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Introduction: Evidence of the benefits of cordycepin (Cpn) for treating obesity is accumulating, but detailed knowledge of its therapeutic targets and mechanisms remains limited. This study aimed to systematically identify Cpn’s therapeutic targets and pathways in Western diet (WD)-induced obesity using integrated network pharmacology, transcriptomics, and experimental validation.Methods: A Western diet (WD)-induced mice model was used to evaluate the effectiveness of Cpn in ameliorating obesity. A network pharmacology analysis was then employed to identify the potential anti-obesity targets of Cpn. GO functional enrichment and KEGG pathway analysis were performed to elucidate the potential functions of the identified targets, followed by constructing a protein-protein interaction network to screen the core targets. Meanwhile, quantitative transcriptomics was conducted to validate and broaden the network pharmacology findings. Finally, molecular docking and quantitative real-time PCR assay were used for the core target validation.Results: Cpn treatment effectively alleviated obesity-related symptoms in WD-induced mice. The metabolic pathway, insulin signaling pathway, HIF-1 signaling pathway, FoxO signaling pathway, lipid and atherosclerosis pathway, and core targets including CPS1, HRAS, MAPK14, PAH, ALDOB, AKT1, GSK3B, HSP90AA1, BHMT2, EGFR, CASP3, MAT1A, APOM, APOA2, APOC3, and APOA1 are involved in regulating the therapeutic effect of Cpn.Conclusion: This study comprehensively uncovers the potential mechanism of Cpn against obesity based on network pharmacology and quantitative transcriptomics, which provides evidence for revealing the pathogenesis of obesity, suggesting that Cpn is a possible lead compound for anti-obesity treatment.Keywords: cordycepin, obesity, network pharmacology, quantitative transcriptomics, molecular docking, experimental validation
1 BACKGROUND
Obesity is currently a major global health challenge, with its prevalence notably exacerbated in recent years. It is a chronic metabolic, inflammatory disease characterized by disrupted energy metabolism and abnormal fat accumulation. The well-established understanding now is that obesity notably increases the risks and disease burdens of insulin resistance, non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus, cardio-cerebral vascular disease, and even certain tumors (De et al., 2023). However, most drugs used to treat obesity work by suppressing appetite (such as phentermine) or inhibiting fat absorption (such as orlistat), which can produce serious side effects such as cardiovascular risks, gastrointestinal intolerance, and nutrient malabsorption, thus limiting their long-term use. Recent studies also highlight the limitations of current therapeutic agents, including poor tolerability, rebound weight gain after discontinuation, and lack of efficacy in addressing obesity-associated comorbidities like systemic inflammation and metabolic dysregulation (Bessesen and Van Gaal, 2018; Son and Kim, 2020). While there is a growing interest in glucagon-like peptide 1 (GLP-1) agonists, their high cost, injectable administration, and adverse effects including nausea and pancreatitis restrict widespread clinical adoption (Clemmensen et al., 2019). Thus, there is an urgent need to explore more promising targets and drugs for interventions in obesity (Borah et al., 2021).
Cordycepin (Cpn) is the main bioactive component derived from the medicinal and edible homologous fungus Cordyceps militaris, exhibiting diverse pharmacological benefits including antitumor, neuroprotection, immune regulation, and anti-inflammatory properties (Yoon et al., 2018; Tan et al., 2020; Jeong et al., 2010). Early research has shown that Cpn could prevent adipogenesis and lipid accumulation in 3T3-L1 preadipocytes, and decrease the rate of adipocyte differentiation (Liu et al., 2011; Takahashi et al., 2012; Kim et al., 2014). Studies have also unveiled Cpn’s capacity to improve dyslipidemia in hyperlipidemic hamsters and rats, as well as to notably inhibit liver lipid accumulation and reduce liver inflammation in ob/ob obese mice (Gao et al., 2011; Zhong et al., 2017). In addition, many studies indicated that Cpn could mitigate body weight and adiposity, and promote the browning of white adipose tissue (WAT) in high-fat diet (HFD)-induced obese mice and rat by modulating adenosine A1 receptor, lipid droplet-encapsulated protein 1, adipose-specific protein 27, adenosine 5′-monophosphate-activated protein kinase (AMPK) or gut microbiota (Xu et al., 2019; Li et al., 2018; Qi et al., 2019; An et al., 2018). Besides, there are studies reported that Cpn intervention could not only regulate lipid metabolism-related proteins and reduce inflammatory responses to improve fatty liver in HFD-induced obese mice but also ameliorate hepatic steatosis in mice with diet-induced nonalcoholic steatohepatitis (Gong et al., 2021; Lan et al., 2021). Furthermore, our previous study has also underscored Cpn’s ability to markedly improve obesity-related metabolic disorders and system inflammation in the Western diet (WD)-induced obese mice by maintaining intestinal microenvironment homeostasis (Chen et al., 2022a). Mechanistically, cordycepin may synergistically combat obesity through multiple pathways, such as activating AMPK to enhance fatty acid oxidation and inhibit lipogenesis, as well as modulating adenosine A1 receptors to regulate adipose tissue browning and thermogenesis. These multimodal actions position Cpn as a potential alternative to existing single-target drugs. Nonetheless, the precise target and regulatory mechanism of Cpn against obesity remain unclear.
Network pharmacology combines bioinformatics, network analysis, and systems biology to illuminate the intricate interactions between drugs, targets, and diseases on a systemic scale (Cai et al., 2019). Recently, network pharmacology-based screening has identified the core targets (PPARγ and AMPK) of oleanolic acid in regulating lipid metabolism, and experimental validation has confirmed its synergistic effects in ameliorating obesity (Liu et al., 2024). This approach serves as a potent tool for pinpointing active constituents and potential targets within traditional Chinese medicine (Jiao et al., 2022), and has been successfully used to reveal the potential mechanisms of action of various natural products (Li et al., 2021; Lv et al., 2021). Transcriptomics, on the other hand, offers a comprehensive analysis of gene transcripts in cells or tissues, unveiling gene expression patterns and regulatory mechanisms across physiological and pathological processes, thereby aiding in the identification of pivotal targets and pathways based on whole genome sequences (Lv et al., 2021). It has been reported in the literature that through transcriptomic analysis, resveratrol (RES) improves obesity through a dual regulatory mechanism involving the AdipoQ signaling axis and lncRNAs related to lipid metabolism (Zhang et al., 2023). In recent years, transcriptomics has proven invaluable in investigating molecular processes and clarifying the protective mechanisms of numerous bioactive compounds (Gu et al., 2022). Hence, integrating transcriptomics with network pharmacology analysis and screening may be an effective strategy for exploring the anti-obesity targets and mechanisms of Cpn.
