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Background: Ajuga decumbens, a traditional Chinese medicine, possesses anti-breast cancer effects. Its main component, 
8-O-acetylharpagide, exhibits potential anticancer activity; however, the active metabolites and mechanisms underlying its effects 
remain unclear.
Methods: The metabolism and excretion of 8-O-acetylharpagide in rats were investigated using ultra-high-performance liquid 
chromatography coupled with quadrupole time-of-flight mass spectrometry analysis of bile, urine, and feces. Active metabolites 
were identified and evaluated using network pharmacology, molecular docking, and Western blotting assays.
Results: A total of 21 metabolites were identified, with demethylation, hydrolysis, and glucuronidation being the primary metabolic 
pathways. M3 and M5 were identified as key metabolites, showing strong binding affinity to cancer-related targets, such as AKT1, 
MMP9, and STAT3. M5 displayed strong pharmacokinetic properties, including better lipid solubility and reduced polarity. Network 
pharmacology analysis indicated that these metabolites exert anticancer effects by modulating the PI3K/AKT signaling pathway. In 
vivo experiments demonstrated that oral administration of 8-O-acetylharpagide significantly inhibited the proliferation of 4T1 tumor 
tissues by suppressing the expression of the AKT/NF-κB/MMP9 signaling axis. This may be related to inhibition of the expression of 
the AKT/NF-κB/MMP9 signaling axis in 4T1 tumor tissues after metabolism of 8-O-acetylharpagide to M5 and M3.
Conclusion: As a prodrug, 8-O-acetylharpagide is metabolized to M5, which may subsequently exert an anti-breast cancer effect 
through downregulation of the AKT/NF-κB/MMP9 signaling axis. This study provides a theoretical basis for the clinical application of 
Ajuga decumbens in breast cancer therapy.
Keywords: 8-O-acetylharpagide, breast cancer, ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight 
mass spectrometry, metabolite, network pharmacology, AKT/NF-κB/MMP9 signaling pathway

Introduction
Ajuga decumbens is a traditional Chinese medicine in China, mainly in the south of Qinling Mountains. It has a long history of 
folk medicinal use in China. It is mainly used for treating lung-heat cough, sore throat, bruises, carbuncle boils, and sores.1–4 In 
Traditional Chinese Medicine Oncology, Yu recorded that this medicine is commonly used in the treatment of breast and lung 
cancer.5 The iridoid glycosides extracted from Ajuga decumbens were found to have anti-breast cancer effects. The mechanisms 
underlying these effects were related to inhibition of the activation of extracellular signal-regulated kinase 1/2/mitogen-activated 
protein kinase (ERK1/2/MAPK) and phosphatidylinositol 3 kinase/protein kinase B (PI3K/AKT) signaling pathways, as well as 
inhibition of the expression of matrix metalloproteinase 9 (MMP9) and MMP2 in breast cancer tissues.6–8The PI3K/AKT 
signaling pathway plays a crucial role in promoting breast cancer progression by regulating cell survival, proliferation, and 
metabolism.9 Matrix metalloproteinases (MMPs), particularly MMP9 and MMP2, facilitate tumor invasion and metastasis by 
degrading the extracellular matrix and basement membranes.10,11

As the primary iridoid glycoside in Ajuga decumbens, 8-O-acetylharpagide constitutes approximately 35% of the 
iridoid glycosides in this plant.12 It has been reported that 8-O-acetylharpagide has vasoconstrictive, antibacterial, 
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antiviral, analgesic, antiprotozoal, hepatoprotective, and renoprotective activities.13–18 Moreover, 8-O-acetylharpagide 
could exert anti-inflammatory effects by inhibiting leukocyte adhesion and migration. Additionally, it could significantly 
inhibit endothelial cell migration to alleviate the progression of chronic inflammation.19 8-O-acetylharpagide regulates 
the related biomarkers senescence-associated-β-galactosidase and p53 in old human dermal fibroblasts, leading to 
inhibition of cellular senescence.20 It is also a potentially promising anticancer agent that exerts Epstein–Barr Virus 
Early Antigen-induced inhibitory effects on 7.12-dimethylbenzo[a]-anthracene and 12-O-tetradecanoylphorbol-13- 
acetate-induced skin cancers, and inhibits lung cancer.21,22 Furthermore, our latest study found that 
8-O-acetylharpagide significantly inhibits the growth of breast cancer. The mechanism underlying the anti-breast cancer 
effect of 8-O-acetylharpagide may be related to the regulation of primary bile acid biosynthesis and arachidonic acid 
metabolism, as well as the modulation of the abundance of Akkermansia and Firmicutes.23 Most studies on traditional 
Chinese medicine and its components for breast cancer treatment focus on pharmacological activities and mechanisms. 
However, research on their pharmacokinetics remains insufficient. It is well established that pharmacokinetics plays 
a crucial role in elucidating the mechanism of action of these drugs. For 8-O-acetylharpagide, pharmacokinetic research 
has revealed that its absolute bioavailability is only 7.7%.24 This low bioavailability implied a low exposure in vivo,25 

suggesting that 8-O-acetylharpagide does not exert its anti-breast cancer effect in the form of a prototype drug. Therefore, 
the aim of this study was to provide insights into the mechanisms underlying the anti-breast cancer effects of 
8-O-acetylharpagide by elucidating the metabolic pathways and identifying active metabolites.

In this study, 8-O-acetylharpagide metabolites were identified in rat plasma, bile, urine, feces, and in vitro intestinal 
flora. Subsequently, the content of 8-O-acetylharpagide in bile, urine and faces of rats after gavage of 
8-O-acetylharpagide was quantified. Network pharmacological analyses and molecular docking were performed to 
identify potential active metabolites of 8-O-acetylharpagide for the treatment of breast cancer and elucidate the under
lying pharmacological mechanisms. Finally, the effects of 8-O-acetylharpagide on the expression of related proteins in 
breast cancer tumors were determined by Western blotting analysis.

Materials and Methods
Chemicals and Reagents
8-O-acetylharpagide (99.52%; Chemical Abstracts Service number: 6926–14-3) was obtained from Chengdu Must Bio- 
technology Co., Ltd. (Chengdu, China). Fine bore polythene tubing (diameter: 0.58 mm, length: 30 m) was purchased 
from Smiths Medical International Ltd. (Kent, UK). Gifu Anaerobic Medium (GAM), vitamin K1, and hemin were 
purchased from Qingdao Hope Bio Co., Ltd (Qingdao, China). Biological saline was purchased from Shijiazhuang NO.4 
Pharmaceutical Co., Ltd (Shijiazhuang, China). Ultra-pure water was acquired from Watsons (Beijing, China). 
Acetonitrile, methanol, and formic acid (liquid chromatography–mass spectrometry grade) were obtained from Thermo 
Fisher Scientific (Shanghai, China).

Metabolites of 8-O-Acetylharpagide in Rat Plasma, Bile, Urine and Feces
Animal Handling and Ethical Considerations
Healthy female Sprague–Dawley rats (specific pathogen-free grade, weight: 200–220 g) were obtained from Charles 
River (Beijing, China; Certificate No. SCXK (Jing) 2021–0011). Animals were placed in an animal environment under 
the following conditions: 12-h light/dark cycle, 22°C, 50–60% humidity, and free access to water and feed. The 
experiments were conducted in strict agreement with the protocols approved by the Laboratory Animal Ethics 
Committee of Dongfang Hospital, Beijing University of Chinese Medicine (Beijing, China; protocol code: 
DFYY2023B32R).

