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Abstract. Abdominal aortic aneurysm (AAA) is a life-threatening vascular disease with limited 
medical therapies. The role and targets of icariin, a flavonoid from Epimedium brevicornu Maxim, 
in AAA remain unclear. First, transcriptomic data from the GEO dataset GSE183464 were analyzed 
to screen differentially expressed genes (DEGs). DEGs were then integrated with M1 polarization-
related genes (GeneCards) and icariin-targeted genes (CTD/SwissTargetPrediction) using Venn 
analysis, and the obtained candidate genes were subjected to GO and KEGG enrichment analyses. 
Machine learning (LASSO and Random Forest) was employed to prioritize core targets from a gene 
expression matrix, followed by molecular docking (AutoDock Vina) for assessing the binding 
affinity between icariin and Cytochrome P450 Family 1 Subfamily B Member 1 (CYP1B1), and 
visualizing (PyMOL and Discovery Studio) the binding modes. The effects of icariin were evaluated 
in THP-1-derived macrophages. Bioinformatics identified 15 candidate genes; machine learning 
converged on CYP1B1/BCL2L11. Molecular docking confirmed icariin’s high affinity for CYP1B1. 
Icariin dose-dependently inhibited LPS/IFN-γ-induced M1 polarization and NF-κB activation, while 
CYP1B1 overexpression reversed these effects. Icariin also reduced M1-induced VSMC apoptosis. 
By demonstrating that icariin alleviates AAA by targeting CYP1B1 to suppress NF-κB-driven M1 
polarization and VSMC apoptosis, this study establishes the icariin-CYP1B1 axis as a promising 
therapeutic strategy.
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Introduction

Abdominal aortic aneurysm (AAA) constitutes a  life-
threatening vascular disorder, distinguished primarily by the 
progressive expansion of the abdominal aorta (Haque et al. 
2022; Wang et al. 2023). Despite a growing understanding 
of AAA pathophysiology, effective medical therapies remain 
elusive, making surgical intervention the mainstay treatment 
to prevent rupture in eligible cases, highlighting an urgent 

need for novel targets (Cho et al. 2023; Puertas-Umbert et 
al. 2023). To understand why therapeutic options remain 
limited, it is critical to first examine AAA’s core pathogenesis: 
chronic inflammation, extracellular matrix degradation, 
and vascular smooth muscle cell (VSMC) apoptosis, driven 
primarily by M1 macrophage polarization and aberrant 
NF-κB activation (Shioi et al. 2018; Chang et al. 2020; Lu et al. 
2021). Activated M1 macrophages secrete proinflammatory 
cytokines (e.g., TNF-α and IL-6) and matrix metalloprotein-
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ases, disrupting aortic structure, while NF-κB mediates both 
M1 polarization and VSMC apoptosis (Huang et al. 2024; 
Xu et al. 2025). However, the specific molecules linking 
these processes remain poorly defined, hindering targeted 
therapy development.

Against this backdrop, natural products like icariin, 
a major flavonoid from Epimedium brevicornu Maxim, have 
emerged as promising cardiovascular therapeutics (Sánchez-
Gutiérrez et al. 2024). Icariin suppresses macrophage foam 
cell formation in atherosclerosis and mitigates myocardial 
ischemia-reperfusion injury (Fang et al. 2017). However, its 
potential effects on M1 polarization and VSMC survival in 
the context of AAA, as well as the specific targets involved, 
have not been investigated. A potential candidate target is Cy-
tochrome P450 Family 1 Subfamily B Member 1 (CYP1B1), 
a CYP450 enzyme linked to vascular inflammation: CYP1B1 
deficiency reduces macrophage cytokine production and 
ameliorates vascular remodeling in hypertension, yet its ex-
pression and function in AAA and interaction with icariin are 
unknown (Du et al. 2025). To bridge these gaps, integrative 
bioinformatics and machine learning have become indispen-
sable tools for target discovery in complex diseases, enabling 
systematic screening of transcriptomic data and prioritiza-
tion of candidate genes (Zhou et al. 2024). Machine learning 
techniques, as a key application of artificial intelligence (AI) in 
advancing medical research and target identification (Ahuja 
et al. 2024; Ogbonna et al. 2025), were employed to prioritize 
core targets from the gene expression matrix, enhancing the 
reliability of our candidate gene selection. Such approaches 
can accelerate the identification of molecules connecting 
inflammation, VSMC dysfunction, and AAA, addressing the 
limitations of traditional experimental methods.