Thus, this study was designed to screen and unveil the key targets and pathways of Cpn in alleviating obesity in mice by utilizing an integrated strategy that combined network pharmacology, quantitative transcriptomics, molecular docking, and experimental validation. Our findings may offer new insights and substantiate the potential of Cpn as a therapeutic agent for obesity.
2 METHODS
2.1 Materials and reagents
Cordycepin (C805132) with 98% purity was acquired from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). The D12079B Western Diet was purchased from Research Diets, Inc. (United States). Hematoxylin (BA-4097) and eosin (BA-4098) staining reagents were obtained from Zhuhai Baso Biotechnology Co., Ltd. (Zhuhai, China). PCR reagents and gDNA Remover (G3337), and qPCR reagents (G3326) were procured from Wuhan Servicebio Technology Co., Ltd. (Wuhan, China). All additional chemicals used were of at least analytical grade.
2.2 Animal experiments
The animal experiments followed the National Research Council’s Guide for the Care and Use of Laboratory Animals. The experiments and animal care were carried out in compliance with protocols approved by the Medical Ethics Committee of the First Affiliated Hospital of Guangxi Medical University, with the approval number 2024-E214-01. C57BL/6 J mice (male, 7 weeks old; weighing 20–22 g) were procured from SiPeiFu Biotechnology Co., Ltd. (Beijing, China) and were accommodated in the IVC system under standard conditions.
After 1 week of acclimatization, the mice were randomly assigned to the Chow group (fed with a standard laboratory mice chow diet), the Western diet (WD) group (fed with a WD diet), and the Cpn group (fed with a WD diet and administered with 40 mg/kg Cpn aqueous solution via gavage once daily for 10 weeks). The Cpn dosage was determined according to established literature protocols and validated in our prior dose-response experiments (Qi et al., 2019; Chen et al., 2022b). The Chow and WD group mice received an equivalent volume of distilled water using the same administration method. Each cage housed four mice. Body weight and 24-h food intake were recorded biweekly. At the endpoints of the experiments, mice were fasted overnight and anesthetized by 3% isoflurane. The whole blood samples were collected by retro-orbital puncture. Subsequently, mice were humanely euthanized with an overdose of isoflurane. The liver, perirenal fat, and epididymal fat were harvested and weighed. A portion of the tissue samples was flash-frozen in liquid nitrogen and stored at −80°C for further experiments, while another portion was preserved in a 10% neutral formalin fix solution for histological analyses.
2.3 OGTT
After fasting for 16 h, mice were administered 2.0 g/kg glucose (dissolved in saline) by gavage. Blood glucose levels both before and at 30, 60, 90, and 120 min after glucose administration were assessed using a blood glucose meter (Sinocare, GA-7, China) via tail bleeding (Chen et al., 2022a).
2.4 Histopathological analysis
Neutral formalin-fixed liver and epididymal adipose tissue were embedded in paraffin and then cut into slices of 5-μm thickness. The slices were stained with hematoxylin and eosin (H&E) (BA-4097, BA-4098, Baso, Zhuhai, China) staining reagents according to the manufacturer’s specifications. Briefly, the slices were deparaffinized to water, and then stained with hematoxylin for approximately 10 min, rinsed with running water, differentiated with hydrochloric acid alcohol, and subsequently rinsed with running water. Following this step, the slices were stained with eosin for 30 s, rinsed again with running water, differentiated with 90% ethanol, and then rinsed with running water. The slices were then subjected to standard dehydration and clarification procedures before being mounted with neutral gum. A scanning microscope (Leica, Aperio CS2, United States) was used to scan the slices and the results were observed with CaseViewer software.
2.5 Prediction of anti-obesity targets of cordycepin
The SMLLE name of “cordycepin” and “cordycepin 5′-monophosphate” were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The SMLLE name was inputted into the SwissTargetPrediction database (http://swisstargetprediction.ch/), Similarity Ensemble Approach database (http://sea.bkslab.org/) and PharmMapper Server (http://www.lilab-ecust.cn/pharmmapper/) to identify cordycepin-related targets. Concurrently, the disease-related targets with the keyword “obesity” were searched through the GeneCards database (https://www.genecards.org/), Online Mendelian Inheritance in Man database (http://omim.org/), and Therapeutic Target Database (http://db.idrblab.net/). After removing false positives and duplicates, the cordycepin-related targets were intersected with the obesity-related targets to obtain potential targets for Cpn in treating obesity.
2.6 Enrichment analysis
Gene ontology (GO) functional enrichment analysis was performed utilizing the DAVID database (https://david.ncifcrf.gov/) and visualized using the Microbiology Informatics platform (http://www.bioinformatics.com.cn/). The Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway analysis was carried out and visually represented using the Omicshare platform (https://www.omicshare.com/tools/).
2.7 Protein-protein interaction network
The protein-protein interaction (PPI) network of potential targets of Cpn was extracted from the STRING database (https://string-db.org/cgi/input.pl/) with a minimum interaction score set at the highest confidence level of 0.4. Parameters such as degree, betweenness, and closeness were acquired using the Centiscape2.2 plug-in. Key nodes relating to the interaction between Cpn, its monophosphate metabolites, and obesity were identified based on meeting or exceeding the median values of all nodes for degree, betweenness, and closeness. The resultant PPI network was then visualized through Cytoscape 3.8.2 software.
2.8 Quantitative transcriptomics analysis
Quantitative transcriptomics of epididymal adipose tissue from the three groups of mice was performed by using the nCounter® Metabolic Pathways Panel (XT-CSO-MMP1–12, NanoString Technologie, United States). This panel can detect 768 mRNA transcripts, including 20 internal reference mRNA transcripts. Detailed information about this panel is available at https://www.nanostring.com/products/ncounter-assayspanels/immunology/metabolic-pathway/. The detailed experimental process and data analysis procedures were based on our prior studies (Chen et al., 2022a). Differentially expressed transcripts were screened with a P < 0.05 and visualized using volcano plots. The unsupervised hierarchical clustering heatmaps of the three groups of differentially expressed transcripts were generated and visualized using the Microbiology Informatics platform and TBtools-Ⅱ (Chen et al., 2023) with the complete clustering method. The GO enrichment analysis and KEGG pathway analysis of the differential transcripts were conducted following the procedures outlined in Method 2.6. Subsequently, the overlapping differential transcripts were utilized to construct a PPI network to identify core genes. The methodology employed for constructing the PPI network was consistent with the approach described in Method 2.7.
