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ABSTRACT: The luteolin (Lut) binding with myofibrillar protein (MP) can enhance the functionality of proteins, 

having the potential to ameliorate obesity in the form of dietary intervention. Our previous research unveiled the in 

vitro cell viability and antioxidant properties of the MP-derived and Lut-containing multicomponent peptides 

(MDLPs). This study aimed to further investigate the effect of MDLPs intervention and downstream effects on lipid 

metabolism using integrated physiological and multi-omics approaches. The results demonstrated that MDLPs 

significantly ameliorated steatosis and systemic oxidative stress in HepG2 cells induced by a high-fat (HF) reagent. 

Combining metabolomic and transcriptomic analysis indicated that PPAR, FoxO, and amino acids metabolism 

signaling pathways played pivotal roles in response to the MDLPs intervention, primarily through upregulating 

PPARα, PPARγ, FOXO1, and PLIN4. The abundance of potential disease biomarkers (4-hydroxynonenal and 

hydroxylinoleic acid) were enhanced. The outcomes of this research provide the theoretical basis for the formulation 

of novel meat products with anti-obesity activity. 

KEYWORDS: myofibrillar protein-luteolin conjugates, lipid accumulation, oxidative stress, multi-omics analysis, 

HepG2 cells 

1. Introduction

Nowadays, the availability of abundant food supplements and the rapid growth of the food manufacturing 

industry have contributed to unhealthy dietary patterns, such as high-fat diets (HFD)[1]. Prolonged 

consumption of HFD has been associated with chronic diseases[2], including type 2 diabetes mellitus, 

cardiovascular disease, and nonalcoholic fatty liver disease (NAFLD), often accompanied by intestinal 

microflora imbalance and intestinal barrier dysfunction[3]. Meanwhile, the high incidence rate of chronic 

metabolic diseases was closely related to obesity-mediated inflammatory reactions and oxidative stress[4]. The 

2022 Global Nutrition Report underscores the gravity of this issue, revealing that approximately 40% of adults 

and 20% of children are now overweight or obese. Therefore, promoting healthy lifestyle behavior and early 

treatment of lipid metabolism disorders was undisputed to mitigate these risks[5]. Lipid loss surgery and 

various pharmaceutical interventions like fibrates, statins, and resins have demonstrated significant efficacy in 
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addressing these disorders[6]. At the same time, they may also be accompanied by varying degrees of abnormal 

blood glucose, myalgia, and other muscle side effects[7]. Studies[8–10] have shown that natural active 

substances (e.g. polyphenols, saponins, polysaccharides) can regulate lipid metabolism and alleviate lipid 

accumulation in vitro and in vivo experiments. Therefore, dietary intervention combining traditional 

high-lipid meat products (e.g. emulsified sausages and other meat mince products) with natural active 

substances was an effective strategy for regulating fat metabolism and endowing traditional meat products 

with new health attributes. 

Luteolin (Lut) is a natural food-derived and widely found flavonoid compound with antioxidant, 

anti-inflammatory, and antibacterial effects[11,12]. Various studies[13,14] have shown that dietary Lut effectively 

reduces body weight gain and fat deposition in animal experiments. However, due to the poor solubility[15] of 

Lut and the unpleasant taste[16] under cosolvent solubilization (i.e. ethanol, DMSO, etc.), there are obstacles in 

its practical application. In the previous study[17,18], we used chicken breast-derived myofibrillar protein (MP) 

encapsulated Lut combined with high-pressure homogenization technology to obtain the greenly prepared 

highly loaded MP-Lut vehicle. In vitro environment, it was proved that the digested products (MP-derived and 

Lut-containing digested peptides, MDLPs) have superior in vitro antioxidant activity, high cell activity, and 

alleviated lipid accumulation within a certain concentration (Fig. S1). Notwithstanding the established 

correlation between MDLPs intervention and alleviation of steatosis, the efficacious therapeutic mechanisms 

for lipid accumulation remain unclear. 

Excessive lipid accumulation can induce oxidative stress in the liver, and the process of steatosis is often 

accompanied by hepatic oxidative stress[19]. Lipid accumulation and oxidative stress have a mutually 

reinforcing relationship, contributing to a complex pathological process. Additionally, the increased 

generation of reactive oxygen species (ROS) has been identified as a key early factor in promoting 

HFD-induced hyperlipidemia and hyperglycemia[20]. Multi-omics analysis, particularly the combined use of 

metabolomics and transcriptomics, enables precise examination of the following: (1) changes in vital 

activities at the gene expression level; (2) qualitative and quantitative analysis of terminal small-molecule 

metabolites within cells; and (3) target screening and deeper investigation into underlying mechanisms. This 

approach is widely applied in complex pathological models[21,22]. Transcriptomic analysis had been used to 

explore bioactive components in Andrias davidianus meat[21]. Metabolomics analysis identified vitamin B6 as 

the key target for green pea hull polyphenol extract in alleviating lipid accumulation in liver cells[8]. 

