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Background: Geniposidic acid (GPA) has been reported to possess 
hypoglycemic, hypolipidemic, and choleretic properties. However, its 
efficacy against hyperlipidemia and the associated mechanisms remain 
inadequately defined.
Methods: A hyperlipidemia model was established in mice using a high-fat diet, 
followed by a 12-week intervention with GPA or lovastatin (positive control). 
Serum biochemical parameters and Oil Red O staining were assessed to evaluate 
lipid-lowering effects. Furthermore, NMR- and MS-based metabolomics, 
network pharmacology, and molecular docking approaches were employed to 
explore the underlying mechanisms.

Results: Biochemical analysis confirmed the lipid-lowering efficacy of GPA. 
Urinary metabolomics revealed that both GPA and lovastatin restored 
disturbed metabolic profiles, notably involving the TCA cycle, glycolysis, 
amino acid metabolism, and ketone body synthesis. Over 40 differential 
metabolites were identified, constructing a comprehensive metabolic 
network. Network pharmacology further enriched relevant metabolic 
pathways and screened key targets. Molecular docking demonstrated 
strong binding affinities between GPA and several core proteins, including 
ALB, CAT, ACACA, ACHE, and SOD1, suggesting these may be potential
therapeutic targets.

Conclusion: This study confirmed the anti-hyperlipidemic efficacy of GPA 
and, through integrated metabolomics and target prediction, elucidated its 
potential mechanisms of action. These findings provide a scientific basis for
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further research and offer a promising strategy for the development of novel 
antihyperlipidemic agents.
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Abbreviations: HFD, high fat diet; GPA, geniposidic acid; TCA, tricarboxylic 
acid; TG, triglycerides; TC, total cholesterol; HDL-c, high-density 
lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; PCA, 
principal component analysis; OPLS-DA, orthogonal partial least squares 
discriminant analysis; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; 
NMR, nuclear magnetic resonance; MS, mass spectrometry; VIP, variable 
importance of projection; TMA, trimethylamine; DMA, dimethylamine; MA, 
methylamine.

    

  
 

  

   

Materials and methods
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Animal experiment
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Oil Red O staining

  

1H NMR and MS based metabolomics

    

  

Network pharmacology analysis
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Results

Biochemical and pathological analysis
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MS based metabolomics analysis

  

Network pharmacology study
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FIGURE 1
The effect of GPA on lipid accumulation in the liver of mice. (a) Boxplots for effects of GPA and lovastatin on serum TC, TG, LDL-C, HDL-C levels in 
hyperlipidemia mice (n = 6). The bottom of each box, the line drawn in the box and the top of the box represent the 1st, 2nd, and 3rd quartiles, 
respectively. The whiskers extend to ±1.5 times the interquartile range (from the 1st to 3rd quartile). (b) Oil red O staining of liver. Scar bar = 100  m. p
< 0.05 and p < 0.01 vs. HFD group.

  

Target screening and docking
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FIGURE 2
Typical 600 MHz 1H NMR spectra of mice urine from Con (a), HFD (b), Lov (c), GPA1 (d) and GPA2 (e) groups. Metabolites: 1, 1-methylnicotinamide; 2, 
niacinamide; 3, nicotinamide N-oxide; 4, formate; 5, hippurate; 6, indole-3-acetate; 7, benzoate; 8, N-phenylacetylglycine; 9, tyrosine; 10, 
4-hydroxyphenylacetate; 11, trans-aconitate; 12, allantoin; 13, urea; 14, cis-aconitate; 15, glucose; 16, tartrate; 17, cystine; 18, creatinine; 19, creatine 
phosphate; 20, creatine; 21, taurine; 22, betaine; 23, O-acetylcholine/O-phosphocholine; 24, choline; 25, N,N-dimethylglycine; 26, trimethylamine; 27, 
citrate; 28, methylamine; 29, dimethylamine; 30, glutamine; 31, succinate; 32, pyruvate; 33, acetoacetate; 34, acetone; 35, acetate; 36, lactate; 37, 
methylmalonate; 38, leucine/isoleucine; 39, valine; 40, alanine.
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TABLE 1  1H Chemical shift assignment of the metabolites identified in urine and related metabolic pathways.

NO. Metabolites Moieties 1H(ppm)and multiplicity Related pathway
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TABLE 1  ( ) 1H Chemical shift assignment of the metabolites identified in urine and related metabolic pathways.

NO. Metabolites Moieties 1H(ppm)and multiplicity Related pathway

FIGURE 3
Metabolomics analysis by NMR platform. OPLS-DA score plot (a), loading plot (b) of urine 1H NMR spectra obtained from Con, HFD, Lov, GPA1, and 
GPA2 groups; OPLS-DA score plot (c) and S-plot (d) of urine 1H NMR spectra obtained from Con and HFD groups.
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FIGURE 4
Heatmap of metabolites identified in NMR spectra.
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FIGURE 5
OPLS-DA analysis of UPLC-Q-TOF/MS data obtained in positive and negative ionization modes. (a,b) Score plots for Con, HFD, Lov, GPA1, and GPA2 
groups in positive and negative modes. (c,d) Score plots for Con and HFD groups in positive and negative modes and according S-plots (e,f).
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TABLE 2  Potential biomarkers identified by MS, together with retention time, measured molecular mass, related pathway.

HMDB ID Metabolite RT (min) Observed 
m/z

Exact Mass ESI mode Adduct Fragments Related 
pathway
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TABLE 2  ( ) Potential biomarkers identified by MS, together with retention time, measured molecular mass, related pathway.

HMDB ID Metabolite RT (min) Observed 
m/z

Exact Mass ESI mode Adduct Fragments Related 
pathway

FIGURE 6
Heatmap of metabolites identified in MASS spectra.
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FIGURE 7
Network pharmacology analysis of GPA treating hyperlipidemia. (a) Venn diagrams of the predicated targets and hyperlipidemia retrieved targets; (b)
The GO enrichment analysis of potential targets by ClueGO; (c) The KEGG pathways enrichment by 31 intersected targets. All pathways have a p-value 
of <0.05; (d) Joint metabolic pathways analysis by target and metabolites; (e) Target-metabolites network collected by Metabo-analyst.

 
   

Frontiers in Cell and Developmental Biology 13 frontiersin.org

https://doi.org/10.3389/fcell.2025.1655114
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Tang et al. 10.3389/fcell.2025.1655114

TABLE 3  The binding energies of the target proteins to GPA.

Targets Uniprot ID Protein name Binding 
energies 
(kJ·mol-1)
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FIGURE 8
The protein ligands of the docking simulation. (a) Docking of GPA with ACACA. (b) Docking of GPA with ACHE. (c) Docking of GPA with ALB. (d) Docking 
of GPA with CAT. (e) Docking of GPA with FH. (f) Docking of GPA with MTOR. (g) Docking of GPA with SERPINC1. (h) Docking of GPA with SOD1.

FIGURE 9
Potential metabolic pathways disturbed in hyperglycemia mice and regulated by GPA administration.
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