Sample Collection and Pretreatment
The 48 rats were adaptively fed for 7 days and fasted for 12 h prior to the experiment. Subsequently, they were randomly 
divided into four groups for plasma, bile, urine, and feces collection. Each group had two subgroups, namely control and 
8-O-acetylharpagide treatment (10 mg/kg). Blood, bile, urine, and feces samples were collected at various time points 
following oral administration of the drug.
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Plasma samples were collected at 0.5, 1, 1.5, 2, 2.5, 3, 4, and 8 h post gavage. Blood was collected in heparin tubes, 
centrifuged, and stored at −80°C. For bile collection,26 rats underwent choledochal intubation under isoflurane anesthe
sia, and bile was collected at 30-min intervals for up to 12 h. Urine and feces were collected in metabolic cages for 
24–48 h post dosing.

All biological matrices underwent similar pretreatment procedures, with minor differences based on sample type.
Pooled plasma samples were mixed with methanol (3× volume), vortexed, and centrifuged. The supernatant was 

evaporated and reconstituted in methanol for analysis.
Pooled bile samples were mixed with methanol, vortexed, and centrifuged. The supernatant was evaporated, 

redissolved, and analyzed.
Pooled urine samples were mixed with methanol and an internal standard (IS) solution (lidocaine), vortexed, and 

centrifuged. The supernatant was used for analysis.
Fecal samples were homogenized, sonicated, and centrifuged. The supernatant was treated similarly to urine for 

analysis.

Metabolites of 8-O-Acetylharpagide in Intestinal Flora
To prepare 0.1% vitamin K1 solution, vitamin K1 (0.01 g) was dissolved in anhydrous ethanol (10 mL), vortexed to for 
full dissolution, and filtered through a 0.22-µm organic membrane to obtain sterile 0.1% vitamin K1 solution.

For the preparation of hemin chloride (5 mg/mL) solution, hemin chloride (50 mg) was dissolved in 0.1 mL sodium 
hydroxide solution (1 mol/L); after adding ultrapure water to reach a volume of 10 mL, the mixture was autoclaved at 121°C 
for 15 min, and subsequently cooled to room temperature for use.

GAM was prepared as follows. Initially, GAM (4.9 g) (HB8518-1; Qingdao Hope Bio-Technology Co., Ltd.) was 
dissolved in water (100 mL), autoclaved at 121°C for 15 min, and cooled to room temperature. Next, sterile 0.1% vitamin 
k1 solution and hemoglobin chloride (5 mg/mL) solution (0.1 mL each) were added, and the mixture was mixed for use.

Saline (8 mL) was added to fresh feces (2 g) obtained from healthy female rats, and the mixture was vortexed, 
homogenized, and centrifuged (37°C, 2000 r/min, 10 min). Subsequently, the supernatant (2 mL) was added to GAM 
(18 mL), and the mixture was vortexed, and placed into an anaerobic incubator (C31; Mitsubishi Gas Chemical Co., Inc., 
Tokyo, Japan) at 37°C for 24 h of constant temperature oscillation to obtain the intestinal flora culture solution (two 
samples). One of the samples was autoclaved at 121°C for 25 min (sterile control group), whereas the other was not 
autoclaved (untreated group). In both groups, 8-O-acetylharpagide (dissolved in ultra-pure water, 2.5 mg/mL) (2 mL) 
was added, and the samples were placed in an anaerobic incubator, incubated at constant temperature (37°C) and 
vibration. Samples (600 μL each) were obtained at 0, 2, 4, and 24 h (three copies were obtained at each time point). Cold 
methanol solution (600 μL) was added to each sample, and the mixtures were vortexed. After centrifugation (12,000 r/ 
min, 10 min, 4°C), the supernatant (1 mL) of each sample was obtained and concentrated to dryness by nitrogen blowing 
at 37°C. Prior to UPLC-Q-TOF-MS/MS analysis, each sample was reconstituted with 50% methanol water (150 μL), and 
supernatant (100 μL) was obtained by centrifugation (13,000 r/min, 10 min, 4°C).

Analytical Conditions
Chromatographic evaluations were conducted on a Waters Acquity UPLC system (Waters Corporation, Milford, MA, USA) 
equipped with a binary solvent delivery system, an autosampler, and an ACQUITY UPLC® HSS T3 column (100 × 2.1 mm, 
1.8 μm; Waters Corporation). The mobile phase consisted of water containing 0.1% formic acid (A) and methanol (B) at a flow 
rate of 0.4 mL/min. The elution gradient was programmed as follows: 0–2 min, 0% B; 2–22 min, 0–95% B; 22–27 min, 95% 
B; 27–27.1 min, 95–0% B; 27.1–30 min, 0% B. The temperature of the autosampling chamber was 15°C, and the temperature 
of the column was 40°C. The injection volume was 5.0 μL.

Mass spectra were obtained using Waters Synapt G2 (Waters Corporation). Both positive and negative ion detection 
modes were used in this analysis. Capillary voltage was 3.0 kV, while the sampling cone voltage was 15 V. The source 
temperature was 120°C, and the desolvation temperature was 500°C, with a nitrogen gas flow rate of 800 L/h. The 
collision energy of the ramp ranged 10–80 V. High-resolution quality data were recorded using Waters MSE acquisition 
mode. The collision energy of the ramps ranged 10–80 V. The data were centered from 100 to 1500 Da for all samples 
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with a scan time of 0.2 s over an analysis time of 30 min. LockSprayTM was employed for the validation of the mass 
precision. A lock mass solution of leucine enkephalin (556.2771 and 554.2615 m/z for positive and negative electrospray 
modes, respectively) was infused through a LockSprayTM probe at a flow rate of 10 µL/min at 10 s intervals to correct 
any mass drift during analysis.

Strategy for Systems Analysis of Metabolites
UNIFI 1.8.2 (Waters Corporation) software was employed for data processing. The Binary Compare function was 
used for the identification of effective metabolites. Evaluated metabolites did not exist in the equivalent control 
sample or existed at low ion intensities. The relative intensity threshold was set at 3 or 5, and metabolites that 
fulfilled the underlined criteria could be evaluated. Common and predictable metabolites were subsequently 
determined by extracted ion chromatography. The neutral loss filtering function was utilized to search for two- 
phase metabolites. For example, in the UNIFI software, the parameters could be set at 176.0321 to search for 
possible glucuronic acid conjugates. Post processing, a neutral loss could be set in the method or identified. Mass 
fragment was used to determine or characterize the detected structures of the metabolites. The spectral interpreta
tion function of UNIFI was the main function used to analyze secondary fragmentation of parent components. This 
function can be used for rapid verification of the fragmentation path whether reasonable.

Quantification of 8-O-Acetylharpagide in Rat Bile, Urine, and Feces
Animal Handling and Ethical Considerations
Healthy female Sprague–Dawley rats (specific pathogen-free grade, weight: 250±30 g) were obtained from Charles River 
(Certificate No. SCXK (Ji) 2016–006). The adaptive feeding and animal ethics were consistent with those described in 
the above experiment.

Sample Collection and Pretreatment
The experimental setup for the quantitative excretion assay was similar to the one used for metabolite identification, with 
the following key differences: for bile sample collection, 8-O-acetylharpagide was administered at 12 mg/kg for 4 h; for 
urine and fecal sample collection, 8-O-acetylharpagide was administered at 10.5 mg/kg for 48 h.