Integration of transcriptomics and metabolomics profiling showed that Rhodomyrtus tomentosa (Ait.) Hassk 

fruit phenolic-rich extract can regulate the endotoxin–TLR4–NF-κB pathway to ameliorate steatosis[23]. These 

findings highlight the potential of multi-omics analysis to explore metabolic pathways and mechanisms 

involved in MDLPs intervention in lipid metabolism disorders. 

This study aimed to further characterize the biological activity of MDLPs in mitigating lipid 

accumulation and oxidative stress, with an ethanol addition group used for comparison. An in vitro 

HFD-induced HepG2 cell model was employed to assess lipid accumulation and oxidative stress. A 
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combination of transcriptomics and metabolomics was utilized to explore intervention-related signaling 

pathways, identify key transcription factors, and examine proteins involved in transcriptional and metabolic 

regulation. Selected genes and proteins associated with lipid metabolism were validated using real-time 

quantitative polymerase chain reaction (RT-qPCR) and western blot analysis (WB). The findings from this 

study are anticipated to offer new insights into the mechanisms by which MP-Lut regulates lipid metabolism, 

providing a theoretical foundation for the development of anti-obesity functional meat products. 

2. Material and methods 

2.1. Materials and reagents.  

Fresh white feather broiler chicken breast meat was purchased from the local Suguo supermarket, and the 

chicken samples were kept in an ice bath during transportation. Lut was purchased from McClean Reagent 

Co., Ltd. (Shanghai, China). High glucose medium DMEM, fetal bovine serum (FBS), and trypsin were 

purchased from Gibco, USA. DCFH-DA probes were purchased from Biyuntian Biotechnology Co., Ltd. 

(Nanjing, China). TG detection kit, TC detection kit, and oil red O staining solution were purchased from 

Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Trizol cell lysis buffer was purchased from 

Absin Biotechnology Co., Ltd. (Shanghai, China). All reagents used in the experiment were analytically pure. 

2.2. MP extraction.  

The chicken MPs were extracted as previously described[24]. Briefly, the chicken breast meat was cut into 

small pieces for crushing (3000 r/min, 20 s) after removing fat and connective tissue. The minced meat was 

weighed and added with 4 times the volume of standard salt solution (SSS), containing 0.1 M KCl, 20 mmol/L 

K2HPO4 / KH2PO4, 1 mmol/L EGTA, and 2 mmol/L MgCl2, and then the mixture was homogenized at 6700 

r/min for 1 min using a high-speed homogenizer (Prima, model PD500-TP, UK). Then, the homogenate was 

filtered through four layers of gauze, and the filtrate was centrifuged at 2000 g at 4℃ for 10 min (Avanti JE, 

Beckman Coulter, United States). The supernatant was discarded, the crude MP precipitate was collected, and 

the above process was repeated twice. Subsequently, the precipitate was homogenized with four times the 

volume of 0.1 M KCl solution at 6700 r/min for 1 min, centrifuged at 2500 g at 4℃ for 10 min, and then 

repeated to remove impurities and obtain pure MP. The protein content of MP was determined by the biuret 

method. MP was used within 3 days. 

2.3. Preparation of MDLPs.  

MDLPs were produced based on our previous method[17]. Briefly, MP suspension was diluted with 

phosphate buffer solution (PBS, 0.6 M NaCl, 50 mmol/L K2HPO4 / KH2PO4, pH 7, the same as below) to a 

concentration of 10 mg/mL. Then the solution underwent pre-homogenization treatment with the high-speed 

homogenizer. The obtained pre-homogenized solution was subjected to high-pressure homogenization 

treatment (HPH) of 103 MPa pressure. Lut powder was dissolved in anhydrous ethanol / PBS and mixed 

evenly (ethanol accounted 30%, minimum concentration for promoting dissolution). The stock solution was 

mixed with MP suspension at different addition amounts to obtain the required Lut concentration. All the 
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samples were treated by HPH to obtain ethanol-containing / ethanol-free MP-Lut samples. Then samples were 

treated with in vitro gastrointestinal digestion and freeze-drying, obtaining the MDLPs-eth and MDLPs 

samples. The MTT method was used to determine the cytotoxicity (Fig. S1).  

2.4. Cell culture and treatment.  

HepG2 cells (105 cells) were cultured in DMEM supplemented with 10% FBS and 100 μg/mL penicillin 

and streptomycin at 37℃ in 5% CO2 and 100% humidity atmosphere. Then, cells were subcultured when the 

cells became 75%−85% confluent. HepG2 cells (1 × 106 cells/well) were seeded in six-well plates in the 

complete medium for 24 h (reaching > 80% confluences). Then, the steatosis induction was operated based on 

the previously reported method[25]. After 24 h of culture, the cells were incubated with High-fat (HF) reagent 

(Csodium oleate/Csodium palmitate = 2/1) to establish the model. After the induction, the medium containing 

MDLPs-eth and MDLPs samples was added. The blank Con group was only cultured with serum-free DMEM 

medium for the same time. The samples were divided into four groups according to different treatments. 