2.9 Molecular docking
Retrieve the InChIKeys for Cordycepin and Cordycepin 5′-monophosphate from the PubChem database and download their respective 2D SDF files. Then search for the three-dimensional crystal structures of proteins within the UniProt database (https://www.uniprot.org/). Import these small molecules and proteins individually into the CB-DOCK2 online molecular docking platform (https://cadd.labshare.cn/cb-dock2/php/index.php). Execute blind docking, record docking scores, and assess these scores post-docking. Select the docking conformation with the lowest score as the optimal configuration. Download the protein-ligand complexes for both molecules with the proteins, and import them into Pymol to create 3D docking interaction diagrams. Finally, transfer these complexes into LigPlus and save them as 2D docking interaction diagrams in PNG format.
2.10 Real-time quantitative PCR
Total RNA was extracted from seven randomly selected adipose tissues per group using an RNA extraction solution. RNA concentration and purity were assessed with Nanodrop 2000. Following the manufacturers’ guidelines, reverse transcription was conducted using SweScript All-in-One RT SuperMix and One-Step gDNA Remover. PCR was executed on a CFX Connect detection system (Bio-rad) with 2×Universal Blue SYBR Green qPCR Master Mix. The primers used are listed in Table 1. Each sample was analyzed in triplicate. The results were derived using the 2−ΔΔCt method, with normalization to Gapdh and the Chow group.
TABLE 1 | Sequences of PCR primers.
[image: Table 1]2.11 Statistical analysis
The statistical analyses were conducted using GraphPad Prism software (version 9.5.0, San Diego, California, United States). Statistical comparisons between multiple groups were evaluated using one-way ANOVA followed by Dunnett’s multiple comparisons test. The data are presented as the mean ± SEM. A value of P < 0.05 was regarded as statistically significant.
3 RESULTS
3.1 Cordycepin improved obesity induced by western diet in mice
To investigate the impact of Cpn on obesity, various obesity-related parameters were measured. The results indicated that mice fed a WD for 10 weeks experienced reduced food intake (reduced from 4.01 to 2.76 g/day/mouse) but displayed obvious growth in body weight (increased 15.94%), perirenal fat content (increased 250%), and epididymal fat content (increased 157.1%), coupled with impaired glucose tolerance (decreased 26.03%), compared to those on a standard Chow diet (Figures 1A–H). Mice treated with Cpn showed no change in food intake (2.62 g/day/mouse) but a 8% decrease in body weight compared to mice in the WD group (Figures 1A,D). The liver index of the WD group is 3.83%, and the liver index of the Cpn group is 3.87%. There was no significant change in liver weight, but Cpn treatment reduced 21.88% epididymal fat content and 29.87% perirenal fat content (Figures 1E–H). Additionally, mice treated with Cpn enhanced 17.24% glucose tolerance compared to WD-fed mice (Figure 1I). Moreover, histological examination through H&E staining of liver tissue and epididymal adipose tissue sections revealed an increased number of lipid vacuoles and hypertrophy of adipocytes in the WD group mice. In contrast, the Cpn-treated group had a reduced number of lipid vacuoles and hypertrophy of adipocytes as compared to the WD group (Figure 2). These results supported the effectiveness of Cpn against obesity, consistent with findings from previous studies (Li et al., 2018; Qi et al., 2019; Chen et al., 2022a).
[image: Figure 1]FIGURE 1 | Effect of cordycepin (Cpn) on obesity in the Western diet (WD)-fed mice. (A) Body weight changes. (B) Liver weight. (C) % liver weight of body weight. (D) Daily food intake. (E) Epididymal fat weight. (F) % epididymal fat of total body weight. (G) Perirenal fat weight. (H) % perirenal fat of total body weight. (I) Oral glucose tolerance test. The results are expressed as the mean ± SEM (n = 7–8). P value was determined by one-way ANOVA followed by Dunnett’s test. Where #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 versus the chow diet (Chow) group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the WD group.
[image: Figure 2]FIGURE 2 | Cordycepin reduced hepatic lipid accumulation and fat cell hypertrophy. Representative images of liver sections (A) and epididymal adipose tissue sections (B) of different groups stained with H&E. Scale bars, 100 µm.
3.2 Predicting anti-obesity targets for cordycepin via network pharmacology
3.2.1 Identifying putative cordycepin targets for obesity treatment
To identify potential anti-obesity targets of Cpn, a network pharmacology analysis was conducted. Cordycepin monophosphate, its main active metabolite (Hawley et al., 2020), was also included in the analysis (Figure 3A). Using SwissTargetPrediction, Similarity Ensemble Approach, and PharmMapper Server Databases, we identified 131, 89, and 242 drug targets respectively for Cpn and cordycepin monophosphate. After merging and removing 126 duplicate entries, 335 unique Cpn-related targets remained. Obesity-related targets from the Genecards, OMIM, and Therapeutic Target Database numbered 9,965, 89, and 89 respectively; redundancy reduction yielded a total of 10,057 targets. Intersection of the Cpn targets with these obesity-related targets using a Venn tool identified 244 overlapping targets as candidates for Cpn intervention in obesity (Figure 3B, Supplementary Table S1). A compound-target-disease network was constructed with Cytoscape, illustrating the interactions among Cpn, cordycepin monophosphate, 244 overlapping targets, and obesity. This network consists of 247 nodes and 615 edges, blue and green ellipses denote Cpn and cordycepin monophosphate, yellow rectangles indicate the potential targets of Cpn against obesity and the red triangle represents the disease, obesity (Figure 4A).
[image: Figure 3]FIGURE 3 | Network pharmacology analysis of cordycepin (Cpn) for anti-obesity. (A) Chemical structures of Cpn and cordycepin 5′-monophosphate. (B) Venn diagram of Cpn and obesity-related targets. (C) The GO functional enrichment analysis and (D) KEGG pathway analysis of the potential targets of Cpn against obesity. Pathway and Rich factor are displayed on the Y-axis and X-axis, respectively. The color change represents the P-value. Bubble size indicates the number of genes enriched in the pathway.
