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ABSTRACT: Obesity pathogenesis involves a multifaceted interplay between systemic metabolic dysregulation and 
intestinal microbiota dysbiosis. Using a high-fat diet (HFD)-induced obese mouse model, this research aimed to 
elucidate the anti-obesity effects and metabolic regulatory functions of Hericium erinaceus polysaccharides (HEP). 
HEP markedly attenuated weight gain and intrahepatic fat deposition, while enhancing systemic glucose disposal and 
insulin sensitivity. These metabolic improvements were closely associated with modulation of the hepatic 
AMPK/SREBP-1c signaling pathway, which downregulated lipogenic genes (FAS, ACC, and SREBP-1c) and 
enhanced lipid catabolism. The reduced metabolic stress subsequently promoted the organization of epithelial 
intercellular junctions, as demonstrated by the up-regulation of key barrier proteins, including Occludin, Claudin-1, 
and ZO-1 and the suppression of TLR4/NF-κB-mediated inflammatory cascades. Notably, HEP treatment remodeled 
the intestinal microbial landscape by fostering the enrichment of advantageous genera (e.g., Ileibacterium) and 
suppressing obesity-related bacteria (e.g., Lachnoclostridium). These findings suggested that HEP alleviated obesity 
by orchestrating a “metabolism-inflammation-microbiota” signaling axis, thereby positioning it as a feasible dietary 
intervention for the prevention and treatment of obesity. 

Keywords: Hericium erinaceus polysaccharides; obesity; glucose-lipid metabolism; AMPK; gut microbiota; intestinal 
barrier 

1. Introduction 

Obesity is a chronic and multifactorial metabolic disease typified by abnormal adiposity and high relapse 

rates following conventional treatments. The shift toward modern dietary patterns is a primary driver of its 

increasing prevalence [1]. Epidemiological studies indicate a positive correlation between obesity and high-fat 

diets (HFD). Obesity induced by HFD further contributes to systemic inflammation [2], insulin resistance, 

diabetes [3] and cancer [4]. HFD-induced obesity is a multifaceted metabolic syndrome fundamentally driven 

by dysregulated glucose and lipid metabolism. Excessive lipid intake leads to systemic lipotoxicity, as 

non-adipose tissues fail to fully oxidize surplus fats. This results in ectopic lipid accumulation and stimulates 

hypertrophic adipocytes to secrete pro-inflammatory cytokines [5, 6]. These inflammatory mediators exacerbate 
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insulin resistance, further disrupting glucose homeostasis [7]. Emerging evidence indicates that gut microbiota 

is not merely associated with obesity but actively participates in its progression through the 

“metabolism-inflammation-microbiota” axis [8-10]. HFD-induced dysbiosis reduces the production of 

beneficial microbial metabolites, particularly short-chain fatty acids (SCFAs), leading to the downregulated 

expression of tight junction proteins and increased intestinal permeability [11]. Consequently, bacterial 

endotoxins such as lipopolysaccharide (LPS) can translocate into the circulation and activate 

TLR4/NF-κB-mediated inflammatory signaling, thereby aggravating chronic low-grade inflammation, insulin 

resistance, and hepatic lipid accumulation [12-14]. Given that conventional interventions, including 

pharmacotherapy and bariatric surgery, often exhibit limited efficacy or adverse side effects [15-17], 

simultaneous regulation of gut microbiota composition and intestinal barrier integrity has emerged as a 

promising therapeutic strategy for obesity. 

Increasing evidence indicates that dietary polysaccharides exert anti-obesity activities primarily through 

prebiotic effects rather than direct absorption. As fermentable macromolecules, polysaccharides selectively 

promote beneficial bacteria, increase SCFA production, reinforce intestinal barrier integrity, suppress 

metabolic endotoxemia, and consequently improve systemic metabolic homeostasis [18-20]. Previous studies 

have demonstrated that HEP exhibits diverse biological activities, including alleviating gut barrier injury [21], 

improving glucose metabolism and modulating gut microbiota composition [22]. Nevertheless, these 

investigations have mainly focused on individual physiological outcomes or isolated signaling pathways. 

Whether HEP simultaneously remodels gut microbiota, restores intestinal barrier integrity, suppresses 

gut-derived inflammatory signaling, and subsequently regulates hepatic lipid metabolism through the 

“metabolism–inflammation–microbiota” axis remains inadequately understood. Therefore, unlike previous 

studies that primarily investigated the anti-inflammatory or hypolipidemic effects of HEP independently, the 

present study systematically elucidates the integrated regulatory network linking gut microbiota remodeling, 

intestinal barrier restoration, TLR4/NF-κB inhibition, and hepatic AMPK activation in HFD-induced obesity. 

Given the structural potential of polysaccharides and the established 

“metabolism-inflammation-microbiota” axis, we hypothesize that HEP mitigates obesity through a 

dual-action mechanism involving the potential modulation of hepatic AMPK/SREBP-1c signaling to suppress 

lipogenesis, coupled with the indirect modulation of systemic inflammation via the reinforcement of epithelial 

junctional integrity and the reshaping of gut microbiota. Testing this hypothesis will not only clarify the 

multi-dimensional regulatory role of HEP in metabolic health but also establish a robust mechanistic 

foundation for utilizing fungal polysaccharides as targeted functional food interventions for obesity. 

2. Materials and Methods 

2.1 Reagents and Experimental Materials 

Insulin was purchased from Biyuntian Biotechnology Co., Ltd (Shanghai, China). The quantitative PCR 

kit, reverse transcription kit, total RNA extraction kit, phosphatase inhibitors, and PMSF were supplied by 

Vinocell Biotechnology Co., Ltd (Nanjing, China). One-step PAGE color gel was obtained from Wuhan 
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Savier Biotechnology Co., Ltd. Protein-free rapid blocking solution and Color Prestained Protein Marker were 

purchased from Wuhan BOD Biotech Co., Ltd (Wuhan, China). Kits for interleukin-1β (IL-1β), interleukin-6 

(IL-6), tumor necrosis factor (TNF-α), leptin (LEP), and insulin (INS) were purchased from Enzyme-Linked 

Biological Technology Co., Ltd (Shanghai, China). Ultra-sensitive ECL chemiluminescence kit was obtained 

from Xinsaimei Biotechnology Co., Ltd (Suzhou, China). Levels of total cholesterol (T-CHO), high-density 

lipoprotein cholesterol (HDL-C), triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C) were 

measured using kits from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China).  