The pretreatment steps for bile, urine, and fecal sample collection were the same as those performed for metabolite 
identification, except that IS was not added to the samples in this assay.

Analytical Conditions
The analysis was performed using an Agilent 1200 series high-performance liquid chromatograph equipped with an 
autosampler and a quadruple gradient pump, as well as an atmospheric pressure ionization 4000QTRAP mass spectro
meter (Applied Biosystems, Inc., USA) equipped with an electrospray ionization source and Analysis 1.4.2 data 
processing system.

The chromatographic separation was performed on a Waters Atlantis dC18 column (2.1×150 mm, 5 µm). The mobile 
phase consisted of aqueous solution containing 0.1% formic acid (A) and acetonitrile solution containing 0.1% formic acid (B) 
at a flow rate of 0.3 mL/min with the following gradient elution pattern: 0–2 min, 10% B, 2–3 min, 10–20% B, 
3–7 min, 20–100% B, and 7–10 min, 10% B. The mass spectrometry was performed in the positive ion mode. The mass 
spectrometry was performed in the multiple reaction monitoring mode, and the samples were analyzed by monitoring the ionic 
excursions 429.00→369.00 m/z (8-O-acetylharpagide) and 235.12→86.00 m/z (IS: lidocaine). The capillary voltage was 1.5 
kV, the ion source temperature was 130°C, the drying gas temperature was 350°C, the drying gas flow rate was 76 L/h, the 
detector voltage was 650 V, and the collision gas pressure was 3.13×10−3 mbar.

Method Validations
The specificity of the method was determined by measuring the levels of interfering components from six independent 
sources in blank biological matrices to exclude the retention time of analytes and IS from any potential interference.

The blank samples were diluted to a series of mass concentrations of 0.02, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 1.0 μg/mL (bile); 
0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 μg/mL (urine); and 0.004, 0.01, 0.02, 0.04, 0.1, 0.2, 0.4, 1.0 μg/mL (feces). 
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Calibration curves were constructed using a weighted least squares linear regression analysis of the drug concentrations 
versus peak area ratios of 8-O-acetylharpagide/IS.

Network Pharmacology Analysis
Target Genes Related to 8-O-Acetylharpagide and Metabolites
Simplified Molecular Input Line Entry System (SMILES) strings were obtained directly through PubChem (https://pubchem. 
ncbi.nlm.nih.gov/) or after recognizing structures based on StoneMIND Collector. The obtained SMILES strings were 
imported into SwissTargetPrediction (http://www.swisstargetprediction.ch) and SEA (https://sea.bkslab.org/) databases.

Potential Target Genes of Breast Cancer
Information on breast cancer target genes was obtained from the GeneCard database (http://www.genecards.org/), 
Therapeutic Target Database (TTD; http://db.idrblab.net/ttd/), and Online Mendelian Inheritance in the Man® (OMIM) 
database (https://omim.org/). The keyword “breast cancer” was used, and the GeneCard database had a relevance score 
>5.27 The Search Tool for the Retrieval of Interacting Genes (STRING) database (https://cn.string-db.org/) was used for 
gene name conversion of target proteins.

Construction of Networks
Association of target genes of 8-O-acetylharpagide and its metabolites with breast cancer was investigated using the Venny 2.1 
website (https://bioinfogp.cnb.csic.es/tools/venny/index.html). Protein–protein interaction (PPI) analysis was performed 
using the functional protein association network (STRING), and the core targets were screened according to a degree ≥5.28 

Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of core target genes was conducted in the Database 
for Annotation, Visualization, and Integrated Discovery (DAVID) database (https://david.ncifcrf.gov/), and potential path
ways for 8-O-acetylharpagide and its metabolites were determined.

Compound-target-disease networks and compound-target-pathway networks were constructed using Cytoscape 
(ver. 3.7.2). Nodes in the Comparative Toxicogenomics Database (CTD) network represent interactions between 
compounds and target genes, and compound target pathway (CTP) indicates interactions between compounds, target 
genes, and pathways.

Molecular Docking
The aim of this study was to determine the interactions between metabolites and their protein targets, as well as to 
explore their binding modes. Therefore, six compounds and six core proteins were selected for molecular docking 
validation. The three-dimensional (3D) structures of 8-O-acetylharpagide and its metabolites were downloaded from 
PubChem or drawn by ChemDraw and Chem 3D software. Docked proteins were selected from the Research 
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB) database (https://www.rcsb.org/), 
UniProt database (https://www.uniprot.org), and AlphaFold database (https://alphafold.ebi.ac.uk) with the following 
selection criteria: “Homo sapiens” proteins; refinement resolution ≤2.5 A; complete conformational sequence, including 
small molecule information in the structural complex; and crystallization pH close to the normal human physiological 
range. Component-target molecule docking was performed using AutoDock Tools (ver. 1.5.6). The visualization of 
docking results was realized using PyMOL software.

Western Blotting Analysis
The experiments on animals were approved by the Laboratory Animal Ethics Committee of the Dongfang Hospital 
Beijing University of Chinese Medicine (protocol code: DFYY2023B33M). Female Balb-C mice (age: 4 weeks; weight: 
22±2 g) were purchased from Beijing Vital River Laboratory Animal Technology Co. (animal acquisition license: SCXK 
(JING) 2021-0006). Mouse modeling of breast cancer was performed by subcutaneously injecting 4T1 cells into the back 
of each animal.7,23 Appearance of nodular tumors with a diameter measuring 2–4 mm within 1 week denoted successful 
modeling. Thereafter, mice with breast cancer were divided into four groups: control group (treated with 0.1 mL saline 
once daily: n=5); low-dose 8-O-acetylharpagide group (75 mg/kg once daily, n=5); high-dose 8-O-acetylharpagide group 
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(150 mg/kg once daily, n=5); and positive drug group (intraperitoneal cyclophosphamide, 60 mg/kg, once weekly, n=5). 
After 4 weeks, the mice were anesthetized with isoflurane inhalation (induced 4%, maintenance 1.5–2.0% at room 
temperature) in an animal anesthesia machine (RWD, Shenzhen, China), and tumor tissues were obtained for Western 
blotting analysis.

Breast cancer tumor tissues were treated on ice with radioimmunoprecipitation assay buffer (50 mm Tris-HCl, 
pH 7.4, 150 mm NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate), which contains 
sodium orthovanadate, sodium fluoride, ethylenediaminetetraacetic acid, leupeptin, and other inhibitors (Beyotime, 
Shanghai, China). The lysates were centrifuged at 12,000 rpm for 15 min, and the proteins were quantified using the 
BCA Protein Assay Kit (MDL, Beijing, China). Total proteins were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. The primary antibodies used 
in the analyses were AKT (1:1000; Biodragon, China), p-AKT (1:1000; proteintech, China), NF-κB p65 (1:1000; 
proteintech, China), MMP9 (1:1000; Biodragon, China), and β-actin (1:3,000; Affinity, China). The secondary 
antibody was a goat anti-rabbit conjugated to horseradish peroxidase (1:10,000, MDL). Western blotting results 
were detected and analyzed using Image Studio Lite.

Statistical Analysis
GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was used to conduct statistical analyses. The data were 
presented as the mean ± standard error of the mean. Comparisons between two groups were analyzed by t-test, while 
analysis between multiple groups was performed using one-way analysis of variance. P-values < 0.05 indicate statisti
cally significant differences.