To systematically elucidate the molecular targets and 
mechanisms underlying icariin’s potential therapeutic effects 
on AAA, an integrated approach combining computational 
screening with experimental validation was implemented. 
First, a systematic screening via bioinformatics and machine 
learning was conducted to pinpoint core targets; subsequent-
ly, the interaction between icariin and the prioritized target 
was structurally validated; finally, the functional role of this 
target in mediating icariin’s effects on M1 polarization and its 
consequential impact on VSMC apoptosis was mechanisti-
cally elucidated. This work aims to provide a novel molecular 
basis for icariin’s therapeutic potential against AAA.

Materials and Methods

Bioinformatics analysis

Transcriptomic data of AAA tissues were retrieved from the 
Gene Expression Omnibus (GEO) database under the acces-
sion number GSE183464, which includes RNA sequencing 

data from 14 human abdominal aortic tissue samples (7 AAA 
patients and 7 healthy controls). Raw data were normalized 
using the limma R  package, and differentially expressed 
genes (DEGs) between the AAA and control groups were 
identified with the thresholds of adj. p < 0.05 and |log2(fold 
change, logFC)| > 2. A volcano plot was generated via Graph-
Pad Prism to visualize DEGs.

Meanwhile, genes implicated in M1 macrophage polariza-
tion were compiled from the GeneCards database (https://
www.genecards.org/) by applying a  filter for a  Relevance 
Score greater than 10 to the search term M1 macrophage 
polarization, thereby ensuring a high degree of functional 
association. Additionally, potential targets of icariin were 
predicted by interrogating both the Comparative Toxi-
cogenomics Database (CTD, https://ctdbase.org/) and the 
SwissTargetPrediction platform (https://www.swisstarget-
prediction.ch/). A  non-redundant gene set representing 
icariin targets was then created through the combination of 
findings derived from these two separate databases, along 
with the elimination of duplicate entries.

The three gene sets (AAA DEGs, M1 polarization-related 
genes, and icariin-targeted genes) were uploaded to the Ven-
ny online tool (https://bioinfogp.cnb.csic.es/tools/venny/) for 
intersection analysis. The overlapping genes were defined as 
icariin-AAA potential target genes. Their expression profiles 
from the GSE183464 dataset were visualized in a heatmap 
using the pheatmap package in R. The heatmap included 
hierarchical clustering of both samples (comparing AAA 
versus control) and genes.

To further characterize the biological functions and 
pathways associated with these DEGs, Gene Ontology (GO) 
functional enrichment analysis (including biological process 
(BP), cellular component (CC), and molecular function 
(MF)) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis were performed using 
the clusterProfiler R package. Enrichment terms were con-
sidered statistically significant at an adjusted p-value < 0.05. 
The top 10 significantly enriched terms for each category 
were visualized using bubble plots.

Least absolute shrinkage and selection operator (LASSO) 
regression

First, a gene expression matrix (15 potential genes × 14 sam-
ples) from GSE183464 was constructed, with sample groups 
(AAA = 1, control = 0) as the response variable. The penalty 
parameter λ was optimized via 10-fold cross-validation, and 
the λ value corresponding to the minimum partial likelihood 
deviance (λ.min) was selected to minimize overfitting. Genes 
with non-zero coefficients under λ.min were considered 
LASSO-screened targets. A coefficient path plot and a partial 
likelihood deviance plot were generated to illustrate the gene 
selection process.

https://www.genecards.org/
https://www.genecards.org/
https://ctdbase.org/
https://www.swisstargetprediction.ch/
https://www.swisstargetprediction.ch/
https://bioinfogp.cnb.csic.es/tools/venny/
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Random forest (RF)

The randomForest package was used to build an RF classifier. 
The same gene expression matrix and response variable as 
LASSO were used, with the count of decision trees (denoted 
as ntree) fixed at 500, and the number of variables sampled per 
split (referred to as mtry) optimized through cross-validation. 
The importance of each potential gene was evaluated by the 
Mean Decrease in Gini index, which reflects the contribution 
of a gene to sample classification accuracy. Genes with an 
importance score in the top 50% were defined as RF-screened 
targets, and a feature importance bar plot was generated. The 
targets screened by LASSO and RF were uploaded to Venny 
2.1 for intersection analysis. Genes shared by both algorithms 
were identified as core target genes for subsequent validation.