2.2 The Methods of Experiment 

2.2.1 Preparation of HEP 

HEP was isolated and purified in accordance with the methodology we detailed in an earlier report [21]. 

The Hericium erinaceus fruiting bodies were dried at 50 °C for 10 h and then pulverized. To remove lipids and 

pigments, the powder was pre-treated with 95% (v/v) ethanol overnight. After centrifugation, the supernatant 

was decanted, and the residue was air-dried to eliminate residual ethanol. The defatted powder (100 g) 

underwent extraction in deionized water at 95 °C for 3 h. This hot water extraction process was performed 

twice. The combined fractions were centrifuged, and the collected supernatant was evaporated to a smaller 

volume (42 °C, under vacuum). To precipitate the polysaccharides, the concentrate was brought to 50% (v/v) 

ethanol by adding food-grade 95% ethanol. After centrifugation, the resulting precipitate was collected and 

redissolved in purified water. Proteins were eliminated via the Sevag method. The aqueous phase was dialyzed 

for 72 h through a molecular weight cut-off (MWCO) membrane (3,000 Da) to remove salts and small 

molecules. After concentration, the solution was lyophilized to obtain crude HEP fraction (precipitated at 50% 

ethanol). The freeze-dried HEP were stored in a desiccator for subsequent experiments. 

According to our previous investigations [23], the chemical composition of HEP was characterized by a 

total carbohydrate content of 65.01% ± 1.50%, with uronic acids and reducing sugars accounting for 2.40% ± 

0.30% and 0.67% ± 0.08%, respectively. HEP is a heteropolysaccharide primarily composed of glucose and 

galactose, supplemented by fructose and mannose (molar ratio 10.6:10.4:1.7:0.5). Its molecular weight 

distribution (Mw) features a predominant fraction at 16.72 ± 2.11 kDa (71.68%) alongside a visible shoulder 

peak. FT-IR analysis further confirmed the polysaccharide nature of HEP, evidenced by characteristic 

absorption bands for C–H (2900 cm-1) and O–H (3400 cm-1)–which indicated the presence of hydrogen bonds 

within or between HEP molecules, reflecting one of the most typical characteristics of polysaccharide 

substances as well as carboxylate groups (1653 and 1400 cm-1). Furthermore, the fingerprint region 

(1200–1000 cm-1) signified a pyranose ring configuration. Morphologically, SEM observations revealed a 

smooth, sheet-like, and layered surface with minor wrinkles, which demonstrated the typical physical state of 

the polymer polysaccharides after extraction, concentration and freeze-drying. Structurally, Cui et al. [24] 

conducted methylation analysis on HEP, and the results elucidated that HEP possessed a backbone of (1→6)- 

β-D-glucopyranosyl residues (49.32%), branched at the O-3 position with side chains consisting of (1→

3)-linked and terminal glucose units. 
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2.2.2 Experimental Animals 

The animals were male C57BL/6J mice, which were supplied by the Zhejiang Academy of Medical 

Sciences (SPF-grade, 8 weeks old, 22–24 g). The animal production license number was SCXK 

(Zhe)2024-0002. The mice were housed in a SPF barrier facility under controlled conditions: relative 

humidity of 70% ± 5%, constant temperature of 25 ± 2°C, and a 12-hour light-dark cycle.  

Ethical clearance for all experimental work was obtained from the Animal Ethics Committee of Zhejiang 

University of Technology (No. MGS20241022141). In accordance with ethical standards, experimental 

procedures were aligned with the ARRIVE guidelines. We strictly observed the statutory requirements of the 

Animals (Scientific Procedures) Act 1986, the EU Directive 2010/63/EU for scientific animal protection, and 

the guidelines set by the National Research Council for laboratory animal care. 

2.2.3 Mouse Experiment Design 

Mice were acclimatized for 7 days. Animal experimental design followed the methodology of Tian et al. 
[25]; mouse gavage dosing referenced the approach of Yoo et al. [26] and our previous research [21, 27]. A total of 

30 mice were randomly distributed into three experimental groups (n = 10 per group), as delineated in Table 

S1. Mice were divided into three groups: low-fat control group (NC), high-fat model group (MC), and high-fat 

diet + HEP group (HEP, 200 mg/kg). According to the body surface area normalization method recommended 

by the U.S. Food and Drug Administration (Km: mouse = 3, human = 37), the mouse dose of 200 mg/kg 

corresponds to a human equivalent dose (HED) of approximately 16.2 mg/kg body weight per day (equivalent 

to approximately 1.13 g/day for a 70-kg adult) [13, 28]. The selection of the 200 mg/kg dosage was based on 

preliminary studies and previous literature demonstrating its optimal efficacy in exerting anti-inflammatory 

and barrier-protective properties without exhibiting observable toxicity in murine models. While this dose is 

pharmacologically feasible, its translation to human dietary intake requires further assessment, as HED does 

not equate to typical nutritional consumption levels [24, 29].  

The NC and MC groups received double-distilled water via gavage to control for procedural stress. 

Except for the NC group fed 10% low-fat diet, all other groups received 60% high-fat diet. Specific diets 

(TPP23302 for 10% low-fat and TP23300 for 60% high-fat) were sourced from TROPHIC Animal Feed 

High-tech Co., Ltd. (Nantong, China). The comprehensive nutritional profiles of these diets are documented in 

Table S2.  

Animals were fasted for 12 h after 12 weeks of feeding. Following anesthesia, blood samples were 

collected via retro-orbital venous plexus puncture, and serum was isolated by centrifugation. Concurrently, 

liver, colon, epididymal fat, and subcutaneous fat were harvested. All tissue samples were kept at −80 °C until 

needed for downstream processing. 

2.2.4 Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT)  

The ITT and OGTT were conducted following the procedure described by Tian et al. [25] at weeks 11 and 

12 of modeling, respectively.  
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2.2.5 Mouse Body Weight, Food Intake  

Weight change curves were plotted using the mice's weights recorded every Friday, while daily food 

intake was also recorded and calculated.  

2.2.6 Histopathological Observation and Analysis  

Following euthanasia, the liver, epididymal fat, subcutaneous fat, and colon tissues were collected. The 

liver and colon were fixed in 4% paraformaldehyde, and the epididymal fat was fixed in a specialized fat 

fixative. These tissues were embedded and sectioned into 4 μm thick sections. For histological evaluation, 

hematoxylin and eosin (H&E) staining was performed on the collected tissue sections.  

Organ index = organ weight / mouse weight.  