[image: Figure 4]FIGURE 4 | (A) A component-target-disease interaction network of Cpn’s role in obesity. (B) Protein-protein interaction network of the potential targets of Cpn against obesity. Nodes represent targets of Cpn against obesity, while edges represent target interactions. The larger and darker the red circle, the higher the degree and importance of the target.
3.2.2 GO functional enrichment and KEGG pathway analysis of cordycepin targets
GO functional enrichment analyses were conducted to clarify the biological functions of the 244 potential targets. A total of 587 biological process (BP)-related items, 76 cellular component (CC)-related items, and 160 molecular function (MF)-related items were obtained. The top 10 markedly enriched terms in BP include phosphorylation, protein negative regulation of apoptotic process, response to hypoxia, and cellular response to insulin stimulus. In CC, the main enrichments were in the cytosol, cytoplasm, macromolecular complex, and mitochondrion. MF categories primarily included transferase activity, nucleotide binding, protein kinase activity, and identical protein binding, as shown in Figure 3C.
In addition, a KEGG pathway analysis of these potential targets identified 304 relevant pathways. The top 25 enriched pathways, shown in Figure 3D, included the metabolic pathways, lipid and atherosclerosis, insulin signaling pathway, AGE-RAGE signaling pathway in diabetic complications, and forkhead box O (FOXO) signaling pathway. Notably, pathways like the T cell receptor signaling pathway, chemokine signaling pathway, IL-17 signaling pathway, TNF signaling pathway, and Toll-like receptor signaling pathway were also notably enriched, suggesting that Cpn may ameliorate obesity through multiple pathways, related to both metabolic regulation and inflammatory immunomodulation.
3.2.3 PPI network construction
To identify the essential genes of Cpn against obesity, the 244 potential targets were imported into the STRING database to construct a PPI network. Isolated nodes and low-confidence interactions were excluded, resulting in a network comprising 49 nodes and 452 edges, providing a global view of Cpn’s anti-obesity targets, as shown in Figure 4B. The degree of nodes was an important topological parameter used to assess the importance of targets. Those high-degree nodes in these networks share more target interactions and may exert a more crucial role in anti-obesity. Using the Centiscape2.2 plug-in, the top ten hub genes identified were glyceraldehyde-3-phosphate dehydrogenase (GAPDH), AKT serine/threonine kinase 1 (AKT1), caspase 3 (CASP3), epidermal growth factor receptor (EGFR), mitogen-activated protein kinase 14 (MAPK14), Harvey rat sarcoma viral oncogene homolog (HRAS), proto-oncogene tyrosine-protein kinase Src (SRC), heat shock protein 90 alpha family class A member 1 (HSP90AA1), matrix metalloproteinase 9 (MMP9), and glycogen synthase kinase 3 beta (GSK3B) (Figure 4B; Table 2). These genes may play pivotal roles in the anti-obesity effects of Cpn. Notably, AKT1, MAPK14, SRC, HSP90AA1, and MMP9 have been known to regulate the metabolic pathways and lipid and atherosclerosis pathways mentioned above.
TABLE 2 | The top 10 nodes with the highest degree in the cordycepin targets’ PPI network.
[image: Table 2]3.3 Analysis of cordycepin’s anti-obesity targets using quantitative transcriptomics
To validate the predictions from network pharmacology analysis and expand target screening, quantitative transcriptomics was employed to detect changes in transcripts influenced by Cpn administration in the epididymal adipose tissue of obese mice. Initially, differentially expressed mRNA transcripts were identified and visualized using volcano plots. The comparison between the WD group and the Chow group revealed 187 differentially expressed mRNA transcripts (p < 0.05), with 119 upregulated and 68 downregulated (Figure 5A). In addition, 47 transcripts were found to be differentially expressed (p < 0.05) in the comparison between the Cpn group and the WD group, with 18 upregulated and 29 downregulated (Figure 5B). Further details of these transcripts are provided in Supplementary Tables S2, S3. As illustrated in Figure 5C, distinct mRNA expression profiles were observed across the groups, with Cpn-treated mice showing a closer alignment with Chow-fed mice than WD-fed mice.
[image: Figure 5]FIGURE 5 | Differential genes analysis of cordycepin (Cpn) based on quantitative transcriptomics. (A) Volcano plot of differential genes in the Western diet (WD) and chow diet (Chow) groups (p < 0.05). (B) Volcano plot of differential genes in Cpn and WD groups (p < 0.05). (C) Heatmap displaying the top 100 genes differentially expressed among the three groups. Upregulated genes are shown in red and downregulated genes in blue. (D) GO enrichment analysis and (E) KEGG pathway analysis of differential genes derived from the Cpn and WD groups.
Next, GO enrichment analysis was used to determine the biological functions of these differentially expressed genes, to gain a comprehensive understanding of Cpn’s functional role. The analysis revealed that the genes differentially expressed between the WD group and the Chow group were mainly involved in processes such as the tricarboxylic acid cycle, lipid metabolic process, response to oxidative stress, mitochondrion, mitochondrial inner membrane, mitochondrial matrix, identical protein binding, oxidoreductase activity, etc. (Supplementary Figure S1A). As shown in Figure 5D, genes differentially expressed between the Cpn group and the WD group were primarily associated with the carboxylic acid biosynthetic process, organic acid biosynthetic process, neutral lipid metabolic process, very-low-density lipoprotein particle, high-density lipoprotein particle, iron ion binding and lipoprotein particle receptor binding, and phospholipid binding, etc.
Additionally, KEGG pathway analysis showed that genes differentially expressed between the WD group and the Chow group were predominantly enriched in pathways like metabolic pathways, carbon metabolism, biosynthesis of amino acids, chemical carcinogenesis-reactive oxygen species, non-alcoholic fatty liver disease, thermogenesis, and HIF-1 signaling pathway, etc. (Supplementary Figure S1B). Among the Cpn and WD groups, 48 pathways showed enrichment, with the top 25 including the PPAR signaling pathway, biosynthesis of amino acids, metabolic pathways, cholesterol metabolism, tryptophan metabolism, AMPK signaling pathway, insulin resistance, insulin signaling pathway, non-alcoholic fatty liver disease, arachidonic acid metabolism, etc. (Figure 5E; Supplementary Table S4). Notably, pathways such as metabolic pathways, insulin signaling pathway, HIF-1 signaling pathway, FoxO signaling pathway, and lipid and atherosclerosis pathway, etc., aligned with predictions from network pharmacology. This dual verification through network analysis and quantitative transcriptomics supports their crucial role in Cpn’s anti-obesity effects.