Molecular docking

Both the ligand (icariin) and the protein target (human 
CYP1B1, PDB ID: 3PM0) were prepared for docking using 
AutoDock Vina. The structure of icariin was acquired from 
the PubChem database, after which Gasteiger charges were 
added, and nonpolar hydrogen atoms were merged. The 
protein structure was obtained from the PDB, followed by 
the removal of water molecules and co-crystallized ligands 
using PyMOL 2.5 and modeling of missing side chains us-
ing the Swiss-Model server. Finally, both molecules were 
converted to PDBQT format within AutoDock Tools, with 
Kollman united atom charges added to the protein.

The binding pocket of CYP1B1 was defined based on its 
active site, with a grid box set to 20×20×20 Å (x: 50.0, y: 
45.0, and z: 38.0) and a grid spacing of 0.375 Å. For com-
parison, BCL2L11 (another core target, PDB ID: 2BZW) was 
processed using the same protocol and docked with icariin. 
The docking run was performed with exhaustiveness set to 
32, and the binding energy (kcal/mol) of the most stable 
conformation was recorded. A binding energy more negative 
than −5 kcal/mol was considered indicative of strong binding 
affinity. The most stable icariin-CYP1B1 docking complex 
was visualized using PyMOL 2.5 to show intermolecular 
interactions (hydrogen bonds, π-alkyl interactions, and van 
der Waals forces). A 2D interaction diagram was generated 
using Discovery Studio Visualizer 21.1 to label residue-
specific contacts between icariin and CYP1B1.

Cell lines and culture conditions

The human monocytic leukemia THP-1 cell line (ScienCell, 
San Diego, CA, USA) was maintained in RPMI 1640 medium 
(Gibco, Grand Island, NY, USA) supplemented with 2 mM 
L-glutamine, 4.5 g/l glucose, 10 mM HEPES, 1.0 mM sodium 
pyruvate, 10% heat-inactivated fetal bovine serum (FBS, Gib-
co), and 1% antibiotic-antimycotic mixture (Gibco). Primary 

human abdominal aortic VSMCs (ScienCell) were grown 
in Smooth Muscle Cell Medium (ScienCell) containing 5% 
FBS, 1% smooth muscle cell growth supplement (Invitrogen, 
Carlsbad, CA, USA), and 1% antibiotic-antimycotic mixture. 
Both cell types were incubated under standard conditions 
at 37°C in a humidified atmosphere of 5% CO2. The growth 
medium was refreshed at 2–3 day intervals to keep THP-1 
cells within a density range of 5×104 to 8×105 cells/ml. To 
ensure phenotypic stability, the VSMCs were utilized be-
tween passages three and five.

Cell differentiation and polarization

THP-1 monocytes were first plated in 6-well plates at 
a density of 2×106 cells per well, and subsequently exposed 
to 100 nM phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich, St. Louis, MO, USA) for a 24 h incubation. After 
differentiation, the medium was discarded, and cells were 
washed twice with phosphate-buffered saline (PBS, Gibco) 
to remove residual PMA.