2.2.7 Determination of Serum Biochemical Parameters 

Blood samples were centrifuged to isolate serum for subsequent analyses. Serum lipid profiles, including 

T-CHO, LDL-C, HDL-C, and TG were determined via specific commercial kits. In addition, the levels of 

pro-inflammatory cytokines, LEP and INS were measured using ELISA kits.  

2.2.8 mRNA Expression Levels in Mouse Tissues  

RT-qPCR was employed to evaluate mRNA expression in murine tissues, following RNA extraction via 

the TRIzol method and concentration measurement using a micro-volume analyzer. cDNA reverse 

transcription and quantitative amplification were performed. Relative transcript abundance was evaluated 

based on the 2-△△Ct method. The primer sequences used in this study are listed in Table S3. 

2.2.9 Western Blot Analysis 

Liver and colon tissues were homogenized in RIPA lysis buffer supplemented with phosphatase and 

protease inhibitors. Total protein concentration was subsequently determined. After transferring the 

SDS-PAGE-resolved proteins to a PVDF membrane and blocking at room temperature, primary antibody 

binding was allowed to proceed at 4 °C overnight (12–16 h). Afterward, the membrane was treated with a 

matching secondary antibody for 60 min. Signals were detected using Western Lighting Plus ECL 

chemiluminescent substrate. Optical density was quantified using ImageJ version 1.41.6. 

2.2.10 16S rDNA High-Throughput Sequencing for Intestinal Microbiota Analysis 

Fresh fecal samples were collected prior to euthanasia for genomic DNA extraction. Following total 

DNA extraction from samples, primers 338F (5'-ACTCCTACGGGAGGCAGCA-3') and 806R 

(5'-GGACTACHVGGGTWTCTAAT-3') were utilized. PCR amplification was performed, followed by 

purification, quantification, and normalization to form sequencing libraries. After quality assessment, the 

Illumina NovaSeq 6000 platform was utilized to sequence the libraries, and the resulting data were processed 

through the BMKCloud online analysis platform (https://www.biocloud.net).  

2.2.11 Analysis of Short-Chain Fatty Acids 
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Samples were centrifuged to collect the supernatant (500 μL), which was subsequently combined with 

100 μL of crotonic acid-metaphosphoric acid solution. Following thorough vortexing, the preparation was 

acidified and kept at -80 °C for 24 h prior to further analysis. After acidification, samples were thawed at 4°C 

and centrifuged at 10,000 rpm, and the clarified solution was filtered through a 0.22 μm membrane. SCFA 

concentrations were determined via gas chromatography analysis. Detection was implemented using a 

DB-FFAP column with crotonic acid as the internal marker. The injection port temperature was set at 250 °C. 

The gas chromatography (GC) analysis employed an initial oven temperature of 75 °C, with a two-stage ramp: 

first to 180 °C (20 °C/min, 1 min hold) and then to a final 220 °C (40 °C/min, 1 min hold). The flame 

ionization detector (FID) was operated at 250 °C, and a 1-μL sample was injected for each run. 

2.2.12 Data Analysis and Processing 

Data processing was performed with IBM SPSS Statistics 26 (Armonk, NY, USA). Intergroup 

comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test. All values are 

reported as mean ± SEM with the number of replicates indicated. Statistical significance: *P < 0.05 and **P < 

0.01 versus the NC group; #P < 0.05 and ##P < 0.01 versus the MC group. 

3. Results 

3.1 Analysis of Weight Gain and Food Intake in High-Fat Diet-Induced Mice Using HEP 

The establishment of the HFD mouse model is shown in Figure 1. A schematic representation of the 

animal experimental procedure is provided in Figure 1A. As expected, HFD feeding significantly accelerated 

mouse weight gain (Figures 1B and 1C). Compared to NC group, the MC group exhibited a 38.1% increase in 

body weight (P < 0.01). However, HEP administration significantly attenuated this excessive weight gain (P 

< 0.05). As illustrated in Figure 1D, although the MC group exhibited slightly lower food consumption than 

the NC group, this difference was not statistically significant (P > 0.05). Furthermore, supplementation with 

HEP did not significantly alter the daily food intake. In summary, HEP intake suppressed excessive weight 

gain without significantly affecting food intake in mice. 

  
Figure 1. Impact of HEP on body weight and food intake in HFD-induced mice (A) Schematic diagram of animal 

experiment; (B) Mouse weight gain; (C) Mouse weight change; (D) Mouse food intake 
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3.2 Effects of HEP on ITT and OGTT in High-Fat Diet-Induced Mice 

Figure 2A and 2B illustrate the results of the ITT in mice. HFD consumption triggered a substantial 

increase in the ITT area under the curve (AUC) relative to the NC group (P < 0.01), indicating severe insulin 

resistance. In contrast, the HEP group exhibited a significant reduction in the ITT AUC relative to the MC 

group (P < 0.01), indicating that HEP intake effectively improved insulin sensitivity in mice, thereby 

enhancing insulin regulation of glucose homeostasis. As depicted in Figure 2C and 2D, HFD feeding led to a 

substantial rise in the OGTT AUC relative to the NC group (P < 0.01), while a significant reduction was 

exhibited in the HEP group (P < 0.01). Consequently, these findings demonstrate that HEP possesses a potent 

capacity to restore glycemic homeostasis in HFD-fed mice. 

 
Figure 2. Effects of HEP on HFD-induced insulin resistance in mice (A)ITT; (B) AUC of the ITT; (C) OGTT; (D) AUC of 

the OGTT 

3.3 Effects of HEP on Mouse Anatomy and Tissue 

Figure 3A displays representative macroscopic images of mice. The MC group exhibited pronounced fat 

deposition and increased body weight relative to the NC group. By contrast, HEP treatment effectively curbed 

body weight gain and attenuated adipose tissue expansion. Livers from the MC group appeared hypertrophic 

and pale compared to those in the NC group (Figure 3B). Conversely, the livers in the HEP group were visibly 

smaller and exhibited a restored, darker reddish-brown color compared to those in the MC group. Figure 3C 

shows representative images of epididymal fat pads from the three groups. The epididymal adipose tissue 

volume substantially increased in the MC group versus the NC group, an effect that was visibly reduced 

following HEP therapy. 
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Figure 3. Anatomical and tissue comparison among different treatment groups in mice (A) Mouse dissection images; (B) 

Liver; (C) Epididymal fat 

3.4 Histological Analysis of Liver Tissue 

Figure 4A shows H&E-stained liver tissues. In the NC group, no obvious lipid vacuoles were observed in 

the liver. Hepatocyte nuclei were centrally located, sinusoids were clearly defined, and hepatic cords were 

well-organized. In contrast, hepatocytes in the MC group contained numerous lipid vacuoles of varying sizes, 

with densely distributed lipid droplets appearing swollen and disorganized. Cell boundaries were indistinct, 

and inflammatory changes were present, confirming successful establishment of HFD-induced hepatic injury. 