Results
Metabolite Identification
The identification of metabolites of 8-O-acetylharpagide was carried out using UNIFI software. Binary comparison 
method was used to eliminate the interference of blank matrix. The compounds detected only in drug-containing samples 
were considered metabolites, and the identification was based on binary comparisons, characteristic fragments, and 
retention time comparisons with their prototypes. Metabolic product identification was based on the ion fragmentation 
pattern of 8-O-acetylharpagide (Supplementary Figures S1 and S2). A total of 21 metabolites were screened in plasma 
(n=3), urine (n=15), feces (n=15), bile (n=10), and intestinal flora (n=2), and the chemical structures of nine of these were 
determined (Supplementary Table S1). Metabolic reactions included hydrolysis, dehydration, reduction, methylation, and 
glucuronidation (Figure 1). The extracted ion chromatograms and MS/MS spectra of the above metabolites are shown in 
Supplementary Figure S3. All identified 8-O-acetylharpagide metabolites are listed in Table 1.

One such metabolite, M1, eluted at 13.08 min. The quasimolecular ion peak [M+Na]+ of M1 was observed at 
401.1127 m/z in the positive ion mass spectrum, suggesting a molecular formula of C15H22O11. The MS/MS mass 
spectrum of M1 showed a product ion at 149.1149 m/z [M+Na-Glu-HCOOH-CH3CHO]+, mirroring the product ion of 
8-O-acetylharpagide at 149.1286. This correlation, alongside the molecular formula speculation, preliminarily identified 
M1 as a demethylation metabolite of 8-O-acetylharpagide.

The retention time of the metabolite M2 was 13.21 min. The cationic first-order mass spectrum showed the quasimolecular 
ion peak [M+Na]+ at 373.1192 m/z, predicting a molecular formula of C14H22O10. The secondary mass spectrum showed the 
fragmentation ion at 201.1081 m/z [M+Na-H2O-Glu-CH3CHO]+. The molecular weight was 56 Da and 28 Da lower than that 
8-of O-acetylharpagide and M1, respectively. Combined with the predicted molecular formula, this evidence indicated that 
M2 is a demethylation and deacetylation metabolite of 8-O-acetylharpagide.

The excimer ion peak [M+Na]+ of metabolite M3 was at 227.0839 m/z, eluting at 5.32 min. The molecular formula 
was predicted to be C9H16O5. The secondary fragment ion was at 121.0085 m/z [M+Na-H2O-H2-CH3CHO-CH2-CO]+. 
Based on the above data and in conjunction with the literature, it was speculated that M3 is the dihydrogen-harpagenin, 
the deacetylation, hydrolysis and reduction product of 8-O-acetylharpagide.29
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Figure 1 Metabolic profile and proposed metabolic pathways of 8-O-acetylharpagide in vitro and in vivo.
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Table 1 The Analytical Profile of 8-O-Acetylharpagide Metabolites Identified by UPLC-Q-TOF-MS/MS

Metabolites Metabolic Pathway Formula Observed m/z Observed RT (min) Mass Error (mDa) Adducts MS/MS

M0 P C17H26O11 429.1286 9.27 −0.2 +Na 369.1039, 351.0924, 209.0625, 149.0406, 121.0457

M1 P+2x(-CH2) C15H22O11 401.1127 13.08 1.5 +Na 365.2199, 311.1853, 251.1484, 149.1149

M2 P-C2H2O-CH2 C14H22O10 373.1192 13.21 0.1 +Na 351.2170, 201.1081, 251.1494, 131.0650

M3 P-C2H2O-C6H10O5+H2 C9H16O5 227.0839 5.32 −2.1 +Na 192.0831, 166.0519, 121.0085, 107.0291

M4 P-C6H10O5+H2 C11H18O6 269.1026 5.62 4.2 +Na 237.1303, 209.1341, 180.0823, 149.1121

M5 P-C6H10O5+2 x (H2) C11H20O6 271.1135 10.48 −1.8 +Na 288.2043, 220.0340, 204.9802, 193.0506 149.0223, 130.0646

M6 P-C6H10O5+H2+CH2 C12H20O6 283.1104 8.74 2.3 +Na 271.0430, 185.0403, 149.0748, 121.0443

M7 P- C6H10O5+ H2+2x(+CH2) C13H22O6 297.1281 9.61 −1.8 +Na 255.0473, 209.1070, 192.0823, 134.0760

M8 P- C6H10O5+O+H2 C11H18O7 285.0992 13.03 −0.8 +Na 260.2043, 217.1039 149.0762, 121.0810, 109.0813

M9 P- C6H10O5+O+ H2+CH2 C12H20O7 299.1116 11.70 2.0 +Na 281.1000, 263.0890, 229.1043, 149.0396, 133.0445, 107.0289

M10 P- C6H10O5+O+ H2+2x(+CH2) C13H22O7 313.1235 7.48 −5.0 +Na 295.1125, 166.0661, 162.0351, 149.0398, 121.0642, 120.0606

M11 P- C6H10O5+CH2 C22H22O12 281.0999 9.75 0.3 +Na 243.0944, 215.0981, 187.1026, 149.0385

M12 P- C6H10O5+CH2 C22H22O12 281.1003 11.67 0.6 +Na 203.0907, 149.0404, 133.0444, 125.0760

M13 P- C6H10O5+2x(+CH2) C13H20O6 295.1205 13.42 1.2 +Na 260.2043, 217.1039, 171.0968, 149.0762, 121.0810, 109.0813

M14 P- C6H10O5+2x(+O)+CH2 C12H18O8 313.0937 11.92 2.7 +Na 304.1420, 287.1147, 265.0861, 209.0978, 135.0602, 117.0498

M15 P- C6H10O5+C6H8O6 C17H24O12 443.1229 12.11 −0.9 +Na 378.2233, 303.1542, 219.1287, 180.0821, 121.0655

M16 P- C6H10O5+O-CH2+C6H8O6 C16H22O13 445.2555 9.31 3.1 +Na 429.1285, 313.1010, 187.1242, 149.0405, 121.0445

M17 P-C2H2O-C6H10O5-H2O+2x(+CH2) C11H16O4 235.0889 8.98 −4.9 +Na 173.1085, 147.0565, 121.0075, 120.0606

M18 P-C2H2O-C6H10O5-H2O+2x(+CH2) C11H16O4 235.0890 10.68 −2.2 +Na 207.0936, 191.0981, 121.0815, 120.0606

M19 P+O+H2 C17H28O12 447.1454 15.47 −1.9 +Na 369.2037, 351.1828, 209.1314, 121.0658

M20 P+O+H2+CH2+C6H8O6 C24H38O18 637.1942 9.26 −0.9 +Na 429.1281, 369.1030, 351.0918, 209.0611, 167.0502, 121.0446

M21 P+2x(+O)+H2+2x(+C6H8O6) C29H44O25 815.1965 18.58 0.8 +Na 369.2299, 351.2179, 301.1986, 204.1558, 184.0549

Note: P represents prototype, 8-O-acetylharpagide.
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Metabolite M4, eluting at 5.62 min, showed an excimer ion peak [M+Na]+ at 269.1026 m/z in the positive ion mass 
spectrum. Its predicted molecular formula was C11H18O6. The secondary mass spectrum featured product ions at 
149.1121 m/z [M+Na-CH3COOH-H2-CH3CHO-CH2]+ and 209.1341 m/z [M+Na-H2-CH3CHO-CH2]+, aligning with 
the product ions of 8-O-acetylharpagide at 149 and 209. M4, lighter by C6H8O5 compared with 8-O-acetylharpagide and 
42 Da heavier than M3, is presumed to be a hydrolyzation and reduction metabolite.