Furthermore, we hybridized the differential genes of the three groups, and 23 overlapping genes were obtained (Figure 6A). Unsupervised hierarchical clustering of these genes also distinguished the three groups and showed that the Cpn-treated group clustered more closely to the Chow group (Figure 6B). We then constructed a PPI network using these genes and selected hub genes based on their topological characteristics (Figure 6C). Seven genes, including tryptophan 5-hydroxylase 1, cytochrome P450 4A10, DNA repair protein RAD51 homolog 1, lys-63-specific deubiquitinase BRCC36, autophagy-related protein 101, cytochrome c oxidase subunit 7B, and Fms related tyrosine kinase 1, showed no interactions, leaving a network of 16 genes. These 16 genes, detailed in Table 3, had a median degree of connectivity of 4.5, with a maximum of 9, setting the screening criteria for core targets between 4.5 and 9. From this, nine core proteins were identified as potential anti-obesity targets, including fructose-1,6-bisphosphate aldolase b (ALDOB), methionine adenosyltransferase 1A (MAT1A), carbamoyl-phosphate synthase 1 (CPS1), apolipoprotein A1 (APOA1), apolipoprotein C3 (APOC3), apolipoprotein A2 (APOA2), apolipoprotein M (APOM), phenylalanine hydroxylase (PAH), betaine-homocysteine S-methyltransferase 2 (BHMT2).
[image: Figure 6]FIGURE 6 | Analysis of potential targets of cordycepin using quantitative transcriptomics. (A) Venn diagram of genes (DEGs) differentially expressed among the three groups. (B) Heatmap of the 23 genes differential among the three groups. Upregulated genes are shown in red and downregulated genes in blue. (C) Protein-protein interaction network of intersecting differential genes.
TABLE 3 | Node degree in the PPI network of 16 intersection differential genes.
[image: Table 3]Among these nine genes, ALDOB, MAT1A, CPS1, PAH, and BHMT2 were identified as being participated in the biosynthesis of amino acids, and metabolic pathways. Specifically, ALDOB, as a fructose-1,6-bisphosphate aldolase, also involves in the pentose phosphate pathway, carbon metabolism, and HIF-1 signaling pathway. CPS1, functioning as a carbamoyl-phosphate synthase, plays roles in alanine, aspartate, and glutamate metabolism, carbon metabolism, and arginine biosynthesis. APOA1, APOA2, and APOC3, all apolipoproteins, are associated with lipid transport and are notably involved in the PPAR signaling pathway and cholesterol metabolism.
Moreover, by analyzing mRNA expression levels, it was found that the expressions of ALDOB, MAT1A, CPS1, APOA1, APOM, APOA2, APOC3, PAH, and BHMT2 were markedly upregulated in the WD group compared to the Chow group. After treatment with Cpn, the expressions of these genes were downregulated (Figure 7). These findings suggested that Cpn’s effectiveness in mitigating obesity may be linked to its regulation of these gene expressions and associated signaling pathways.
[image: Figure 7]FIGURE 7 | The relative mRNA levels of 9 differential genes among the three groups, normalized against 20 internal references included in the quantitative transcriptomics analysis. n = 5-6 for each group. Where #p < 0.05 and ##p < 0.01 versus the chow diet (Chow) group; *p < 0.05 versus the Western diet (WD) group.
3.4 Validation of binding capacity between cordycepin and therapeutic targets by molecular docking
To investigate the potential binding mode and affinity of Cpn with key target proteins, molecular docking was performed on the CB-DOCK2 online docking platform. The docking models with the lowest binding energy were recorded. The findings, detailed in Supplementary Table S5, revealed that Cpn’s highest binding affinity was with CPS1, succeeded by HRAS, GAPDH, MAPK14, PAH, MMP9, SRC, ALDOB, AKT1, GSK3B, HSP90AA1, BHMT2, EGFR, CASP3, MAT1A, APOM, APOA2, APOC3, and APOA1. The specific docking sites of Cpn and target proteins were shown in Figure 8. Among them, Cpn was shown to form hydrogen bonds with specific amino acids in CPS1, including leucine at position 77 and glutamic acid at position 318, asparagine at position 649, alanine at position 669, glutamine at position 678, and exhibited hydrophobic interactions with threonine at position 75, glycine at position 76, glycine at position 78, asparagine at position 319, proline at position 668, phenylalanine at position 677, and glutamate at position 763. Additionally, Cpn 5′-monophosphate may also bind to these proteins, suggesting that it may be the main active metabolite of Cpn in reducing obesity, as shown in Supplementary Figure S2; Supplementary Table S6.
[image: Figure 8]FIGURE 8 | The 3-dimensional map of the binding sites between cordycepin and target proteins. (A) CPS1. (B) HRAS. (C) GAPDH. (D) MAPK14. (E) PAH. (F) MMP9. (G) SRC. (H) ALDOB. (I) AKT1. (J) GSK3B. (K) HSP90AA1. (L) BHMT2. (M) EGFR. (N) CASP3. (O) MAT1A. (P) APOM. (Q) APOA2. (R) APOC3. (S) APOA1.
3.5 Effect of cordycepin on the potential targets
The regulation of gene expression of ALDOB, MAT1A, CPS1, APOA1, APOM, APOA2, APOC3, PAH, and BHMT2 in epididymal adipose tissue by Cpn was analyzed using quantitative transcriptome data as described above. To further validate this effect on network pharmacology-predicted core targets, mRNA expression levels of these genes were measured in epididymal adipose tissue from the three groups using RT-qPCR. The PCR results indicated that mRNA expression levels of EGFR, MAPK14, HSP90AA1, AKT1, CASP3, HRAS, and GSK3B were obviously elevated in the WD group compared to the Chow group (p < 0.0001), as shown in Figure 9. In contrast, expression levels of SRC and MMP9 were markedly reduced in the WD group compared to the Chow group (p < 0.01). Importantly, administration of Cpn was able to reverse the altered expression of EGFR, MAPK14, HSP90AA1, AKT1, CASP3, HRAS, and GSK3B in the WD group (Figure 9). These findings implied that Cpn’s positive impact on obesity could be due to the modulation of several critical genes.