Compared to the MC group, the HEP group displayed a marked reduction in intracellular lipid vacuoles, with 

cells exhibiting improved alignment and reduced swelling. Cellular morphology resembled that of the NC 

group, featuring well-defined sinusoids, regular hepatic cords, and no significant inflammatory infiltration. 

This demonstrated that HEP alleviated liver damage induced by HFD. 
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Figure 4. Effects of HEP on liver organization and epididymal adipose (A) Liver H&E staining; (B) H&E staining of 

epididymal adipose tissue; (C) Liver weight; (D) Liver index; (E) Epididymal fat weight; (F) Epididymal fat index 

3.5 Epididymal Fat Tissue Morphology Analysis 

As depicted in Figure 4B, histological evaluation of H&E-stained epididymal fat revealed that, compared 

to the NC group, adipocytes in the MC group exhibited severe hypertrophy and narrowed intercellular spaces, 

indicative of abnormal lipid accumulation. This indicated that mice in the MC group presented typical 

pathological features of metabolic disorder, whereas the NC and HEP groups maintained normal adipose 

tissue structure with intercellular spaces returning to uniformity. Both epididymal fat weight and fat index 

were also significantly increased in the HFD group (P < 0.01). After HEP intervention, fat weight in the HEP 

group reduced notably (P < 0.01), and fat index also showed a marked reduction (P < 0.05). In summary, the 

HFD induced pathological hypertrophy of epididymal adipocytes and tissue structural disruption, while HEP 

intake exerted a protective effect by regulating adipocyte expansion. 

3.6 Intestinal Tissue Morphology Analysis 

Figure S1 shows the H&E-stained mouse colon tissues. Relative to the NC group, the colonic 

submucosal layer presented edema, loss of crypt structure, and a significant decline in goblet cell numbers in 

the MC group. In contrast, the HEP group illustrated significantly alleviated submucosal edema, with restored 

crypt architecture. Therefore, HEP intervention significantly ameliorates pathological damage in mouse 

colonic tissue, promotes cellular morphology recovery, and mitigates susceptibility to intestinal inflammation. 

3.7 Effects of HEP on Serum Biochemical Factors 

Relative to the NC group, LDL-C, T-CHO, and TG concentrations were significantly elevated (P < 0.01) 

in the MC group, while HDL-C concentration was markedly decreased (P < 0.01) (Figure 5 A-D). Serum 

LDL-C and TG levels were substantially reduced (P < 0.01) after HEP administration, while T-CHO 

concentration was significantly declined (P < 0.05) and HDL-C concentration was substantially elevated (P < 

0.01). These findings indicated that HEP effectively reduced systemic lipid factor concentrations and exhibits 
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lipid-lowering effects. As shown in Figures 5E and F, serum INS and LEP levels in the MC group were 

notably higher than those in the NC group (P < 0.01), indicating that HFD induction caused hyperinsulinemia 

and hyperleptinemia in mice. HEP administration effectively normalized the elevated INS and LEP 

concentrations seen in the MC group (P < 0.01), indicating a restoration of insulin and leptin homeostasis. 

Figure 5G-I depicts the regulatory influence of HEP on serum inflammatory markers in HFD-challenged 

mice. The levels of pro-inflammatory cytokines (IL-6, TNF-α, and IL-1β) were significantly up-regulated in 

the MC group versus the NC group (P < 0.01). However, HEP intervention reversed the HFD-induced 

inflammatory response by downregulating the serum concentrations of IL-1β (P < 0.01), TNF-α (P < 0.01), 

and IL-6 (P < 0.05). 

 
Figure 5. Effects of HEP on serum levels of biochemical factors in HFD-induced mice (A) TG; (B) T-CHO; (C) HDL-C; 

(D) LDL-C; (E) INS; (F) LEP; (G) IL-6;(H) IL-1β; (I) TNF-α 

3.8 Regulation of HEP on the Levels of Lipid Metabolism mRNA and Proteins in Mouse Liver Tissues 

As shown in Figure 6, after HFD induction, genes involved in lipid metabolism and energy regulation 

(AMPKα1, PPAR-α, PGC-1α) were significantly downregulated (P < 0.05), whereas genes associated with 

lipid synthesis (SREBP-1C, PPAR-γ, FAS, ACC) were notably upregulated (P < 0.01). HEP treatment 

reversed these alterations. Compared to the NC group, HFD consumption markedly decreased the hepatic 

p-AMPK/AMPK ratio while significantly increasing the expression of lipid synthesis-related proteins (FAS, 

ACC, SREBP-1c) (P < 0.01). Following HEP intervention, the hepatic p-AMPK/AMPK ratio was 

significantly increased, and the expression of FAS, ACC, and SREBP-1c was markedly reduced (P < 0.01), 

suggesting that HEP was associated with suppressed lipogenesis and enhanced lipid metabolic regulation. 

Taken together, these results suggested that modulation of hepatic lipid metabolism may contribute to the 

lipid-lowering effects associated with HEP treatment. 
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Figure 6. Regulation of HEP on the levels of lipid metabolism mRNA and proteins in the mouse liver (A) SREBP-1c; (B) 
AMPKα1; (C) PPAR-α; (D) PPAR-γ; (E) ACC; (F) FAS; (G) mRNA expression of PGC-1α; (H) Protein expression level 
associated with lipid metabolism; Relative protein expressions of (I) p-AMPK/AMPK; (J) FAS; (K) ACC; (L) SREBP-1C 