Metabolite M5, eluting at 10.48 min, showed an excimer ion peak [M+Na]+ at 271.1135 m/z in the positive 
ion mass spectrum. Its predicted molecular formula was C11H20O6. The secondary mass spectrum featured 
product ions at 149.0223 m/z [M+Na-CH3COOH-2H2-CH3CHO-CH2]+ aligned with the product ions of 
8-O-acetylharpagide at 149. M5 is 2 Da heavier than M4; thus, it is presumed to be a reduction metabolite 
of M4.

The metabolite M6 excimer ion peak [M+Na]+ was at 283.1104 m/z and eluted at 8.74 min. The molecular formula 
was predicted to be C12H20O6. The secondary fragment ions were at 121.0443 m/z [M+Na-CH3COOH-H2-CH3 

CHO-2CH2-CO]+ and 149.0748 m/z [M+Na-CH3COOH-H2-CH3CHO-2CH2]+. The molecular weight of M6 was 14 
Da higher than that of M4. Combined with the predicted molecular formula, these findings indicate that M6 is 
a methylation metabolite of M4. According to the steric hindrance of the methyl substituent, methylation is most likely 
to occur at the 6-position hydroxyl group.30

The quasimolecular ion peak [M+Na]+ of metabolite M7 was at 297.1281 m/z with a retention time of 9.61 min. Its 
molecular formula was predicted to be C13H22O6. The secondary fragmentation ion was at 209.1070 m/z [M+Na-H2-CH3 

CHO-3CH2]+. It was 14 Da and 28 Da heavier than metabolites M6 and M4, respectively. Hence, it was determined that 
M7 is a methylation product of M6. Based on the steric hindrance of the methyl substituent, it is possible to determine 
where methylation is most likely to occur.30

The excimer ion peak [M+Na]+ of metabolite M8 was at 285.0992 m/z; it weighed 16 Da more than M4 and eluted at 
13.03 min. Its predicted molecular formula was C11H18O7. The major secondary fragment ions were at 149.0762 m/z [M 
+Na-CH3COOH-H2O-CH3CHO-CH2]+ and 121.0810 m/z [M+Na-CH3COOH-H2O-CH3CHO-CH2-CO]+. Therefore, it 
is speculated that M8 is the hydroxylation product of M4. However, the concrete hydroxylation site could not be 
confirmed.31

The metabolite M9 was eluted at 11.70 min, and the molecular ion peak [M+Na]+ was at 299.1116 m/z, 
indicating that it weighed 16 Da and 14 Da more than M6 and M8, respectively. The predicted molecular formula 
of M9 was C12H20O7, and the characteristic secondary fragment ion was at 149.0396 m/z [M+Na-CH3COOH-H2O- 
CH3CHO-2CH2]+. Therefore, it was predicted that M9 is the hydroxylation product of M6 or the methylation 
product of M8.

Metabolite M10, eluting at 7.48 min, displayed an excimer ion peak [M+Na]+ at 313.1235 m/z. Its predicted 
molecular formula was C13H22O7, and it was 14 Da, 28 Da, and 16 Da heavier than M9, M8, and M7, respectively. 
This suggests that M10 is a methylation product of M9. The mass spectrum revealed characteristic fragment ions at 
121.0642 m/z [M+Na-CH3COOH-H2O-CH3CHO-3CH2-CO]+ and 149.0398 m/z [M+Na-CH3COOH-H2O-CH3 

CHO-3CH2]+.
Metabolite M11–M12 is an isomer with quasimolecular ion peaks [M+Na]+ at 281.0999 and 281.1003 m/z with 

retention times of 9.75 and 11.67 min, respectively. The molecular formula was predicted to be C22H22O12.The 
characteristic secondary fragment ion was at 149.0385 and 149.0404 m/z [M+Na-CH3COOH-CH3CHO-2CH2]+, respec
tively. It weighed 2 Da less than the metabolite M6, and it could be preliminarily determined that M11–M12 were the 
dehydrogenation products of M6.

The retention time of metabolite M13 was 13.42 min. The primary mass spectrum showed the quasimolecular ion 
peak [M+Na]+ to be 295.1205 m/z. The molecular formula was predicted to be C13H20O6. Fragment ions at 
121.0810 m/z [M+Na-CH3COOH-CH3CHO-3CH2-CO]+ and 149.0762 m/z [M+Na-CH3COOH-CH3CHO-3CH2]+ 

were present. M13 weighed 14 Da more than M11–M12 and was presumed to be a methylation product of 
M11–M12.

The metabolite M14 eluted at 11.92 min with an excimer ion peak [M+Na]+ at 313.0937 m/z. Its molecular formula 
was predicted to be C12H18O8. The characteristic fragmentation ion was at 209.0978 m/z [M+Na-2O-CH3 
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CHO-2CH2]+ generated by the secondary mass spectrum. Its molecular weight was 32 Da higher than those of M11– 
M12 and may contain two additional oxygen. Therefore, it was presumed to be a hydroxylation product of M11–M12.

The retention time of metabolite M15 was 12.11 min. The cation first-order mass spectra showed that the excimer ion 
peak [M+Na]+ was at 443.1229 m/z. The molecular formula was predicted to be C17H24O12. The fragment ion was at 
121.0655 m/z [M+Na-C6H8O6-CH3CHO-CH2-CO]+. Combined with the molecular formula, this evidence suggested that 
M15 was a hydrolyzation and glucuronidation metabolite.

The metabolite M16 excimer ion peak [M+Na]+ was at 445.2555 m/z and eluted at 9.31 min. The molecular formula was 
expected to be C16H22O13. Its molecular weight was 2 Da higher than that of M15. Thus, it was presumed that M16 was 
a demethylation and hydroxylation product of M15. Secondary mass spectrometry generated characteristic fragment ions at 
121.0445 m/z [M+Na-C6H8O6-O-CH3CHO-CO]+ and 149.0405 m/z [M+Na-C6H8O6-O-CH3CHO]+.

Metabolites M17–M18 are isomers with quasimolecular ion peaks [M+Na]+ at 235.0889 and 235.0890 m/z with 
retention times of 8.98 and 10.68 min, respectively. The molecular formula was predicted to be C11H16O4.The 
characteristic secondary fragment ion was at 121.0075 and 121.0815 m/z [M+Na-CH3CHO-3CH2]+. It weighed 60 Da 
less than the metabolite M13. In combination with the structural formula, this evidence indicated that M17–M18 were 
deacetylation and dehydration products of M13.

The metabolite M19 had a quasimolecular ion peak [M+Na]+ at 447.1454 m/z and eluted at 15.47 min. The molecular 
formula was predicted to be C17H28O12. Its molecular weight was 18 Da higher than that of 8-O-acetylharpagide; hence, it was 
presumed that M19 was a product of reduction and hydroxylation of 8-O-acetylharpagide. Secondary mass spectra generated 
characteristic fragment ions at 369.2037 m/z [M+Na-CH3COOH-H2O]+, 351.1828 m/z [M+Na-CH3COOH-2H2O]+, 
209.1314 m/z [M+Na-Glc-H2O-CH3CHO-CH2]+, and 121.0658 m/z [M+Na-Glc-CH3COOH-H2O-CH3CHO-CH2-CO]+.