A: Control / wild type (Con / WT) group;  

B: HF induction (Ind) group;  

C: HF induction + MDLPs-eth (Eth) group;  

D: HF induction + MDLPs (Non) group. 

2.5. Biochemical assays.  

Triglycerides (TG), total cholesterol (TC), and oil red O staining were measured using assay kits 

following the instructions of the manufacturer. DCFH-DA probe was used to detect reactive oxygen species, 

and the level of oxidative stress in cells can be judged according to the fluorescence intensity. The operation 

was as follows: the cells were washed twice with DMEM incubated at 37℃ and added a medium-diluted 

probe (6-well plate, probe concentration of 10 μmol/L) incubating at 37℃ for 30 min, and then the cells were 

washed twice with DMEM to remove the excess probe. The cells were immediately washed with PBS at 37℃. 

The inverted fluorescence microscope was used to compare the intracellular ROS free radical scavenging, and 

the fluorescence intensity was detected by ImageJ software quantification. 

2.6. Omics analysis.  

RNA extraction and hepatic transcriptome analysis. Total RNA was isolated from each group of cell 

samples using trizol lysis buffer, followed by purification, reverse transcription and sequencing. The library 

was constructed by Shanghai Baipu Biotechnology Co., Ltd. (Shanghai, China) (Reference genome: 

Homo_sapiens.GRCh38.dna.primary_assembly. fa). The quality of the library was tested with Agilent 2100 

Bioanalyzer, and then the total concentration of the library and the effective concentration of the library were 

detected. The samples were extracted by RNA. Next-generation sequencing (NGS) was used after extraction, 

purification, and database construction. Paired-end (PE) sequencing was performed on these libraries based on 

the Illumina sequencing platform. Adopted DESeq was used to analyze the difference in gene expression, and 

the conditions for screening differentially expressed genes were as follows: expression difference multiples. 
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|log2FoldChange| > 1, significant P-value < 0.05. The DEGs were annotated and enriched by the Gene 

Ontology database (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 

Untargeted hepatic metabolome analysis. The collected cell samples were thawed at 4℃, and 200 μL of 

pre-cooled water and 800 μL of pre-cooled methanol were added. Mixing and ultrasonic in the ice bath for 20 

min, -20℃ incubation for 1 h to precipitate protein, 16000 g centrifuged at 4℃ for 20 min, and the supernatant 

was taken. During the entire LC-MS / MS analysis, the samples were placed in a 4℃ autosampler. The 

samples were analyzed by SHIMADZU-LC30 ultra-high performance liquid chromatography (UHPLC) using 

an ACQUITYUPLC®HSS T3 (2.1 mm × 100 mm, 1.8 μm) (Waters, Milford, MA, USA) chromatographic 

column. The injection volume was 4 μL, the column temperature was 40℃, and the flow rate was 0.3 mL/min. 

Chromatographic mobile phase A: 0.1% formic acid aqueous solution, B: containing 0.1% methyl. Acidic 

acetonitrile solution; the chromatographic gradient elution procedure was as follows: (0-2) min, 0 B; (2-6) 

min, B from 0% line; sexual changes to 48%; (6-10) min, B from 48% linear change to 100%; (10-12) min, B 

maintained at. 100%; The structural identification of the metabolites was performed by accurate mass number 

matching (mass tolerance < 10 ppm) and secondary spectrum matching (mass tolerance < 0.01 Da). Public 

databases such as HMDB, MassBank, GNPS, and the self-built reference metabolite standard library (BP-DB) 

were searched. Integrated transcriptome and metabolome analysis were conducted using iPath 3.0 to profile 

significantly altered metabolic pathways. 

2.7. RNA Extraction and RT-qPCR.  

Total RNA was isolated from the the collected cell samples using an RNA extraction kit (MiniBEST 

Universal, TaKaRa, Kusatsu, Shiga, Japan) and reversely transcribed into cDNA using the PrimeScript RT 

Master Mix (TaKaRa, Kusatsu, Shiga, Japan) according to the recommended procedures. Real-time PCR was 

performed using the SYBR Premix Ex TaqTM (Tli RnaseH Plus) qPCR kit (TaKaRa, Kusatsu, Shiga, Japan) 

according to the manufacturer’s protocols. The mRNA level of β-actin was used to normalize the relative 

amount of each measured mRNA, and the 2−ΔΔCt method was chosen to analyze the relative gene expression. 

Primer sequences are listed in Table S1.  

2.8. WB Analysis.  

Total proteins of HepG2 cells were extracted using RIPA lysis buffer supplemented with 1% 

phenylmethylsulfonyl fluoride (PMSF, Thermo Fisher Scientific, MA, USA). Protein concentration was 

measured using Pierce BCA Protein Assay Kit (23 225, Thermo Fisher Scientific, MA, USA). Proteins (20 

μg) were separated on 4%–12% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes 

(PVDF, 0.22 μm). The PVDF membranes were blocked with 5% bovine serum albumin for 1 h and then 

blotted with specific primary antibodies (PPAR-α and PPAR-γ), followed by incubation with secondary 

antibodies. The individual protein bands were visualized by enhanced chemiluminescence with a gel imager 

(ImageQuant LAS4000, GE Healthcare, IL, USA). The band intensities were quantified by Quantity One 

(Version 4.6.2, Bio-Rad, CA, USA). 