3.9 Effects of HEP on Inflammation-Related mRNA and Protein Expression in Mouse Colon Tissues 

Figure 7 presents the mRNA and protein expression levels related to intestinal inflammation in mice, 

demonstrating the regulation of key inflammatory cascades. The mRNA expression levels of 

inflammation-related genes (TNF-α, TLR4, NF-κB) were substantially elevated in HFD (P < 0.01), and this 

upregulation was reversed after HEP intervention (Figures 7A-C). HEP intervention downregulated TLR4 

protein expression (Figure 7E) in HFD-induced mice, reversed the HFD-induced upregulation in IKKα/β 

level, and downregulated the phosphorylation of NF-κB p65 (Figures 7F and 7G). Compared to the HFD-fed 

group, HEP-treated mice showed a substantial reduction in TLR4 and p-NF-κB p65 levels (P < 0.01), both 

of which had been prominently increased by the HFD relative to the NC group (P < 0.01). Collectively, 

these results suggested that HEP demonstrated significant suppression of NF-κB pathway activation in 

response to TLR4 signaling in HFD-induced mice. 
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Figure 7. Expression of inflammation-related mRNA and proteins in the mouse colon (A) TNF-α; (B) TLR4; (C) mRNA 

expression of NF-κB; (D) Expression levels of proteins associated with intestinal inflammation; Relative protein 
expressions of (E) TLR4; (F) p-NF-κB p65/NF-κB p65; (G) p-IKKα/β/IKKα/β  

3.10 Effects of HEP on the Expression Levels of Tight Junction-Related mRNAs and Proteins in Mouse Colon 

Tissues 

The intestinal mucosal barrier plays an essential role in preventing direct contact between the intestinal 

epithelium and harmful agents, including pathogens and endotoxins. The effect of HEP on tight junction 

integrity in the mouse colon is depicted in Figure 8. Chronic HFD intake led to a substantial reduction in 

both the mRNA and protein expression levels of intestinal tight junction proteins relative to the NC group (P 

< 0.01), illustrating that HFD impaired intestinal barrier integrity. However, HEP intervention upregulated 

the levels of these mRNAs significantly (P < 0.01). Consistent with the mRNA data, levels of these tight 

junction protein markers followed a similar pattern. It can be concluded that HEP helps restore intestinal 

barrier integrity impaired by HFD and may inhibit the translocation of harmful substances, contributing to 

its anti-obesity effect in mice. 

 
Figure 8. HEP on inflammation and tight junction-related mRNA and protein expression in the colon of HFD-induced mice 

(A) Claudin-1; (B) ZO-1; (C) mRNA expression of Occludin; (D) expression levels of tight junction-related proteins; 
Relative protein expressions of (E) Claudin-1; (F) ZO-1;(G) Occludin 
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3.11 The Effects of HEP on the Gut Microbiota 

3.11.1 Sequencing Data Quality Assessment 

As indicated by the rarefaction curve in Figure S2A, when the number of sampled sequences was less 

than 10,000, the number of features increased rapidly with the growth in sampled sequences; When the 

sampled sequences exceeded 20,000, the growth rate of features slowed down. Beyond 30,000 sampled 

sequences, the number of features showed no significant further increase. This indicated that the species 

count of the fecal microbiota did not elevate substantially with higher sequencing depths. Thus, the coverage 

employed was adequate to reflect the diversity of fecal microbial species. The sequencing data for the 

samples was comprehensive and reliable. Figure S2B showed that the Shannon index curve leveled off after 

5,000 sampled sequences, indicating data saturation. The sequencing depth was sufficient to capture 

adequate species characteristics, reaching a plateau phase. Figure S2C showed that the rank-abundance 

curves for each group exhibited discrepancies in both richness and evenness, demonstrating that the 

sequencing saturation was adequate to cover the majority of species. Figure S2D's species accumulation 

curve showed that, given the number of samples, the species accumulation curve reached a plateau, meaning 

that the accumulation of gut microbiota species increased slowly. This demonstrated that the sampling was 

adequate and the data analysis was reliable. 

3.11.2 The Effect of HEP on ASV in the Mouse Intestinal Microbiota 

The effects of HEP on ASVs in the mouse gut microbiota are depicted in Figure S3. Figure S3A and B 

revealed that a total of 6,364 ASVs were observed. A reduction in ASVs was noted in the HEP group versus 

the MC group, validating that HEP administration actively reshapes the intestinal microecology. Figure S3C 

indicated that 255 ASVs were commonly identified across all three groups. The number of group-specific 

ASVs varied among experimental groups, with the MC group containing 2307, while the NC and HEP groups 

displayed lower counts of 1994 and 1395, respectively. These analyses collectively demonstrated that HEP 

exerted a profound regulatory impact on the intestinal flora of mice. 

3.11.3 Effects of HEP on α Diversity of Gut Microbiota 

The study employed the Shannon index, PD_whole_tree index, Simpson index, Ace index, and Chao1 

index, and cover rate to assess α diversity in the mouse intestinal microbiota. α diversity analysis (Figure 9) 

revealed decreased ACE and Chao1 indices in the HFD group (P < 0.05), while the HEP group showed 

elevated indices. This indicated that the HFD downregulated richness and diversity of the gut microbiota, and 

HEP intervention alleviated this effect. The Simpson index and Shannon index in the MC group were notably 

elevated (P < 0.01), while after HEP intervention, the mice showed significant reductions (P < 0.05). After 

HFD intervention, the PD_whole_tree index in the MC group was markedly decreased (P < 0.01), further 

confirming that HFD reduced gut microbiota diversity. Sequencing coverage for all groups approached 1, 

meeting sequencing requirements. The above data indicated that HEP treatment exerted notable effects on the 

gut microbiota of HFD-induced mice. 
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Figure 9. α and β diversity analysis (A) ACE index; (B) Chao1 index; (C) Simpson index; (D) Shannon index; (E) 

PD_whole_tree; (F) Coverage; (G) PCA; (H) PCoA; (I) NMDS; (J) UPGMA 

3.11.4 Effects of HEP on β-Diversity of the Mouse Gut Microbiota 

As illustrated in Figure 9G, PCA indicated that PC1 and PC2 accounted for 55.27% and 25.03% of the 

total variance, respectively. The NC group samples clustered on the left side, while the MC group samples 

were primarily distributed on the right, with the two groups completely separated, indicating successful 

establishment of HFD-induced gut dysbiosis. Notably, the HEP group showed a distinct shift away from the 

MC group, clustering intermediately. The PCoA analysis (Figure 9H) demonstrated distinct segregation 

among the three groups, with the HEP samples positioned markedly closer to the NC group. In the NMDS 
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analysis (Figure 9I), the stress value of 0.1612 indicated reliable data. Results were consistent with PCA and 

PCoA findings, confirming that HEP induced changes in the gut microbiota. Figure 9J showed UPGMA 

analysis, where NC and MC mice formed two distinct branches, while MC and HEP groups exhibited clear 

differentiation, confirming the role of HEP in altering mouse gut microbiota composition. 