For M1 macrophage polarization, differentiated mac-
rophages were assigned to the following groups: a control 
group receiving no stimulation; an LPS/IFN-γ group treated 
with 100 ng/ml LPS and 50 ng/ml IFN-γ; two interven-
tion groups receiving LPS/IFN-γ along with either 5 μM 
or 10 μM icariin; a rescue group transfected with CYP1B1 
overexpression plasmid and treated with LPS/IFN-γ and 
icariin; and an independent CYP1B1 overexpression group 
(and its corresponding empty vector control group) that 
was transfected with plasmid/vector but received no icariin 
pretreatment and no LPS/IFN-γ stimulation. Cells were pre-
incubated with icariin (at least 98% pure) for 1 h before being 
stimulated with LPS/IFN-γ for 24 h. Cells in the independent 
overexpression groups were cultured in complete medium 
for 24 h under identical conditions, without any additional 
treatment. Icariin was dissolved in DMSO (Sigma-Aldrich), 
with a final concentration of less than 0.1%, which was con-
firmed to be non-cytotoxic.

Cell transfection and co-culture

The CYP1B1 overexpression plasmid (pcDNA3.1-CYP1B1, 
hereinafter and in the figures referred to as “CYP1B1”) 
and the empty vector (pcDNA3.1) were obtained from 
a commercial source (GenScript, Nanjing, China). THP-1 
macrophages were transfected with 2 μg plasmid/vector 
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
following the manufacturer’s protocol. Indirect co-culture 
was conducted using a Transwell system (pore diameter of 
0.4 μm, Corning, Corning, NY, USA). Specifically, THP-1 
macrophages were plated in the upper compartment at 
a density of 1×106 cells per insert, while VSMCs were seeded 
in the lower compartment at 1×106 cells per well in a 6-well 
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plate. Co-cultures were maintained in RPMI 1640 medium 
with 1% FBS for 24 h, after which VSMCs were collected for 
apoptosis-related protein detection.

Cell counting kit-8 (CCK-8) assay

Cell viability was assessed using the CCK-8 (Beyotime 
Biotechnology, Shanghai, China) according to the manu-
facturer’s instructions. Briefly, THP-1-derived macrophages 
were placed in 96-well plates at 1×104 cells per well. After cells 
were treated with 1-50 μM icariin for 24 h, 10 μl of CCK-8 
solution was added to each well and incubated at 37°C for 
2 h. A microplate reader (BioTek Instruments, Winooski, VT, 
USA) was employed to measure the absorbance at 450 nm.

Western blotting (WB)

Cells were washed twice with PBS and lysed in RIPA buffer 
(Beyotime Biotechnology) supplemented with 1% protease 
inhibitor cocktail (Beyotime Biotechnology) and 1% phos-
phatase inhibitor cocktail (Beyotime Biotechnology) on ice 
for 30 min. Lysates were centrifuged at 12000×g for 15 min 
at 4°C, and supernatants (total protein) were collected. Pro-
tein concentration was measured using a BCA protein assay 
kit (Beyotime Biotechnology) with bovine serum albumin 
(BSA) as the standard.

Equal amounts of protein (30 μg/lane) were mixed with 
5×SDS loading buffer and denatured at 95°C for 10 min. 
Proteins were separated by 10% (MMP9, NF-κB p65, and 
Bcl2) or 12% (iNOS, CD38, IL-17A, Cleaved-caspase 3, Bax, 
and GAPDH) sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE; Bio-Rad, Hercules, CA, USA) 
gels at 120 V for 90 min. Separated proteins were transferred 
onto PVDF membranes (0.45 μm, Bio-Rad) at 300 mA for 
90–120 min (4°C), with longer transfer times for high-molec-
ular-weight proteins (iNOS: 131 kDa and IL-17RA: 125 kDa).

Membranes were blocked using 5% non-fat milk (Solarbio, 
Beijing, China) in TBST, with an incubation duration of 1 h 
under room temperature conditions. The membranes were 
incubated overnight at 4°C with primary antibodies​ (Abcam, 
Cambridge, UK) at optimized dilutions: anti-iNOS (ab178945, 
1:1000, Abcam), anti-CD38 (ab108403, 1:1000, Abcam), anti-
MMP9 (ab137867, 1:1500, Abcam), anti-IL-17RA (ab263908, 
1:1000, Abcam), anti-NF-κB p65 (ab32536, 1:1000, Abcam), 
anti-p-NF-κB p65 (ab239882, 1:1000, Abcam), anti-Cleaved-
caspase 3 (ab2302, 1:1000, Abcam), anti-Bax (ab182733, 
1:1000, Abcam), anti-Bcl2 (ab32124, 1:1000, Abcam), and 
anti-GAPDH (loading control; ab181602, 1:5000, Abcam). 
After three TBST washes (10 min each), membranes were 
incubated with HRP-conjugated goat anti-rabbit IgG (ab6721, 
1:10000, Abcam) for 1 h at room temperature. Protein bands 
were visualized using an ECL detection kit (Beyotime Bio-
technology) and a Tanon 5200 chemiluminescence imaging 