The metabolite M20 had a quasimolecular ion peak [M+Na]+ at 637.1942 m/z and eluted at 9.26 min. The molecular 
formula was predicted to be C24H38O18. Its molecular weight was 208 Da higher than that of 8-O-acetylharpagide. Thus, it was 
presumed that M20 was a product of reduction, methylation, hydroxylation and glucuronidation of 8-O-acetylharpagide. 
Secondary mass spectra generated characteristic fragment ions at 369.1030 m/z [M+Na–CH3COOH–H2O–C6H8O6–CH2]+, 
351.0918 m/z [M+Na–CH3COOH–2H2O–C6H8O6–CH2]+, 209.0611 m/z [M+Na–Glc–H2O–C6H8O6–CH3CHO–2CH2]+, 
149.0396 [M+Na–Glc–CH3COOH–H2O–C6H8O6–CH3CHO–2CH2]+, and 121.0446 m/z [M+Na–Glc–CH3COOH–H2 

O–C6H8O6–CH3CHO–2CH2–CO]+. The hydroxyl group at positions 5 and 6 of aglycones can be glucosylated, and the steric 
hindrance of the hydroxyl group at position 6 is the least; hence, hydroxyl substitution may occur at position 6.30

The metabolite M21 excimer ion peak [M+Na]+ was at 815.1965 m/z and eluted at 18.58 min. The molecular formula was 
expected to be C29H44O25. Its molecular weight was 368 Da higher than that of M19. Therefore, it was presumed that M21 was 
a glucuronidation and hydroxylation product of M19. Secondary mass spectrometry generated characteristic fragment ions at 
369.2299 m/z [M+Na–CH3COOH–2O–H2–2C6H8O6]+ and 351.2179 m/z [M+Na–CH3COOH–H20-2O-H2-2C6H8O6]+.

Optimization of Mass Spectrometry and Chromatography and Method Validation
The conditions for chromatography and mass spectrometry were optimized for the sensitive and efficient analysis of 
8-O-acetylharpagide and lidocaine. Gradient elution and 0.1% formic acid improved sensitivity, and the absence of interference 
from endogenous substances in urine or fecal samples was confirmed after sample treatment (Supplementary Figure S4).

The typical calibration curve equations and linear ranges for 8-O-acetylharpagide in bile, urine, and feces are shown 
in Supplementary Table S2. The results showed a good correlation between the peak area ratios and the concentrations of 
8-O-acetylharpagide over the linear range.

Excretion Study
The cumulative excretion results of the analytes in rat bile, urine, and feces after oral administration of 8-O-acetylharpagide are 
displayed in Figure 2. The total recovery of 8-O-acetylharpagide in bile was 0.84% over 4 h compared with the administered 
dose. The lower recovery of 8-O-acetylharpagide in bile indicated that few untransformed forms were excreted in bile; this 
observation might be due to the first-pass effect. The cumulative urinary and fecal excretion of 8-O-acetylharpagide stabilized 
after 24 h. The excretion data for 8-O-acetylharpagide in urine and feces indicate that <1.5% of the administered dose was 
excreted in unconverted form. In addition, the fecal excretion was less compared with the urinary excretion.
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Network Pharmacology Analysis
Prediction of Compound- and Breast Cancer-Related Targets
Five active metabolites (ie, M1, M2, M3, M5, and M15) of 8-O-acetylharpagide were identified by 
SwissTargetPrediction and SEA. Moreover, a total of 280 relevant targets for 8-O-acetylharpagide and its five 
active metabolites were evaluated. Furthermore, 5020 genes related to breast cancer were screened from OMIM, 
GeneCards, and TTD databases. The 312 identified targets included fibroblast growth factor 1 (FGF1), FGF2, 
vascular endothelial growth factor A (VEGFA), MMP family, and heat shock protein 90 alpha family class 
A member 1 (HSP90AA1),10,32–35 which are closely related to breast cancer. This result suggests that 
8-O-acetylharpagide and its metabolites exert anti-breast cancer effects through various mechanisms. Using 
VENNY 2.1 software to create the drug-disease overlapping target Venn diagram, a total of 188 overlapping targets 
were identified (Figure 3E). To preliminarily analyze the medicinal value of these six compounds in the treatment of 
breast cancer, a CTD network was constructed using Cytoscape v3.7.2 software (Figure 3A). The network showed 
219 nodes, including six compounds, 213 target genes, and 465 compound-target gene interaction edges 
(Supplementary Table S3). All compounds had an interaction degree >15; this finding implied that these compounds 
might regulate multiple targets to exert different therapeutic effects.

Figure 2 Cumulative excretion of 8-O-acetylharpagide in the bile of rats after oral administration of a single dose of 12 mL/kg 8-O-acetylharpagide (A). Fecal (B) and 
urinary (C) cumulative excretion of 8-O-acetylharpagide in rats following oral administration at a single dose of 10.5 mL/kg 8-O-acetylharpagide (n = 5).
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PPI Analysis
To elucidate the relationship between genes and identify more valuable targets for further analysis, a PPI network 
consisting of 184 nodes and 3614 edges was established (Figure 3B; Supplementary Table S4). The 178 genes with 
a degree ≥5 were selected for KEGG analysis.

KEGG Enrichment Analysis and CTP Network Establishment
KEGG enrichment analysis was performed using DAVID on 178 targets selected by PPI. The top 20 pathways were 
selected for further analysis as shown in Supplementary Table S5. In order to visualize the relationship between the six 

Figure 3 (A) The CTD network was built by the compounds (green) and potential targets (blue); (B) The PPI network of 184 potential targets; (C) CTP network was built 
by the compounds (yellow), potential targets (blue), and pathways (green); (D) Enriched KEGG pathways analysis of breast cancer potential targets; (E) Venn diagram of the 
shared genes of 8-O-acetylharpagide and its active metabolites targets with breast cancer.
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compounds, 20 pathways, and 123 targets from the 20 pathways, a CTP network diagram was constructed using 
Cytoscape 3.9.1 (Figure 3C; Supplementary Table S6). As shown in Figure 3D, those pathways were mainly related 
to metabolism (n=2), disease (n=10, of which seven were directly related to cancer), environmental information 
processing (n=5), cellular processes (n=1), and organismal systems (n=2).

M5 as a Key Active Metabolite
Molecular docking between the top six breast cancer-related targets (glyceraldehyde-3-phosphate dehydrogenase 
[GAPDH, PDB ID: IU8F]; AKT serine/threonine kinase 1 [AKT1, PDB ID: 3O96]; epidermal growth factor 
receptor [EGFR, PDB ID: 1M17]; signal transducer and activator of transcription 3 [STAT3, PDB ID: 5AX3]; 
caspase 3 [CASP3, PDB ID: 6X8I]; and MMP9 [PDB ID: 1GKC]) selected based on the PPI network and 
8-O-acetylharpagide and its active metabolites were performed to assess protein-ligand binding potential. The 
docking combinations between 8-O-acetylharpagide and its metabolites and targets are shown in Table 2. Binding 
energy <0 Kcal/mol denoted docking between the component and the protein, while binding energy <−1.2 Kcal/mol 
indicated satisfactory docking.36

Based on the docking results, 8-O-acetylharpagide did not exhibit significant binding affinity with GAPDH, STAT3, or 
MMP9 and showed low affinity for AKT1 and CASP3. Among its metabolites, M3 and M5 demonstrated the strongest binding 
with multiple targets. Specifically, M5 showed favorable docking with GAPDH, AKT1, EGFR, STAT3, CASP3, and MMP9, 
with binding energies of −5.64 kcal/mol, −6.17 kcal/mol, −5.22 kcal/mol, −4.38 kcal/mol, −6.9 kcal/mol, and −6.53 kcal/mol, 
respectively. Similarly, M3 exhibited strong interactions with GAPDH, AKT1, EGFR, STAT3, CASP3, and MMP9, with 
binding energies <−1.2 kcal/mol for all. The 3D docking models of compounds with binding energies <−1.2 kcal/mol are shown 
in Figure 4.