3.11.5 Effects of HEP on the Phylum Level of the Gut Microbiota 

At the phylum level, Bacteroidota, Firmicutes, Verrucomicrobiota, and Actinobacteriota were the four 

most abundant phyla. HFD feeding disrupted the microbial profile, evidenced by a sharp increase in the 

Firmicutes/Bacteroidota (F/B) ratio and the relative abundance of Firmicutes and Actinobacteriota, whereas 

the proportion of Verrucomicrobiota was significantly diminished compared to the NC group (P < 0.01). HEP 

intervention significantly reduced the abundance of Firmicutes, Actinobacteriota and the F/B ratio (P < 0.05), 

while markedly increasing the relative abundance of Verrucomicrobiota. These findings indicated that HEP 

altered the microbial structure in HFD-induced mice at the phylum level. 

 
Figure 10. Phylum-level Microbiome Analysis (A) Phylum-level microbiome distribution; (B) Firmicutes; (C) 

Bacteroidota; (D) Actinobacteriota; (E) Verrucomicrobiota; (F) F/B ratio 

3.11.6 Effects of HEP on the Gut Microbiota of Mice at the Genus Level 

As depicted in Figure 11, the composition of bacterial taxa with relative abundance greater than 1% 

was analyzed. Relative to the NC group, the abundances of Lachnoclostridium, 

unclassified_Lachnospiraceae, Faecalibaculum, Romboutsia, and Blautia were markedly enriched in the 

MC group (P < 0.01), while Bacteroides (P < 0.05) were also notably elevated. In contrast, following HEP 

intervention, the abundances of Lachnoclostridium, unclassified_Lachnospiraceae, Romboutsia, Blautia, 

Faecalibaculum, and Bacteroides were markedly decreased (P < 0.05), whereas Ileibacterium (P < 0.05) 

were significant increased. These findings indicated that HEP effectively modulates the structural 

composition of the gut microbiota at the genus level in HFD-induced obese mice. 
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Figure 11. Genus-level microbial community analysis (A) Genus-level microbial community distribution; (B) 
Lachnoclostridium; (C) Bacteroides; (D) unclassified_Lachnospiraceae; (E) Ileibacterium; (F) Faecalibaculum; (G) 

Romboutsia; (H) Blautia 

3.11.7 HEP Analysis of Differences Between Different Groups of Gut Microbiota 

As shown in the LDA value distribution histogram (Figure S4A), 12, 12, and 13 significantly different 

taxa were quantified in the NC, MC, and HEP groups. At the phylum level, Verrucomicrobiota in the NC 

group and Actinobacteriota in the HEP group could serve as potential biomarkers. Akkermansiaceae and 

Muribaculaceae in the NC group, Lachnospiraceae and Bacteroidaceae in the MC group, and Atopobiaceae 

and Bifidobacteriaceae in the HEP group were designated as biomarkers at the family level. Ileibacterium, 

Akkermansia, and unclassified_Muribaculaceae in the NC group, Faecalibaculum, Bacteroides, 

unclassified_Lachnospiraceae, and Eubacterium_fissicatena_group in the MC group, as well as 

Allobaculum, Olsenella, and Bifidobacterium in the HEP group, were considered characteristic genera at the 

genus level. Ileibacterium valens, Akkermansia muciniphila, unclassified_Muribaculaceae, and Phocaeicola 

sartorii in the NC group; Faecalibaculum rodentium, Bacteroides vulgatus, unclassified_Lachnospiraceae, 

and Faecalicatena contorta in the MC group; and uncultured_Allobaculum sp., Olsenella 

sp._oral_taxon_809, and Bifidobacterium pseudolongum in the HEP group were designated as species-level 

biomarkers at the species level. 

3.11.8 Predictive Analysis of HEP on Functional Genes of Intestinal Flora in Mice 

KEGG pathway prediction revealed that while the overarching microbial functional structure remained 

stable across groups (Figure 12A), specific shifts were induced by HFD and HEP (Figure 12C). Crucially, 
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HEP profoundly reshaped the microbial metabolic repertoire (Figure 12B), enriching "Glycan biosynthesis 

and metabolism" and "Lipid metabolism". The up-regulation of glycan metabolism provides bioinformatic 

evidence for an enhanced microbial capacity to ferment HEP structural carbohydrates. Concurrently, the 

enriched microbial lipid metabolism aligns robustly with the host's lipid-lowering phenotype and hepatic 

AMPK/SREBP-1c activation. Overall, these predictions suggested that HEP may reshape the metabolic 

potential of the gut microbiota, particularly pathways associated with carbohydrate utilization and lipid 

metabolism, which may contribute to improved metabolic homeostasis. 

 
Figure 12. KEGG function prediction of gut microbiota (A) Histogram of functional composition; Relative abundance of 

predictive function genes between NC and HEP (B) NC and MC (C) in the first KEGG category. 

3.11.9 Correlation Analysis of the Gut Microbiota with Other Indicators 

To highlight robust interactions, a Spearman’s rank correlation network analysis was performed between 

the relative abundances of significantly altered microbial genera and host biochemical parameters (Figure 13). 

Beneficial taxa significantly enriched by HEP intervention, notably Ileibacterium and Akkermansia, exhibited 

strong positive correlations with intestinal barrier integrity markers (ZO-1 and occludin), SCFA 

concentrations (acetate, propionate, and butyrate), and the level of hepatic p-AMPK/AMPK ratio. 

Concurrently, these advantageous bacteria were significantly and negatively correlated with circulating 

atherogenic lipids, particularly TG and LDL-C. Conversely, obesity-associated genera that were heavily 

suppressed by HEP, including Lachnoclostridium, Bacteroides, unclassified_Lachnospiraceae, and Blautia, 

displayed an inverse pattern. These HFD-enriched taxa were significantly and positively associated with 

systemic lipid accumulation (TG, LDL-C), while exhibiting profound negative correlations with SCFA 

production, tight junction protein expressions, and hepatic p-AMPK/AMPK ratio. Collectively, these 

correlational networks supported a close association between gut microbial remodeling and improvements in 

host metabolic homeostasis. 
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Figure 13. Spearman correlation analysis between gut microbiota and host metabolic parameters 

3.12 The Effect of HEP on SCFAs in Mice 

By analyzing changes in SCFAs in feces, we further investigated HEP's inhibitory effect on obesity via 

the gut microbiota. Figure 14 demonstrated that the concentrations of individual SCFAs, including acetate, 

propionate, butyrate, and their branched-chain isomers, were markedly lower in the MC group relative to the 

NC group (P < 0.01). Relative to the MC group, following HEP gavage, fecal propionate, acetate and total 

SCFA concentrations were markedly elevated (P < 0.01) in mice. Isobutyrate and butyrate levels were also 

significantly increased (P < 0.05), while isovalerate and valerate levels showed non-significant upward 

trends. Taken together, these data demonstrated that HEP intake was associated with reversing the reduction 

in gut microbiota metabolites induced by HFD. 