2.9. Statistical analysis.  
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The raw data of the test were preprocessed by simple calculation, and SPSS 27 software was used for 

statistical analysis. The t-test was used to compare the mean between the sample groups, and the one-way 

analysis of variance was used to compare the multiple groups of samples. ANOVA analysis, P < 0.05 

indicated that the difference was significant, and the results were expressed as mean ± standard deviation 

(mean ± SD). 

3. Results  

3.1. Amelioration of MDLPs on HF-induced cell steatosis and oxidative stress. 

 After HF-induced steatosis, the ROS content in the HF-induced group increased approximately 10-fold 

in fluorescence intensity (Fig. 1A and 1D). Compared with the Con group (the content of TG and TC was 

(0.12 ± 0.03) mmol/g pro and (0.06 ± 0.01) mmol/g pro, respectively), the levels of TG (0.31 ± 0.04) mmol/g 

pro) and TC (0.26 ± 0.02) mmol/g pro in the Ind group were also significantly increased (P < 0.05) (Fig. 1B 

and 1C). Cell viability significantly decreased (P < 0.05) at MDLP concentrations of 10.00 mg/mL, indicating 

substantial damage to HepG2 cells (Fig. S1). Therefore, the optimal concentration was established as 3.00 

mg/mL. MDLPs intervention alleviated cellular lipid accumulation and oxidative stress phenotype (Fig. 1D 

and 1E). Compared with the Ind group, the contents of ROS, TG, and TC decreased by 76.09%, 50.15%, 

70.76%, and 80.24%, 50.87%, 72.63% in the Eth and Non groups, respectively, indicating that MDLPs 

treatment had a significant effect on alleviating HepG2 cell damage. 

 

Fig. 1 The (A) oxidative stress level (relative fluorescence intensity of DCFH-DA), (B) total triacylglycerol, (C) total 
cholesterol, (D) ROS fluorescence (bar = 100μm), and (E) oil red staining images of HepG2 cells after being treated with 

MDLPs. *above column plots indicate significant difference between means (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 

3.2. Effects of MDLPs supplementation on metabolic profiles.  
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Metabolomics analysis. Non-targeted metabolomic analysis of the Eth and Non samples revealed the 

material basis of MDLPs in alleviating lipid accumulation[26]. Significant differences in metabolites between 

different treatment groups (WT vs. Ind, Ind vs. Eth, and Ind vs. Non) were identified using UPLC-MS/MS 

analysis. The results showed that the numbers of significantly different annotated metabolites in the three 

comparison groups were 199, 376, and 307, respectively. PCA analysis indicated the differences between 

groups, and clustering was confirmed by OPLS-DA (Fig. 2A-B). These findings suggest significant 

differences in metabolite levels between different treatment groups and highlight potential intracellular 

biomarkers following MDLPs intervention. 

 

Fig. 2 Effects of MDLPs supplementation on HepG2 cell metabolome. (A) PCA plot, (B) OPLS-DA plot, and VIP scores 
analysis of (C) WT vs. Ind, (D) Ind vs. Eth, and (E) Ind vs. Non groups. (E) Selected potential metabolites biomarkers. *above 

column plots indicate significant difference between means (* = P < 0.05, ** = P < 0.01, *** = P < 0.001). 
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 The PCA results were compared in multiple groups, the results showed that the first principal 

component accounted for 23.90% of the total variance in the comparison, and the second principal component 

accounted for 13.8%. In the comparison between the two groups (WT vs. Ind, Ind vs. Eth, and Ind vs. Non 

groups), the first principal component accounted for 27.50%, 42.30%, and 35.10% according to OPLS-DA 

and Score-plot analysis. The corresponding Q2 values of the three comparison groups were 0.734, 0.963, and 

0.883, respectively, indicating the reliability of the established model (Fig. S2). The results of differential 

metabolites showed that potential biomarker metabolites included fatty acids (hydroxylinoleic acid, glycerol 

3−phosphate, glycerol phosphate), carboxylic acids (methyl succinic acid, adipic acid, 2-isopropylmalic acid, 

arabic acid, monomethyl phthalate, 3-hydroxy dodecane dioic acid, 3-hydroxytetraenedic acid, tetraenedic 

acid, polyethylene glycolic acid), amino acids (acetyl-L-threonine, tyrosine, fatty acyl glycine), phenolic acids 

(gallic acid, hesperidin), and nucleotides (thymine ribonucleoside). The content of 4-hydroxynonenal and 

hydroxylinoleic acid (Fig. 2E-F) showed the tendency to return to normal levels after HF-induction, which can 

reflect the impact of MDLPs intervention. In the expression profile of metabolites with higher importance 

(VIP value is the top 50, VIP score > 1.5), there were significant differences in metabolites among the WT vs. 