[image: Figure 9]FIGURE 9 | RT-qPCR analysis of the mRNA expression of network pharmacology-predicted core targets. The relative mRNA expression of EGFR (A), MAPK14 (B), SRC (C), HSP90AA1 (D), AKT1 (E), CASP3 (F), HRAS (G), MMP9 (H), and GSK3B (I). The results are expressed as the mean ± SEM (n = 6–7). P value was determined by one-way ANOVA followed by Dunnett’s test. Where ##p < 0.01, ###p < 0.001 and ####p < 0.0001 versus the chow diet (Chow) group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the Western diet (WD) group.
4 DISCUSSION
Obesity has been described as a breeding ground for chronic diseases and a precursor to numerous conditions, such as type 2 diabetes, NAFLD, cardiovascular disease, and cancer. Recent research has increasingly highlighted Cpn’s ability to improve obesity (Takahashi et al., 2012; Li et al., 2018; Qi et al., 2019; Xu et al., 2019). Our earlier investigation demonstrated that Cpn effectively mitigated metabolic irregularities and systemic inflammation induced by a WD in mice (Chen et al., 2022a). In the current research, Cpn was observed to lessen body weight and adiposity, enhance glucose tolerance, and reduce hepatic lipid deposition and adipocyte size in WD-induced obese mice, consistent with previous studies (Takahashi et al., 2012; Li et al., 2018; Qi et al., 2019; Xu et al., 2019). However, the precise regulatory mechanism by which Cpn exerts its anti-obesity properties remains unclear.
In this study, we employed an integrated strategy that combined network pharmacology, quantitative transcriptomics, molecular docking, and experimental validation, to screen and unveil the key targets and pathways of Cpn in alleviating obesity in mice. Initially, we identified the core targets associated with the anti-obesity properties of Cpn through network pharmacology analysis. GO and KEGG enrichment analyses were conducted to elucidate the functions of these crucial targets. Following this, we investigated the key target genes of Cpn in epididymal adipose tissue using quantitative transcriptomics. While the quantitative transcriptomics analysis encompassed only 748 genes, we regrettably did not discover any targets overlapping with network pharmacology insights but instead identified a multitude of novel targets.
The network pharmacology analysis revealed that the anti-obesity targets influenced by Cpn were notably enriched in the metabolic pathways, lipid and atherosclerosis, insulin signaling pathway, AGE-RAGE signaling pathway in diabetic complications, and FoxO signaling pathway, HIF-1 signaling pathway, etc. Moreover, quantitative transcriptomics analysis unveiled that Cpn targets were substantially associated with the PPAR signaling pathway, biosynthesis of amino acids, metabolic pathways, cholesterol metabolism, tryptophan metabolism, AMPK signaling pathway, insulin resistance, insulin signaling pathway, non-alcoholic fatty liver disease, arachidonic acid metabolism, HIF-1 signaling pathway, FoxO signaling pathway, lipid and atherosclerosis pathway, etc.
Interestingly, the metabolic pathway, the insulin signaling pathway, the HIF-1 signaling pathway, the FoxO signaling pathway, and lipid and atherosclerosis pathways emerged as enriched pathways in both the network pharmacology and quantitative transcriptomics analyses. Among them, the metabolic pathway, insulin signaling pathway, and lipid and atherosclerosis pathways have been recognized as crucial regulators in obesity development. Additionally, the HIF-1 signaling pathway and the FoxO signaling pathway are also associated with obesity according to existing literature (Baker et al., 2011; Shi et al., 2023; Peng et al., 2020).
HIF-1α acts as a transcription factor triggered in hypoxic or inflammatory settings, prominently influencing immune inflammation dynamics. Evidence suggests that hypoxia occurs in expanding adipose tissue, and reduced oxygen levels due to diminished perfusion or heightened metabolic rates within adipose tissue may trigger inflammation (Lee et al., 2014). Both rodent studies and clinical observations highlight localized declines in oxygen levels due to obesity (González-Muniesa et al., 2015). Increased HIF-1α levels have been detected within the adipose tissue of obese rodents (Rausch et al., 2008). Through activation of HIF-1α, hypoxia can induce adipocytes to express chemokines such as MCP-1 and LTB4, which may contribute to adipose tissue inflammation (Baker et al., 2011).
FoxO family proteins function as nuclear transcription factors that bind to a specific DNA sequence called the Forkhead box. Within this protein family, FoxO1 has been notably implicated in adipocyte differentiation regulation (Nakae et al., 2003). Studies have highlighted that adipose FoxO1-deficient mice exhibited increased energy expenditure, reduced fat mass, and smaller fat cells (Shi et al., 2023). In addition, Cpn has also been reported to be involved in regulating the expression of FoxO and HIF-1α (Wu et al., 2014; Chang et al., 2019). These findings suggest a potential involvement of these pathways in mediating the anti-obesity effects of Cpn.
Through the construction of PPI networks, with the integration of molecular docking techniques and gene expression validation, we identified numerous potential targets linked to the anti-obesity properties of Cpn. These targets encompass CPS1, HRAS, MAPK14, PAH, ALDOB, AKT1, GSK3B, HSP90AA1, BHMT2 EGFR, CASP3, MAT1A, APOM, APOA2, APOC3, APOA1, etc.
Among these targets, AKT1, MAPK14, and HSP90AA1 have been known to regulate the metabolic pathways and lipid and atherosclerosis pathways mentioned above. ALDOB, MAT1A, CPS1, PAH, and BHMT2 were identified as involved in the metabolic pathways. Specifically, ALDOB also participates in the HIF-1 signaling pathway. APOM, APOA2, APOC3, and APOA1, all apolipoproteins, were associated with lipid transport and involved in the PPAR signaling pathway and cholesterol metabolism, which played important roles in obesity development.
CPS1, the rate-limiting enzyme in the urea cycle, converts toxic ammonia into non-toxic urea in mammals. Recent evidence suggests that CPS1, beyond its tumor-related roles, also influences metabolic diseases. Studies have shown that in high-fat diet (HFD)-induced NAFLD, the gene and protein expression levels of CPS1, involved in hepatic nitrogen conversion, decrease (Luo et al., 2012; Eriksen et al., 2019). Moreover, in fibrosis models induced by a choline-deficient high-fat diet, hepatic CPS1 expression declines with escalating fibrosis levels (Gallego-Durán et al., 2022). Conversely, CPS1 levels are elevated in the plasma of NAFLD patients with varying fibrosis extents and in the serum of individuals experiencing acetaminophen-induced acute liver failure, with levels diminishing post-injury recovery (Ajaz et al., 2021; Kwan et al., 2023). Additionally, reports suggest that activation of AMPK suppresses CPS1 expression (Zhang et al., 2021). Cpn is known to promote the phosphorylation of AMPK protein and activate AMPK. In this study, WD-induced obese mice displayed a notably increase in CPS1 expression in epididymal adipose tissue, while CPS1 expression was reversed after Cpn treatment. Furthermore, molecular docking results showed that Cpn forms hydrogen bonds and hydrophobic interactions with CPS1 protein amino acid residues, indicating potential binding between CPS1 and Cpn. This implies that CPS1 may serve as a crucial target for Cpn against obesity.