 
Figure 14. Levels of SCFAs in feces (A) Acetate; (B) Propionate; (C) Isobutyrate; (D) Butyrate; (E) Isovalerate; (F) 

Valerate; (G) Total SCFAs 
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4 Discussion 

Obesity is a global public health crisis primarily characterized by dysregulated lipid metabolism, 

impaired insulin sensitivity, and concomitant metaflammation. The search for safe and effective natural 

bioactive compounds to intervene in obesity and its complications remains a critical research focus. The 

experimental results indicated that HEP significantly ameliorated excessive weight gain, alleviated lipid 

deposition, and restored both insulin sensitivity and glucose tolerance in HFD-fed mice. Concurrently, HEP 

modulated serum lipid profiles, attenuated the levels of systemic inflammatory cytokines, and exerted 

beneficial anti-obesity effects through multifaceted mechanisms. These mechanisms included modulation of 

hepatic AMPK/SREBP-1c-related lipid metabolism, restoration of intestinal barrier integrity, suppression of 

the TLR4/NF-κB inflammatory pathway, and remodeling of the intestinal microbiota architecture. 

Analysis of growth indices, anatomical observations, and tissue histology revealed that HEP ameliorated 

HFD-induced epididymal adipocyte hypertrophy, reduced hepatic lipid droplet accumulation, and mitigated 

inflammatory manifestations. HFD typically leads to significant weight gain, substantial hepatic lipid 

deposition, and a marked expansion of epididymal and inguinal white adipose tissues [30, 31]. HEP intervention 

counteracted these effects, corroborating previous findings by Wang et al. [22], who reported that Hericium 

erinaceus reduced body fat accumulation in HFD mice. This suggested that HEP may alleviate lipid 

accumulation in vivo. 

A core feature of metabolic dysfunction is compromised insulin sensitivity. Excessive intake of lipids 

and carbohydrates can trigger inflammatory responses and endoplasmic reticulum stress, which impede 

insulin signal transduction, ultimately leading to glucose and lipid metabolism disorders [32]. HEP effectively 

reversed the HFD-induced elevations in serum TG, LDL-C and T-CHO levels while increasing HDL-C levels. 

INS and LEP, which are crucial for regulating blood glucose levels, increasing energy expenditure, and 

reducing fat storage [33], were also significantly normalized. Furthermore, HEP significantly reduced the 

AUCs for both the OGTT and ITT, indicating the effective improvement of HFD-induced disturbances of 

carbohydrate metabolism, thereby partly recovering glucoregulatory function. Cui et al. [24] found that HEP 

improved glucose metabolism imbalance by activating the IRS/PI3K pathway and promoting hepatic 

glycogenesis. Therefore, whether HEP also engages the IRS/PI3K axis warrants further investigation. 

Consistent with its lipid-lowering efficacy in the serum (characterized by reduced LDL-C, T-CHO and 

TG levels, and elevated HDL-C), HEP also exerted profound protective effects against hepatic lipid 

accumulation. AMPK coordinates multiple metabolic pathways to restore energy balance, including 

suppressing lipid synthesis while enhancing fatty acid oxidation. AMPK regulates lipid metabolism by 

influencing several downstream targets, with SREBP-1c being one of its key targets [34, 35]. Our results 

revealed that HEP intervention significantly increased the p-AMPK/AMPK ratio. Simultaneously, HEP 

significantly suppressed the expression of SREBP-1c and its downstream targets FAS and ACC. This 

concomitant activation of AMPK and suppression of the SREBP-1c lipogenic network indicated that HEP 

may contribute to the improvement of hepatic lipid metabolism [24]. These molecular alterations were 
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accompanied by reduced expression of lipogenic proteins, which was consistent with the alleviation of hepatic 

steatosis observed in HFD-fed mice. 

A pivotal factor underlying obesity-induced metabolic pathologies is the persistence of subclinical 

chronic inflammation [36], while obesity itself can enhance intestinal permeability [12], allowing harmful 

substances into the bloodstream and driving further systemic chronic inflammation [37, 38]. Histopathological 

results indicated that HEP significantly ameliorated HFD-induced colonic tissue edema, crypt structure 

destruction, and goblet cell reduction. The reinforcement of gut barrier integrity by HEP was associated with 

the enhanced synthesis of tight junction proteins at both mRNA and protein levels, a mechanism that supports 

the findings documented by Tian et al [21]. Restoration of barrier function further restricts the systemic 

translocation of inflammatory signals such as LPS. HEP significantly inhibited the TLR4 level and the 

phosphorylation levels of IKKα/β and NF-κB p65 in colon, concomitantly reducing serum levels of IL-6, 

IL-1β and TNF-α. The TLR4/NF-κB pathway was a major driver of intestinal inflammation, and LPS can 

trigger the TLR4/NF-κB pathway [39]. Therefore, we inferred that HEP alleviated obesity-associated 

inflammation via the axis of "repairing intestinal barrier- blocking endotoxin translocation - inhibiting the 

TLR4/NF-κB pathway." Mishra et al. indicated that the intestinal flora in HFD individuals reduced ZO-1 

expression, thereby weakening intestinal barrier function and exacerbating inflammation [40]. Consequently, 

we hypothesized that HEP's restoration of intestinal barrier function and amelioration of inflammation may be 

achieved via modulation of the gut microbiota, warranting further investigation into the effects of HEP on 

microbial communities. 

The intestinal microbiome has emerged as a vital driver in the pathogenesis of obesity [41]. Possessing the 

capacity to induce fat accumulation in the host, the gut microbiota significantly influenced the development of 

HFD obesity and holds potential pathogenic roles in human obesity [42]. The multifaceted anti-obesity effects 

of HEP are underpinned by its capacity to reshape the gut microecology and fortify the intestinal-hepatic axis. 

