis

T
2 0 2
Log,FC (Fv-DF vs. HFD)

T
0.0

01 02 03
Pathway impact

(onieng)”607-
o





OPS/images/fnut-12-1551987-g006.jpg
A NF  Fv-DF DF

€ ﬁ =) AMPK

/\ |

1Cot1D) t@och) (Geaid

>
2
=

Ppara m' ——
o -
—

B

oo = = Nao
R

Relative protein expression

t Lipid Lipid 1
oxidation synthesis





OPS/images/fnut-12-1551987-g003.jpg
ANE Fv-DF Bite =

(O A B
2. 13 14 13 14 .| _:" R
HFD %
505 ekk
g 40| ,;‘r"—*W
22 50 HED
52 X
Qi 20|
EEwo- g Sl
LT —— B
[ &€ @aos
C_ Tnfa _ Mcp1 _ TG
LA T 25 =
= e F
5 o 5
& 2 3, . §2A
2, 2, 2, 0
NF Fv-DF HFD NF Fv-DF HFD NF Fv-DF HFD NF Fv-DF HFD
D Nrf2 Cat Ho1 F TC
1.5 5 1.5 1.5 0.3+
8 . ] - 3 e &)
. . . B '
;os— ;os— ;os- %01—
k] kS k] 2
&0.0- &0.0- 20.0- 0.0-

NF Fv-DF HFD NF Fv.-DFHFD  NF Fv-DFHFD NF Fv-DF HFD





OPS/images/fnut-12-1551987-g004.jpg
Scores (PCA)

1[2] (10.65%)

B0 40 20 0 20 40 60
1[1] (72.01%)
Scores (OPLS-DA)

.HFD—J

FvoF-oll

to[1] (16.20%)
°

60 40 20 0 20 40 60
1] (71.00%)
R? = (0.0,0.6381), Q° =(0.0, ~0.6886)

0.0

-0.54

| | B

00 02 04 06 08 10
200 permutations 1 components

(e0ue yeod) 607

Log, Ratio
(Fv-DF vs. HFD)

Co
AcCa
SPH
PIP2

GT3

StE
Hex3Cer
SiE

PIP

ChE
Hex2Cer
Pl

PA

LPG

PS
OAHFA
CerP
LPS

GM2
Hex1Cer
CerG3GNAc2
CerG2GNAc1
MG
phSM
SPHP
GM3
LPA
LPI
LSM
ZyE

- | &
ST

HFD  Fv-DF 4 o 1 2
WPz005 MP<005&Ratio>1 P <005&Ratio<1






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Flammulina velutipes mycorrhizae dietary fiber attenuates the development of obesity via regulating lipid metabolism in high-fat diet-induced obese mice



		Introduction



		Materials and methods



		Dietary fiber preparation



		Animal experiments



		Biochemical analysis



		Histological analysis



		Lipidomic analysis



		Western blot



		Quantitative real-time PCR



		Statistical analysis









		Results



		Fv-DF decreased fat accumulation in HFD-induced obese mice



		Fv-DF mitigated lipid metabolic disorders in HFD-induced obese mice



		Fv-DF ameliorates hepatic injury in obese mice and enhances lipid metabolism



		Identification of biomarkers related to hepatic lipid metabolism



		The potential mechanism of Fv-DF improving lipid metabolism in HFD-induced obese mice









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnut-12-1551987-g001.jpg
© 2
S [
w
o
>
7] 'S
= E
i T T T
< o © o o
|M < © N -
(Moww) D-1aTwnIes (1oww) o1 |eosey
Ll I
&a
Zex L2
=
$od )
—T—r T
© © < o o w
m  (6) eeui pooy m
w
-
i m_“ e T T T T T 1
N © o o o o o « o
—| F 3285238 ¢ 3 =2 b5
o) (oww) oruwnies o (oww) 91 eosey
B g
g = o
= g ﬁ
w E
&l
ES
o 'S
W w
z
T T T 1 T T T T 1 Iy T T 1
L b =] © o w o (o) o o o o
©o8 & < ¢ 8 & = N = 5
(B) 3ubram Apog QO (Woww) ouwnisg L (oww) O-1aHwnieg

DF HFD

NF  Fv-|

o
w
T
w
9
3
w
w
z

NF Fv-DF HFD






OPS/images/fnut-12-1551987-g002.jpg
©
I
28
o
o

T T T
(3uBrom Apoq 6/B6u)
anssy} asodipe Jo xapu|

om

< Jeuod Je} [euaiad

(m]

O pay Il0





OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Flammulina velutipes mycorrhizae
dietary fiber attenuates the
development of obesity via

regulating lipid metabolism in
high-fat diet-induced obese mice












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