HRAS, a member of the RAS oncogene family, plays a pivotal role in cell division, differentiation, and apoptosis. Recent studies have reported its close association with the modulation of energy homeostasis. For instance, HRAS G12S heterozygous mutant mice displayed resistance to HFD-induced obesity but exhibited impaired hepatic energy homeostasis compared to wild-type mice (Oba et al., 2018). HRAS has also been implicated in influencing adipocyte differentiation in 3T3-L1 precursors (Park et al., 2019). Mice with adipose-specific HRAS transgenes exhibited reduced weight and size of gonadal fat pads, enhanced glucose tolerance, and lowered plasma insulin levels (Houseknecht et al., 1996). While these studies underscore HRAS’s involvement in adipocyte differentiation regulation, the precise mechanisms remain unclear. Furthermore, reports indicated that Cpn downregulates HRAS expression in cisplatin-resistant lung cancer cells to exert antiproliferative effects (Cho and Kang, 2018). In the present investigation, we observed that Cpn notably decreased the upregulation of HRAS expression in adipose tissue induced by a WD, suggesting that HRAS may be a potential target for Cpn in alleviating obesity.
The MAPK14 gene encodes mitogen-activated protein kinase 14, also identified as p38α. p38α has been recognized as a key player in activating adipose tissue thermogenesis. Studies have revealed that knocking down p38α specifically in adipocytes promotes WAT browning, leading to a leaner phenotype, enhanced metabolism, and resistance to diet-induced obesity in mice (Zhang et al., 2018). The p38α inhibitor SB203580 exhibits beneficial metabolic effects by enhancing WAT browning (Zhang et al., 2018). Inhibition of p38α triggers UCP-1 transcription, instigating the transition from white to beige fat. Additionally, an HFD boosts p38 activity in adipose-resident T cells in murine models (Meng et al., 2022). Selective deletion of T-cell-specific p38α manifests elevated energy expenditure and protects mice against HFD-induced obesity (Meng et al., 2022). P38α plays a crucial role in adipose thermogenesis, although some research indicates that the impact of p38α on regulating adipose tissue browning can vary based on the specific adipose depot location (Matesanz et al., 2018). Further investigations have revealed that Cpn can inhibit p38 MAPK phosphorylation, showing promising anti-inflammatory effects (Yang et al., 2015; Jeong et al., 2010). Moreover, studies have highlighted that Cpn can enhance the expression of thermogenic genes such as UCP1, and peroxisome proliferator-activated receptor γ coactivator 1α, etc., by activating AMPK, subsequently facilitating WAT browning in HFD-induced obese mice (Qi et al., 2019). Therefore, p38α may be involved in the regulation of obesity by cordycepin.
PAH, which encodes phenylalanine hydroxylase, catalyzes the hydroxylation of phenylalanine to tyrosine, representing the rate-limiting step in phenylalanine catabolism. Many studies have found that phenylalanine is closely related to the occurrence and development of obesity (Liu et al., 2022; Li et al., 2022; Xiao et al., 2024). Chronic administration of N-lactoyl-phenylalanine reduced body weight and adiposity and enhances glucose homeostasis.(Li et al., 2022). In addition, N-lactoyl-phenylalanine has also been established as a crucial mediator of metformin’s effects in reducing body weight (Xiao et al., 2024). Our findings indicated a potential interaction between PAH and Cpn. In addition, the WD significantly induced the gene expression of PAH, which can be reversed by Cpn administration. Therefore, we speculate that PAH may be a critical target for Cpn to reduce obesity.
ALDOB functions as a fructose diphosphate aldolase, catalyzing the breakdown of fructose 1-phosphate into dihydroxyacetone phosphate and glyceraldehyde. Studies by Nesteruk et al. revealed increased hepatic and serum ALDOB in HFD-induced NAFLD mice compared to those on a standard diet (Nesteruk et al., 2014). Similarly, research by Niu et al. and Martinez-Huenchullan et al. observed increased plasma ALDOB protein in both NAFLD patients and mice (Niu et al., 2019; Martinez-Huenchullan et al., 2021). Moreover, hepatic ALDOB expression was notably elevated in db/db mice relative to control mice, indicating a potential association with excessive fat accumulation in hepatocytes (Zhang et al., 2022).
Besides, the mRNA levels of ALDOB in pancreatic islets from hyperglycemic patients were negatively correlated with insulin secretion and positively correlated with HbA1c levels, with hyperglycemic conditions augmenting ALDOB expression (Gerst et al., 2018). Our investigation unveiled a significant upregulation of ALDOB expression in epididymal adipose tissue in obese mice induced by a WD (p < 0.05), whereas treatment with Cpn effectively reversed this expression. This observation suggests that Cpn might mitigate obesity in mice by modulating ALDOB expression.
AKT1 also referred to as PKBα, is a pivotal member of the phosphokinase B family, playing a crucial role in the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of the rapamycin signaling pathway. Studies have demonstrated that AKT1 deficiency in mice enhances energy expenditure and prevents diet-induced obesity (Wan et al., 2012). Moreover, inhibition of PI3Kα-AKT1 was reported to induce energy expenditure in adipose tissue, suppress weight gain, and ameliorate insulin resistance in diet-induced obese mice (Song et al., 2018). Beyond its involvement in adipose thermogenesis, AKT1 has been implicated in immune-inflammatory regulation. Specifically, in LPS-stimulated macrophages, the activation of AKT1 expression triggers the NF-κB signaling pathway, leading to the upregulation of pro-inflammatory factors (Yen et al., 2015; Li et al., 2019). Cpn has been identified for its ability to impede preadipocyte differentiation, which was attributed to its interference with the AKT inhibition of mTORC1 and activation of AMPK, thus hindering the lipid-forming CCAAT/enhancer binding protein-β (C/EBPβ)-PPARγ pathway (Takahashi et al., 2012).