Effect of 8-O-Acetylharpagide on the AKT/NF-κB/MMP9 (AKT/Nuclear Factor-κB/ 
MMP9) Signaling Axis in Mouse Breast Tumors
Based on the in silico findings, the effects of 8-O-acetylharpagide treatment on the AKT/NF-κB/MMP9 signaling 
axis were evaluated using Western blotting analysis (Figure 5A). As shown in Figure 5B–F, the protein levels of 
MMP9 and AKT were significantly decreased in the tumors of the high-dose 8-O-acetylharpagide group 
compared with the model group. Notably, the levels of phosphorylated AKT (p-AKT) and NF-κB (p65) were 
also markedly reduced, indicating a suppression of the AKT/NF-κB pathway. In addition, the p-AKT/AKT ratio 
was significantly lower in the 8-O-acetylharpagide-treated group, further supporting the inhibitory effect of 
8-O-acetylharpagide on the AKT signaling. These results suggest that 8-O-acetylharpagide may exert its anti- 
breast cancer effects through modulation of the AKT/NF-κB/MMP9 signaling axis, providing valuable insights 
into its mechanism of action.

Table 2 Docking Binding Energy of Potential Active Metabolites with 
Key Targets (Kcal/Mol)

Ligands Receptors

GAPDH AKT1 EGFR STAT3 CASP3 MMP9

M0 0.13 −0,55 −0.13 0.02 −0.57 0.14

M1 −0.47 −1.25 −0.18 0.52 −1.08 −0.12
M2 −0.51 −1.45 −0.62 −0.62 −1.77 −0.67

M3 −2.72 −4.48 −2.6 −2.51 −4.07 −2.84

M5 −5.64 −6.17 −5.22 −4.38 −6.9 −6.53
M15 0.22 −1.22 −0.35 0.77 −3.22 0.58
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Figure 4 Molecular docking model 3D diagram. (A) M1 binds to AKT1. (B) M2 binds to AKT1 (a) and CASP3 (b). (C) M3 binds to AKT1 (c), CASP3 (d), GAPDH (e), MMP9 (f), STAT3 (g) and EGFR (h). (D) M5 binds to AKT1 (i), CASP3 
(j), GAPDH (k), MMP9 (l), STAT3 (m) and EGFR (n). (E) M15 binds to AKT1 (o) and CASP3 (p).
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Discussion
Ajuga decumbens, the primary constituent of the Xiaoai Jiedu Formula, plays a crucial role in its therapeutic efficacy. 
When combined with fluorouracil, epirubicin, and cyclophosphamide chemotherapy, this formula significantly enhances 
clinical outcomes in patients with breast cancer by improving treatment efficacy, boosting immune function, and 
alleviating clinical symptoms.37,38 Additionally, it mitigates chemotherapy-induced adverse effects, such as gastrointest
inal discomfort and bone marrow suppression,39 making it a valuable adjunctive therapy in comprehensive cancer 
treatment. Notably, 8-O-acetylharpagide is the principal bioactive component of Ajuga decumbens6–8 and exhibits 
promising anticancer potential.22,23,40 Given that the pharmacological activity of traditional Chinese medicine is closely 
linked to its chemical constituents, and that metabolic transformation can generate active metabolites with enhanced 
pharmacological effects,41 understanding the metabolic fate of 8-O-acetylharpagide is critical. Investigating the in vivo 
processes and identifying the active metabolites of 8-O-acetylharpagide will provide essential insights into its mechanism 
of action, potentially uncovering novel therapeutic agents and optimizing its clinical application.

As the primary metabolic organ, the liver is rich in enzymes, particularly cytochrome P450 enzymes, which play a crucial role 
in drug biotransformation.42,43 Additionally, the intestine serves as an important site for drug metabolism, with the gut microbiota 
significantly influencing drug absorption, metabolism, and toxicity.44,45 Oral administration of 8-O-acetylharpagide in a breast 

Figure 5 Changes in AKT, p-AKT, NF-κB (p65) and MMP9 levels in breast cancer tissues of different groups of mice (n = 5). (A) Representative Western blot images of the 
AKT, p-AKT, NF-κB (p65) and MMP9 levels; (B–F) Quantification of the AKT, p-AKT, p-AKT/AKT, NF-κB (p65) and MMP9 levels. **** P < 0.0001; *** P < 0.001.
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cancer mouse model resulted in tumor growth inhibition.23 However, in a pharmacokinetic study, Shen et al demonstrated that its 
absolute bioavailability was only 7.7%.24 This finding suggested that its anti-breast cancer effects may not be mediated by the 
parent compound. Therefore, the objective of this study was to characterize the metabolites of 8-O-acetylharpagide in rat plasma, 
bile, feces, and in vitro intestinal flora. The results showed that 8-O-acetylharpagide may be hydrolyzed and reduced by intestinal 
microbiota and hepatic enzymes and metabolized to metabolites M3 and M5. Previous studies have shown that iridoid glycosides 
can be hydrolyzed by gut microbial β-glucosidases into their active aglycones, which are subsequently absorbed to exert 
pharmacological effects.46,47 For example, Zhi-zi-chi Decoction components geniposide and genipin-1-gentiobioside could be 
metabolized to genipin, a known antidepressant metabolite.48 Additionally, the reduction reactions mediated by the gut 
microbiota play an essential role, potentially influencing drug absorption and therapeutic efficacy. Koppel et al49 reported that 
gut bacterial reductases could convert intestinally poorly absorbed berberine into the absorbable form dihydroberberine. Next, 
dihydroberberine is absorbed by the gut, oxidized back to berberine in intestinal tissues, and subsequently enters the bloodstream 
to exert its pharmacological effects. These findings align with our results, highlighting the importance of metabolic transforma
tion in drug efficacy. This study emphasizes the significant role of metabolism, particularly the involvement of the hepatic and 
intestinal microbiota in the bioactivation of 8-O-acetylharpagide. The evidence suggests that the therapeutic effects of 
8-O-acetylharpagide may be mediated by its metabolites rather than the parent compound itself. Therefore, it is critical to 
understand these metabolic pathways to optimize the efficacy of 8-O-acetylharpagide and other similar compounds, especially in 
drug development and personalized medicine.

The excretion profile of 8-O-acetylharpagide further supports the notion that extensive metabolism occurs before 
elimination. In this study, only 0.84% of the administered 8-O-acetylharpagide was recovered in bile over a 4-h period, 
and <1.5% of the dose was excreted in urine and feces in its unchanged form within 24 h. These findings indicate that 
8-O-acetylharpagide undergoes rapid and extensive metabolic transformation in vivo, with minimal direct excretion. This 
phenomenon is consistent with observations from previous studies on structurally similar iridoid glycosides, which have 
also shown low recovery of the parent compound in excreta due to significant hepatic and microbial metabolism before 
elimination.50 The presence of multiple metabolites in feces and bile suggests that enterohepatic circulation and gut 
microbial metabolism play a key role in the metabolic fate of 8-O-acetylharpagide (Supplementary Figure S5), influen
cing its pharmacokinetic behavior and overall bioavailability.51 These results emphasize the necessity to further 
investigate the metabolic pathways and active metabolites of 8-O-acetylharpagide to better understand its pharmacolo
gical effects.