Ind, Ind vs. Eth, and Ind vs. Non groups (Fig. 2C-E). Compared with the Con group, among the 50 metabolites 

in the induction group (Fig. 2C), the main categories were acylaminobenzoic acid and its derivatives, amino 

acids and their derivatives, lipids, pyrimidine nucleosides, phosphatidylcholine. In the Ind vs. Eth group, the 

VIP expression profile of metabolites was similar to that of the Ind vs. Non group, mainly 

(5'−>5')-dinucleotides, 4'-O-methylated flavonoids, acylcarnitine, amino acids, and its derivatives, 

branched-chain fatty acids, carboxylic acids and its derivatives, carnitine, coumarin and its derivatives, 

peptides, phosphatidylcholine, pyrimidine nucleosides. It was worth noted that more phenolic acid class 

metabolites were annotated in the Ind vs. Eth group, while there was 4' -O-methylflavonoidization in the Ind 

vs. Non group, indicating that ethanol may affect Lut metabolism during digestion or intracellular transport. 

Metabolomics KEGG enrichment analysis. In order to explore the most significant biological processes 

in the metabolism of intracellular substances after MDLPs intervention, the differential metabolites in the 

three comparison groups (Con vs. Ind, Ind vs. Eth, Ind vs. Non) were annotated to 33, 40, and 35 pathways, 

respectively. (Fig. 3). The most representative functional categories of KEGG enrichment analysis were 

global and overview maps, followed by amino acid metabolism, lipid metabolism, membrane transport, 

digestive system, cancer metabolism, and biosynthesis of other secondary metabolisms such as carbohydrates. 

KEGG enrichment analysis showed that the differential metabolites in the three comparison groups after 

MDLPs intervention were mainly distributed in the environmental information processing: Signal 

transduction category (subclasses included: 5 and 17, respectively, 9 pathways); Metabolism: Global and 

Overview Atlas (subclasses include: 46, 94, 82 pathways), Amino acid metabolism (subclasses 

include:18,31,36 pathways), other secondary metabolite synthesis categories (subclasses include: 12, 30, 21 

pathways); Human biological systems: digestive system (subclasses include: 12, 30, 22 pathways), Endocrine 

system categories (subclasses include:2, 15, 12 pathways). It was worth noting that amino acid metabolism 
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plays a crucial role in KEGG enrichment analysis, particularly when considering the intersection between 

amino acid and lipid metabolism within energy metabolism. For instance, leucine and isoleucine can be 

converted to acetyl-CoA after deamination[27]. The digested amino acid metabolites of MP may enter the 

tricarboxylic acid (TCA) cycle or act as precursors for fatty acid synthesis, directly contributing to the 

regulation of lipid metabolism in lipid-accumulating HepG2 cells. 

 

Fig. 3 Bubble and category bar diagram of enriched KEGG pathways. The size of the dots represents the number of 
metabolites in each KEGG pathway, the top-level classification of the bar color pathway, where the x-axis represents the 

number of metabolites. 

3.3. Effects of MDLPs supplementation on transcriptome.  

Transcriptome analysis. Fig. 4A presents the PCA analysis results for the various groups. Significant 

differences in gene expression levels were observed among the different treatment groups, while the replicate 

samples exhibited high similarity. Notably, the Eth and Non groups demonstrated a strong similarity 

compared to the Con and Ind groups, primarily due to the similar treatment conditions, with the only 

difference being the presence of co-solvents.  
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Fig. 4 (A) Pearson correlation coefficient test. Transcriptomic analysis of differentially expressed gene volcano plots in 

different treatment groups (DESeq2, |log2FoldChange| > 1, Q-value < 0.05) (B) WT vs. Ind, (C) Ind vs. Eth, (D) Ind vs. Non, 
(E) Eth vs. Non. Cluster analysis of (F) Ind vs. Eth and (G)Ind vs. Non groups. 

The expression of the HepG2 gene in different treatment groups was analyzed using transcriptomics to 

investigate the mechanisms by which MDLPs-Eth and MDLPs interventions alleviate cellular lipid 

accumulation. As shown in Fig. 4, the analysis was conducted using DESeq2 (Q value < 0.05). In the Con 

group, 707 differential genes were identified, with 551 upregulated and 156 downregulated. Compared to the 

Ind group, 2312 differential genes were identified in the Eth group (1300 upregulated and 1012 

downregulated) and 2675 in the Non group (1387 upregulated and 1288 downregulated). Additionally, 236 

differential genes were identified between the Eth and the Non groups, with 112 upregulated and 124 

downregulated. HF induction treatment significantly affected gene expression at the transcriptional level in 
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HepG2 cells in the Con group (Fig. 4B). After MDLPs-Eth and MDLPs interventions, cellular steatosis was 

effectively alleviated, and more differential genes were detected at the transcriptional level in the Eth and Non 

groups (Fig. 4C-D). The comparison between the Eth and Non groups showed minimal differences in gene 

expression (Fig. 4E). Cluster analysis was used to identify expression patterns of differentially expressed 