Experimental results indicated that HEP may achieve anti-obesity effects via regulating intestinal microbiota 

composition. Within the intestinal flora, Firmicutes and Bacteroidota were closely associated with metabolic 

disorders. Several studies have linked an increased F/B ratio to obesity and intestinal inflammation [43]. In 

particular, Turnbaugh et al. illustrated that obese mice exhibited an elevated ratio of F/B compared to lean 

mice [44], a pattern that was consistently observed in our study. Following HEP intervention, this ratio 

decreased, confirming HEP's anti-obesity efficacy. Existing literature indicated that Firmicutes harbor 

carbohydrate metabolism enzymes that influence energy absorption [45], while Bacteroidota suppressed gut 

inflammation and enhanced tight junctions by dampening NF-κB activation [46]. HEP also markedly increased 

the abundance of Verrucomicrobiota, a phylum represented primarily by Akkermansia. Akkermansia has been 

widely recognized for its ability to degrade mucin while simultaneously stimulating mucus turnover, thereby 

reinforcing the intestinal mucus layer and enhancing epithelial barrier integrity [13, 25, 47]. Therefore, it is 

hypothesized that HEP may exert its anti-obesity effects at phylum level by altering the F/B ratio and 

regulating the abundance of Verrucomicrobiota, thereby influencing energy absorption, alleviating 
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inflammatory responses, and reinforcement of gut barrier homeostasis. At the genus level, existing literature 

indicates that Ileibacterium exhibites anti-obesity effects [48], while Faecalibacterium and Romboutsia have 

been reported to be positively correlated with obesity levels [49]. HEP markedly elevated the abundance of 

beneficial gut microbes (P < 0.05), such as Ileibacterium, while notably reducing the abundance of harmful 

gut microbes associated with obesity, such as Romboutsia and Lachnoclostridium. In addition to taxonomic 

alterations, the predictive functional analysis further suggested that HEP reshaped the metabolic potential of 

the gut microbiota. Specifically, the enrichment of glycan biosynthesis and metabolism suggested an 

enhanced microbial capacity to utilize HEP-derived carbohydrates as fermentable substrates, whereas the 

enrichment of lipid metabolism-related pathways is in agreement with the improved serum lipid profile and 

reduced hepatic lipid accumulation observed in HEP-treated mice. Although KEGG analysis based on 16S 

rRNA sequencing provides only predictive functional information rather than direct metagenomic evidence, 

the observed enrichment of carbohydrate- and lipid metabolism-related pathways was consistent with the 

improved metabolic phenotype and increased SCFA levels observed in HEP-treated mice. Correlation 

analysis further strengthened the potential linkage between gut microbiota remodeling and host metabolic 

improvement. These findings suggested that alterations in microbial composition were closely associated with 

improvements in intestinal barrier integrity, microbial metabolite production, and host lipid metabolism. 

SCFAs are known to promote tight junction integrity and key aspects of host metabolism [39]. Notably, 

the enrichment of these SCFA-producing bacteria, especially those producing butyrate, was positively 

correlated with the up-regulation of tight junction proteins, suggesting a potential association between 

microbial metabolite production and intestinal barrier maintenance [50]. This structural reinforcement may 

contribute to reduced LPS translocation and attenuated TLR4/NF-κB inflammatory signaling. Furthermore, 

the mitigation of systemic metaflammation and the altered metabolic flux of microbial-derived SCFAs may be 

associated with altered phosphorylation of hepatic AMPK. These observations raised the possibility that 

SCFA-mediated metabolic signaling may participate in the modulation of AMPK/SREBP-1c signaling, 

thereby contributing to improved lipid metabolism [11, 51, 52]. Interestingly, the results of the correlation 

analysis showed that the level of p-AMPK/AMPK in the liver was positively correlated with the production of 

SCFAs and the barrier-fortifying bacteria, while negatively correlated with the bacteria associated with 

obesity [53]. Although these statistical associations did not establish causality, they support the possibility that 

gut microbiota-derived metabolites may participate in the regulation of hepatic energy metabolism through the 

microbiota–gut–liver axis. Collectively, the taxonomic, functional prediction, and correlation analyses 

consistently indicated that HEP not only remodeled the composition of the gut microbiota but also altered its 

metabolic potential and strengthened the association between microbial communities and host metabolic 

homeostasis. These findings further supported the involvement of the microbiota–gut–liver axis in the 

anti-obesity effects of HEP. 

In summary, HFD disrupted the architecture and abundance of the gut microbiota, increased intestinal 

permeability, and subsequently triggered systemic metaflammation and glucolipid metabolic disorders. 
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Meanwhile, HEP intake exhibited beneficial effects in alleviating obesity and inflammation through a 

multi-target mechanism, including modulating the gut microbiota, repairing the intestinal barrier, and 

improving glucose and lipid metabolism. This study provided a comprehensive new perspective on the ability 

of HEP to reshape the gut microbiota and mitigate obesity. However, this work has limitations. First, based on 

body surface area conversion, the administered dose of HEP (200 mg/kg/day in mice) corresponds to 

approximately 1.13 g/day for a 70-kg adult. Although this dosage is considered physiologically achievable in 

the form of concentrated polysaccharide-based functional foods or dietary supplements, the implementation of 

a single-dose regimen still restricted the evaluation of dose-response relationships and the identification of the 

minimum effective or optimal intervention dosage. Second, although Spearman correlation analysis revealed 

significant associations between gut microbiota remodeling, SCFA production, and improved metabolic 

parameters, correlation does not imply causation. The current study lacks definitive loss-of-function 

experiments, such as fecal microbiota transplantation or antibiotic depletion models, which prevent us from 

firmly establishing a causal role for the gut microbiota. Additionally, while the present study demonstrated a 

clear correlation between HEP administration and increased hepatic p-AMPK expression, the definitive 

requirement of AMPK activation for the anti-obesity efficacy of HEP remains to be fully established using 

specific AMPK agonists, antagonists, or gene knockout models. Future investigations should include 

dose-response experiments to determine the minimum effective dose, optimal intervention dose, and 

long-term safety. Furthermore, pharmacological or genetic blockers should be incorporated to conclusively 

determine the indispensability of AMPK signaling in HEP-mediated metabolic recovery. 

5 Conclusion 

In this research, a HFD mouse model was established and the hypoglycemic and hypolipidemic effects of 

HEP on obese mice were investigated through experiments including body weight monitoring, 

histomorphological examination of organs, analysis of serum lipid and inflammatory factors, intestinal 

permeability assessment, and gut microbiota analysis. Results indicated that HEP ameliorated HFD-induced 

obesity, which was accompanied by improved intestinal barrier function, modulation of inflammatory 

responses, and remodeling of gut microbiota. These findings suggested its potential application for functional 

food development. 
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