Network pharmacology, a powerful tool for explaining complex interactions from a systemic perspective, has been 
widely used to predict the main active components and possible targets in Chinese medicine.52 In this study, our network 
pharmacology analysis revealed 20 relevant pathways. Among the acquired signaling pathways, hypoxia inducible 
factor-1 (HIF-1) was a major regulator of breast cancer progression,53 and modulation of HIF-1 inhibited breast cancer 
growth.54 The PI3K/AKT pathway plays an important role in the development and progression of breast cancer, and 
activation of the PI3K/AKT signaling pathway reduces apoptosis, stimulates cell growth, and increases cell 
proliferation.55 Similarly, iridoids in Ajuga decumbens could inhibit the breast cancer stem cell invasion by suppressing 
the PI3K/AKT and ERK1/2 MAPK signaling pathways.6,8 These findings support the results of our KEGG pathway 
enrichment analysis. The data also suggested that 8-O-acetylharpagide and its metabolites might be the active compo
nents of iridoids in Ajuga decumbens exerting anti-breast cancer effects.

Molecular docking simulations were performed to explore the binding interactions between 8-O-acetylharpagide and its 
five active metabolites with six key targets. The docking results indicated that none of the binding energies for 
8-O-acetylharpagide to the key targets were <−1.2 kcal/mol. This finding suggested that 8-O-acetylharpagide itself may not 
be the primary compound responsible for its anti-breast cancer effects. In contrast, metabolites M3 (a hydrolysis, reduction, 
and deacetylation product) and M5 (a hydrolysis and reduction product) exhibited stronger binding affinities to the six breast 
cancer-related targets. Notably, M3 and M5 showed significant binding to MMP9, aligning with previous evidence demon
strating that Ajuga decumbens extract inhibits breast cancer metastasis by downregulating MMP9 expression.7 High expres
sion of MMP9 in tumor or stromal cells is correlated with poor prognosis in breast cancer.56–58 Studies have shown that MMP9 
overexpression in tumors is associated with lymph node metastasis and predicts shorter overall survival in patients.59 

Additionally, MMP9 promotes tumor growth and angiogenesis through interactions with vascular endothelial growth 
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factor/vascular endothelial growth factor receptor 2 (VEGF/VEGFR2) receptors,60 enhancing the invasiveness of breast 
cancer cells and facilitating lung metastasis.61,62 These findings suggest that M3 and M5 inhibit breast cancer progression by 
suppressing MMP9 expression.

SwissADME63 analysis revealed that among 8-O-acetylharpagide and its metabolites, only M3 and M5 demonstrated 
high gastrointestinal absorption and bioavailability, with a bioavailability score of 0.55, indicating promising drug-like 
properties (Supplementary Table S7). The iLOGP value of M5 (1.55) was higher than that of M3 (1.04), suggesting that 
M5 possesses better lipid solubility,63 which may enhance its absorption. Moreover, the retention time of M5 (10.48 min) 
was longer than that of M3 (5.32 min), further supporting the idea that M5 is less polar. This characteristic may enhance 
its ability to permeate the cell membrane and exert more potent effects on breast cancer cells. The fluid-mosaic model of 
cell membranes explains that nonpolar compounds preferentially diffuse through the phospholipid bilayer, leading to 
enhanced bioavailability.64 Therefore, M5 appears to be the main active metabolite of 8-O-acetylharpagide, and its 
pharmacological effects warrant further investigation.

Building upon the molecular docking and SwissADME findings, Western blotting analysis was conducted to further 
elucidate the potential therapeutic mechanisms of 8-O-acetylharpagide in breast cancer. The results showed that after 
treatment with 8-O-acetylharpagide, key proteins involved in tumor progression, including AKT and MMP9, were 
significantly downregulated. Notably, while the parent compound exhibited minimal direct target binding (<−1.2 kcal/ 
mol), its in vivo efficacy likely stems from metabolic activation to M5, a hypothesis supported by SwissADME 
predictions of excellent druggability for M5. The reduction in p-AKT and NF-κB (p65) levels, along with a decrease 
in the p-AKT/AKT ratio, suggest that 8-O-acetylharpagide inhibits the activation of the AKT/NF-κB signaling axis, 
which is critical for cell proliferation, survival, and metastasis in breast cancer. Activation of AKT upregulates NF-κB 
(p65), which in turn induces the expression of MMP9, a key protease involved in extracellular matrix degradation and 
cancer cell invasion.65,66 The suppression of both AKT and NF-κB signaling, along with the downregulation of MMP9 
expression, likely inhibit breast cancer cell invasion and metastasis. The inhibition of MMP9, a critical factor in tumor 
metastasis, by 8-O-acetylharpagide and its metabolites may therefore contribute to its anti-breast cancer effects. These 
findings are consistent with those of previous studies, which have shown that inhibition of the AKT/NF-κB/MMP9 
signaling axis suppresses tumor growth and metastasis in breast cancer.67,68 Taken together, these results provide strong 
evidence that 8-O-acetylharpagide, potentially through its metabolites, exerts anticancer effects by modulating the AKT/ 
NF-κB/MMP9 signaling axis. These findings highlight the potential of 8-O-acetylharpagide and its metabolites as 
promising therapeutic agents for targeting the AKT/NF-κB/MMP9 signaling axis in breast cancer treatment. This 
evidence offers a novel strategy for inhibiting tumor progression and metastasis.

In this study, we identified the metabolic products of 8-O-acetylharpagide and, through network pharmacology, 
molecular docking, and experimental validation, revealed potential anticancer metabolites involved in its anti-breast 
cancer effects. However, this study had several limitations. Firstly, we did not directly validate the metabolite M5 in 
experimental models; hence, its specific therapeutic effects remain to be confirmed. Secondly, the relationship between 
8-O-acetylharpagide and its metabolites, particularly M5, in terms of metabolic conversion requires further exploration. 
Future research should focus on the potential development of M5 or similar metabolites as therapeutic agents, including 
formulating new treatments, devising targeted strategies, or investigating their synergistic effects with existing therapies. 
Additionally, a deeper understanding of the active ingredients in other herbs from the Xiaoai Jiedu Formula, as well as 
isolating monomeric compounds to create formulations that reflect the multi-component, multi-pathway nature of 
traditional Chinese medicine, may enhance treatment efficacy. Lastly, the lack of direct clinical validation in humans 
limits the generalizability of these findings. Future studies should aim to evaluate the safety and clinical relevance of the 
identified metabolites, ensuring their potential for widespread therapeutic use.

Conclusions
In summary, this research identified M5 as a key metabolite of 8-O-acetylharpagide. The results showed that oral 
administration of 8-O-acetylharpagide exerts anti-breast cancer effects by inhibiting the AKT/NF-κB/MMP9 signaling 
axis. Furthermore, this effect may be achieved after 8-O-acetylharpagide is metabolized to M5. This provides 
a foundation for developing M5 as a novel therapeutic agent and integrating traditional Chinese medicine into modern 
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cancer treatment. However, further validation in human models is needed to confirm its therapeutic potential, and 
strategies to improve the bioavailability of 8-O-acetylharpagide should be explored. Future studies should focus on 
optimizing drug delivery systems and evaluating the efficacy of M5 in advanced breast cancer models to facilitate its 
clinical translation.
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