genes under various conditions, with clustering of differentially expressed genes in the Ind vs. Eth and the Ind 

vs. Non groups shown in Fig. 4G-H. Key DEG expression levels were quantitatively analyzed (Fig. S3). Key 

genes involved in mitochondrial oxidative phosphorylation, such as ATP4A, NDUFS7, and ATP6V0A4, were 

upregulated by 6.83/4.44 times (P < 0.01), 1.89/3.25 times (P < 0.01), and 8.33/7.05 times (P < 0.01), 

respectively. Key genes involved in glycerol phospholipid metabolism, such as MBOAT1 and PLPP2, were 

upregulated by 0.57/1.94 times and 3.01/3.66 times, respectively, indicating significant effects on intracellular 

energy metabolism after MDLPs intervention. Mitochondrial oxidative phosphorylation plays a crucial role in 

the β-oxidation of fatty acids, and its dysfunction can result in lipid accumulation and metabolic disorders[28], 

such as fatty liver and obesity. Consequently, MDLPs intervention may influence oxidative phosphorylation 

products (e.g., ATP/NADH ratio), thereby regulating metabolic signaling pathways such as mTOR and 

AMPK, which affect lipid synthesis and fatty acid degradation[29]. Additionally, the regulation of 

glycerophospholipid metabolism may impact fatty acid oxidation and ATP production by modulating 

mitochondrial function, thus mitigating lipid accumulation. 

Transcriptome KEGG enrichment analysis. According to the results of KEGG enrichment analysis of 

differentially expressed genes, the top 30 genes with the most significant enrichment (the smallest p-value) 

were screened (Fig. 5). These differential genes are mainly classified into five parts: cell process, 

environmental information processing, genetic information processing, human disease, and metabolism. 

Differential genes between the Con and Ind groups were mainly involved in focal adhesion, p53 signaling, 

TGF-β signaling, PI3K-Akt signaling, ECM receptor interaction, butyric acid metabolism, protein digestion, 

and absorption, linoleic acid metabolism, cholesterol metabolism, PPAR signaling, and the metabolism and 

synthesis of various amino acids including glycine, serine, and threonine. Following MDLPs intervention, 

multiple amino acid metabolic pathways, along with the PPAR and FoxO signaling pathways, were 

significantly enriched in both the Eth and Non groups, exhibiting high abundance and a low false discovery 

rate (FDR). Additional pathways enriched in the treatment groups included linoleic acid metabolism (Eth), 

fatty acid degradation (shared), glyceride metabolism (shared), glycolysis/gluconeogenesis (shared), 

biosynthesis of unsaturated fatty acids (shared), cholesterol metabolism (Non), and fat digestion and 

absorption (Non). These signaling pathways may collectively contribute to the beneficial effects of MDLPs on 

lipid accumulation. Variations in the enrichment of lipid metabolism-related pathways suggest distinct roles 

for the two treatment groups in reducing cellular lipid accumulation. 
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（A）WT vs Ind 

      

（B）Ind vs Eth 

      

（C）Ind vs Non 

     

  Fig. 5 Transcriptomic analysis of differentially expressed gene. The KEGG classification analysis (level 2) and KEGG 

enrichment analysis in (A) WT vs Ind, (B) Ind vs Eth, (C) Ind vs Non, and (D) Eth vs Non groups. 
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3.4. Protein-protein interactive (PPI) analysis.  

In the classification of transcriptome differential genes, the number of genes related to lipid metabolism 

was higher than that of amino acid metabolism and carbohydrate metabolism, indicating that HF-induced lipid 

accumulation. The MDLPs-Eth and MDLPs interventions primarily affected lipid metabolism and also 

influenced carbohydrate metabolism in cells.   

The protein-protein interaction network analysis was performed on the proteins corresponding to the 

differentially expressed genes with high expression levels (|log2FoldChange| > 2 or activated genes) in the 

omics results to screen possible hub proteins[30]. After analyzing the 2313 (Ind vs. Eth) and 2676 (Ind vs. Non) 

involved targets through the string database, linkages between different targets were established (Fig. 6A and 

B). Using the CytoHubba algorithm in the Cytoscape application, a minimum interaction score of 0.700 (high 

confidence) was set for the network. Key proteins (degree < 10) corresponding to differential genes were 

identified (Fig. 6C and D). It was worth noting that IL-6 (Ind vs. Eth) and COL1A1, COL1A2 (Ind vs. Non) 

were most closely linked to other genes, implying that the intervention of MDLPs may affect the expression of 

inflammatory cytokines, chemokines, and profibrotic genes. Lipid accumulation or fatty acid oxidation 

defects are associated with increased lipotoxicity, which directly leads to the development of fibrosis, and a 

variety of fibrosis factors also change the process of lipid metabolism[31]. The above results indicated that 

MDLPs intervention involved cytokine regulation, hepatocyte fibrosis, and other processes, which need 

further exploration. 