Moreover, GSK3B is a pivotal downstream signaling protein in the PI3K/AKT pathway. Insulin-triggered AKT activation via PI3K leads to the serine/threonine phosphorylation of GSK3B, which in turn phosphorylates key targets like C/EBPβ, C/EBPα, and glycogen synthase (Ross et al., 1999). Inhibition of GSK3B through lithium treatment prevented 3T3-L1 preadipocytes from differentiating into adipocytes (Ross et al., 1999). Similarly, GSK3B has been implicated as a major regulator of the inflammatory response. In individuals with metabolic irregularities affecting obesity, GSK3B fosters NF-κB and CREB activation, prompting the expression of inflammatory factors in leukocytes (Yen et al., 2015). Studies have demonstrated that Cpn regulates the phosphorylation level of GSK3B (Khan and Tania, 2023). In our previous study, Cpn can Notably diminish the expression of serum inflammatory factors and alleviate systemic inflammation in mice subjected to a WD. The results of this study indicated that Cpn has a notable impact on the mRNA expression of AKT1 and GSK3B in the epididymal adipose tissue of obese mice, suggesting that AKT1 and GSK3B are potential regulatory targets of Cpn.
Therefore, Cpn may be a promising pharmacological agent for the modulation of the aforementioned therapeutic targets in an integrated approach toward mitigating the development of obesity. The strength of this study is the comprehensive identification of Cpn’s therapeutic targets for alleviating diet-induced obesity. This was achieved through network pharmacology analysis integrating multiple databases, precise quantitative sequencing analysis with Nanostring nCounter technology, and validation of identified targets through molecular docking simulations and mRNA-level tissue expression experiments. Numerous studies have explored the use of Cpn in mitigating obesity, yet no published study has undertaken such an extensive screening and validation of therapeutic targets for Cpn against obesity. These results have provided a detailed understanding of the potential therapeutic targets of Cpn in the context of obesity and lay a foundational framework for its application in obesity treatment.
Nonetheless, this study has some limitations. This study focuses on the research of epididymal adipose tissue, but Cpn may not specifically act on adipose tissue. Although many studies have reported that Cpn can reduce fat content, promote thermogenesis in adipose tissue, and inhibit the differentiation of 3T3-L1 cells (Xu et al., 2019; Li et al., 2018; Qi et al., 2019; An et al., 2018), there are also studies that report its role in improving non-alcoholic fatty liver disease (Gong et al., 2021; Lan et al., 2021). In addition, our preliminary research has also found that Cpn improved metabolic inflammation by acting on the colon and intestinal flora, and metabolic inflammation has been considered a key driver of obesity (Chen et al., 2022a). Therefore, this study cannot rule out the role of Cpn in improving obesity through crosstalk between the liver and intestines and even other tissues and organs, but it is certain that Cpn has a regulatory effect on adipocytes and adipose tissue. As for the crosstalk effects of other tissues and organs, further research is needed.
At present, we have identified numerous relevant targets. In the future, gene editing technology will be applied to knock out/knock in potential targets to verify their necessity in the anti-obesity effect of Cpn. Additionally, like most natural products, Cpn has the issue of low bioavailability. We expect to enhance its bioavailability and the ability to target adipose tissue by designing nanocarriers (such as liposomes, exosomes) or prodrug modifications, or by developing Cpn derivatives through chemical modifications to increase targeting affinity or reduce toxicity. Cpn originates from the edible and medicinal fungus Cordyceps sinensis. In the future, it is possible to develop functional foods or precise nutrition intervention plans based on Cpn. Furthermore, existing anti-obesity drugs (such as GLP-1 receptor agonists) or lifestyle interventions (such as exercise, dietary regulation) could be considered in combination to assess the synergistic effect.
5 CONCLUSION
Despite the aforementioned limitations, we concluded that therapeutic pathways and targets for Cpn against obesity can be comprehensively screened through network pharmacology, precise quantitative transcriptomics, bioinformatics analysis, molecular docking simulation, and in vivo validation. Our results indicated that Cpn treatment effectively alleviated obesity-related symptoms in WD-induced mice. The metabolic pathway, insulin signaling pathway, HIF-1 signaling pathway, FoxO signaling pathway, lipid and atherosclerosis pathway, and core targets including CPS1, HRAS, MAPK14, PAH, ALDOB, AKT1, GSK3B, HSP90AA1, BHMT2, EGFR, CASP3, MAT1A, APOM, APOA2, APOC3, and APOA1 are involved in regulating the therapeutic effect of Cpn. This study comprehensively revealed the potential mechanism for Cpn against obesity and supplied supporting data for its efficacy in treating obesity and its associated complications.
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Cpn Cordycepin
WD Western diet
NAFLD Non-alcoholic fatty liver disease
AMPK Activating adenosine 5′-monophosphate-activated protein kinase
OGTT Oral glucose tolerance tests
H&E Hematoxylin and eosin
GO Gene ontology
BP Biological process
CC Cellular component
MF Molecular function
KEGG The Kyoto Encyclopedia of Genes and Genomics
PPI Protein-protein interaction
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
AKT1 AKT serine/threonine kinase 1
CASP3 Caspase 3
EGFR Epidermal growth factor receptor
MAPK14 Mitogen-activated protein kinase 14
HRAS Harvey rat sarcoma viral oncogene homolog
SRC Proto-oncogene tyrosine-protein kinase Src
HSP90AA1 Heat shock protein 90 alpha family class A member 1
MMP9 Matrix metalloproteinase 9
GSK3B Glycogen synthase kinase 3 beta
HIF-1 Hypoxia-inducible factor 1
FoxO Forkhead box O
AGE-RAGE Advanced glycation end products-Receptor for advanced glycation end products
PPAR Peroxisome proliferator-activated receptors
ALDOB Fructose-1,6-bisphosphate aldolase b
MAT1A Methionine adenosyltransferase 1A
CPS1 Carbamoyl-phosphate synthase 1
APOA1 Apolipoprotein A1
APOC3 Apolipoprotein C3
APOA2 Apolipoprotein A2
APOM Apolipoprotein M
PAH Phenylalanine hydroxylase
BHMT2 Betaine-homocysteine S-methyltransferase 2
UCP1 Uncoupling protein 1
WAT White adipose tissue
CREB cAMP-responsive element-binding protein
PKB Phosphokinase B
PI3K Phosphatidylinositol 3-kinase
C/EBPβ CCAAT/enhancer binding protein-β
NF-κB Nuclear factor kappa-B
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