 

Fig. 6 (A) PPI analysis and (B) hub protein screening of Ind vs. Eth and Ind vs. Non. Setting: hiding disconnected nodes in the 
network and the minimum required interaction score > 0.700 (high confidence). 
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3.5. Integrated analysis of transcriptome and metabolome in lipid metabolism.  

To further consolidate these findings, we performed an in-depth analysis of key DEGs and metabolites 

involved in glycerophospholipid metabolism, glycerolipid metabolism, as well as fatty acid biosynthesis and 

degradation. By integrating differential metabolites (VIP > 1, P < 0.05) and DEGs (|log2FoldChange| > 1, P < 

0.05) in iPath 3.0 to further explore the changes in metabolic pathways after MDLPs intervention (Fig. 7). The 

pathways that exhibited changes in Ind vs. Eth and Ind vs. Non groups were mainly enriched in lipid 

metabolism and energy metabolism, as shown in the Sankey diagram (Fig. 8). This analysis indicated that 

MDLPs primarily regulate substance metabolism in both Eth and Non groups. Comprehensive transcriptome 

and metabolome analyses suggest that MDLPs may alleviate steatosis by modulating energy production and 

lipid metabolism pathways. As shown in Fig. 9A, the effects of MDLPs in mitigating lipid metabolism 

disorders and their underlying mechanisms are summarized. MDLPs intervention primarily remodels lipid 

droplets and enhances lipid droplet-mitochondrial interactions, which upregulates the expression of Plin4, 

promotes mitochondrial lipid oxidation, regulates energy metabolism, and mitigates lipid toxicity. Based on 

integrated omics analysis, the PPAR pathway appears to play a key role in regulating lipid metabolism. To 

validate the results of the multi-omics analysis, we analyzed the mRNA expression levels of FA 

metabolism-related genes and PPAR pathway-related proteins. The results (Fig. 9B) showed that MDLPs 

intervention significantly reversed HF-induced downregulation of PPARα, PPARγ, FOXO1, and PLIN4. 

Following MDLPs intervention, the low expression levels of PPARα protein induced by HF conditions were 

also reversed, and PPARγ protein expression was activated. The PPARα and PPARγ protein content in both 

the Eth and Non groups was significantly higher compared to the Ind group (P < 0.05). It was worth noting 

that transcription and expression are not linearly strongly related. Considering that from transcriptome to 

proteome, there is a complex and intricate translational regulatory stage. The abundance of proteins in cells is 

mainly controlled by translation levels, and proteins may have significant differences from mRNA in terms of 

half-life, synthesis rate, and quantity[32]. 

 
Fig. 7 Integrated transcriptome and metabolome analysis in iPath 3.0 for visualizing KEGG general metabolic pathway 
map. Dots and lines represent differential metabolites and DEGs, respectively. Red, WT vs. Ind; green, Ind vs. MDLPs; 

blue, shared metabolites and DEGs.  
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Fig. 8 Sankey diagram of differential metabolites in Ind vs. Eth, Ind vs. Non groups, showing the relationship between the 

pathways enriched with significant-top 10 and differential metabolites. From left to right are the differential metabolites, the 
metabolic pathways significantly enriched (P < 0.05), the second layer KEGG pathway category, and the top KEGG 

pathway category. 
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Fig. 9 (A) Schematic diagram showing the mechanisms of MDLPs on ameliorating HepG2 cells steatosis, (B) RT-qPCR 
results of metabolism-related genes and protein expression levels. #P < 0.05, ##P < 0.01 were compared between the Con 

and other groups. 

4. Discussion 

In this study, we investigated the effects of different MDLPs treatments on HF-induced steatosis in 

HepG2 cells. After intervention with MDLPs at a concentration of 3 mg/mL, intracellular lipid droplet 

morphology significantly improved, and there was a notable decrease in total triglyceride and cholesterol 

content, indicating the alleviation of cellular lipid accumulation. Additionally, intracellular ROS content 

significantly decreased, suggesting that MDLPs exert their effects by regulating lipid metabolism and 

oxidative stress. Consistent with previous studies[33,34], nobiletin and curcumin also alleviated lipid deposition 

and oxidative stress in steatosis-induced HepG2 cells. Notably, the effects of Eth and Non samples on cellular 
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DEGs and differential metabolite abundances were generally consistent. The PPAR pathway and fatty acid 

metabolism pathway were common to both groups in the KEGG enrichment analysis of the transcriptome. 

However, differences in specific intracellular metabolites were observed, such as higher flavonoid content in 

the Non group. Considering the complex regulation of transcriptional expression of intracellular signal 

factors, MDLPs-Eth and MDLPs exhibited similar effects in alleviating steatosis and preventing cell damage. 

To further explore the ameliorating effect of MDLPs on hepatocyte-related metabolic processes, 

transcriptomic analysis was performed. GO terms (regulation of steroid metabolism, fatty acid metabolism, 

intracellular lipid metabolism, and lipid lysis) and KEGG pathways (linoleic acid metabolism, fatty acid 

degradation, glyceride metabolism, biosynthesis of unsaturated fatty acids, and cholesterol metabolism) 

indicated that MDLPs may alleviate cellular steatosis by regulating genes involved in lipid metabolism. In the 

pathways involved in the distribution of DEGs, the focal adhesion signaling pathway, which regulates cell 

adhesion and differentiation, involved MAPK, PI3K/Akt, and Rho pathways[35]. The p53 signaling pathway, 

closely related to cell cycle regulation and cancer prevention, showed a significant correlation between the 

R72 mutation of p53 and weight gain, as well as susceptibility to type II diabetes mellitus[36]. The PPAR and 

FOXO signaling pathways were common enrichment pathways in Ind vs. Eth and Ind vs. Non groups. The 

liver’s three fatty acid oxidative metabolism pathways, mitochondrial β-oxidation, peroxisome β-oxidation, 

and microsomal/endoplasmic reticulum omega-oxidation are mainly regulated by PPARα[37,38]. PPARβ/δ also 

participates in regulating some enzymes[39]. Downregulate PPARγ may inhibit liver lipogenesis, upregulate 

PPARα, promote β-oxidation, and reduce lipid synthesis[40], and thus improve NAFLD symptoms. 

Studies[37,41] have shown that activating PPARα in the liver decreases triglyceride levels and increases high 

density lipoprotein levels, suggesting a potential therapeutic strategy for lipid accumulation. Oxidative stress 

is linked to steatosis and inflammation during steatosis development[33]. FOXO proteins regulate antioxidant 

gene expression, enhancing the cell’s antioxidant capacity and scavenging free radicals, potentially explaining 

the oxidative stress resistance observed with MDLPs intervention[42,43]. 

An imbalance between nutrient intake and energy expenditure contributes to lipid metabolism disorders, 

oxidative stress, and chronic inflammation[10]. Metabolomics analysis helps explore molecular mechanisms of 

lipid metabolism disorders and identify metabolic markers, reflecting disease processes[44]. HF-induced 

significant intracellular lipid accumulation, with increased biomarkers like 4-hydroxynonenal and 

hydroxylinoleic acid in the Ind group. Hydroxylinoleic acid was an oxidation product of polyunsaturated fatty 

acids (e.g., linoleic acid) formed in a free radical-mediated lipid peroxidation reaction[45] and acts as an 

intracellular signaling molecule in lipid metabolism to affect cellular function by activating or inhibiting 

specific signaling pathways, such as through binding PPARs as well as cell surface receptors to regulate lipid 

metabolism and inflammatory responses[46]. 4-Hydroxynonenal, a lipid peroxidation product, indicates cell 

membrane damage[45]. The decreased disease biomarkers with MDLPs intervention highlight its effect. It was 

worth noting that the alcohol metabolic process was slightly enriched in the transcriptome GO entry analysis, 

but none differences such as ethyl glucuronide were found in the metabolomic analysis of ethanol metabolites. 
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Ethanol treatment did not significantly affect cellular metabolites, as shown by transcriptome GO entry and 

metabolomics analysis. 

Lipid droplets in cells contain neutral lipids, such as triacylglycerols (TAGs) and sterol esters (SE)[47], 

while lipid droplet-coated proteins are present on the phospholipid membrane on the surface of lipid droplets 

(Perilipin) and other structural and functional proteins, which regulate lipid droplet homeostasis and 

intracellular interactions[29]. In this assay, the PLIN4 (Perilipin drop protein 4) gene expression was 

significantly upregulated, promoting fatty acid transfer from lipid droplets to mitochondria for oxidation, 

reducing lipid toxicity and alleviating lipid accumulation[48]. Upregulation of mitochondrial oxidative 

phosphorylation and lipid metabolism-related DEGs suggests MDLPs intervention may enhance biological 

processes like the tricarboxylic acid cycle, oxidative phosphorylation, fatty acid oxidation, nucleotide 

synthesis, and amino acid metabolism, leading to changes in the content of oleic acids, nucleotides, amino 

acids, and flavonoids. Such as the ATPase domain of the ATP4A protein promotes ATP breakdown, releasing 

energy[49] (Fig. S3). 

5. Conclusion 

In summary, we concluded that MDLPs intervention significantly mitigated HF-induced lipid 

accumulation and oxidative stress in HepG2 cells, exhibiting a promising effect on lowering intracellular TC, 

TG, and ROS levels, as well as improving cell damage. Integrated transcriptome and metabolome indicated 

that MDLPs mainly altered transcription levels of genes involved in glycerophospholipid metabolism, 

glycerophospholipid metabolism, and fatty acid degradation, and modulated the abundance of metabolic 

biomarkers of 4-hydroxynonenal and hydroxylinoleic acid. Both Eth and Non samples exhibited similar 

alleviating activity. Further, RT-PCR and WB analysis validated that MDLPs regulated key genes involved in 

lipid metabolism regulation, PPAR, and the FOXO signaling pathway. These results highlight the potential of 

MDLPs as functional foods and the empowerment of meat proteins in the food industry to improve chronic 

disease. However, a more detailed profile of MDLPs utilization in vivo to mutual verification analysis is 

warranted in future studies. 
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