system. Band intensities were assessed via ImageJ, and rela-
tive expression of the target protein was derived as the ratio 
between its intensity and that of GAPDH.

Enzyme-linked immunosorbent assay (ELISA)

Levels of TNF-α, IL-6, and IL-17A in cell culture supernatants 
were quantified using human ELISA kits (R&D Systems, 
Minneapolis, MN, USA) following the manufacturer’s proto-
cols. Supernatants were collected after 24 h of treatment and 
centrifuged at 1000×g for 10 min to remove debris. Standards 
(recombinant human TNF-α, IL-6, or IL-17A prepared as 
serial dilutions) and samples (cell culture supernatants) were 
loaded onto pre-coated wells and incubated for 2 h at room 
temperature. After washing, biotin-conjugated detection anti-
bodies against human TNF-α, IL-6, or IL-17A were added and 
incubated for 1 h, followed by streptavidin-HRP incubation 
for 20 min. Substrate solution was added, and the reaction was 
stopped with 2 N H2SO4. Absorbance was read at 450 nm, and 
cytokine concentrations were calculated from standard curves.

Flow cytometry

VSMC apoptosis was analyzed using an Annexin V-FITC/PI 
Apoptosis Detection Kit (Beyotime Biotechnology). After 
24 h of co-culture with the macrophages, VSMCs were har-
vested, washed with PBS, and resuspended in binding buffer. 
Cells were stained with Annexin V-FITC and propidium 
iodide (PI) for 15 min in the dark. Apoptosis was quantified 
using a BD FACSVerse flow cytometer (BD Biosciences, San 
Jose, CA, USA), and data were analyzed with FlowJo.

Statistical analysis

All experiments were performed with three independent 
biological replicates (n = 3), and each biological replicate was 
assayed in three technical triplicates. Data were expressed as 
mean ± standard deviation (SD), with GraphPad Prism 9.0 
used to analyze the results. Differences between two groups 
were compared using an unpaired two-tailed Student’s t-test, 
while one-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test was used for comparisons among three 
or more groups. Statistical significance was defined as * p < 
0.05, ** p < 0.01, and *** p < 0.001.

Results

Bioinformatics identification of icariin-targeted genes medi-
ating M1 macrophage polarization in AAA

To dissect the molecular crosstalk underlying AAA, M1 
macrophage polarization, and icariin intervention, bioin-
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formatics analyses were performed using the GEO dataset 
GSE183464. Differential expression profiling revealed 
extensive transcriptional remodeling in AAA, with 954 up-
regulated and 289 downregulated genes (Fig. 1A). To identify 
core candidates at the intersection of these processes, the 
AAA transcriptional profile was integrated with sets of M1 
polarization-related genes and predicted icariin-target genes 
via a Venn analysis (Fig. 1B). This integration yielded 15 can-
didate genes, implying their potential role in mediating the 
tripartite interaction. A heatmap of these genes confirmed 
distinct expression patterns that clearly separated AAA from 
control samples (Fig. 1C). Notably, genes such as CYP1B1, 
NOS2, and PRKCB exhibited marked differential expression, 
reinforcing their candidacy as key regulators.

To further elucidate the biological functions and signaling 
pathways of these 15 candidate genes in AAA pathogenesis, 
GO functional enrichment analysis and KEGG pathway 
enrichment analysis were performed. The results showed 
that these genes were significantly enriched in BP closely 
associated with the research focus, including inflammatory 
response, macrophage activation and polarization, and regu-
lation of vascular smooth muscle cell apoptosis in the GO 
biological process category (Fig. S1A see in Supplementary 
material). In the CC category, the genes were enriched in the 
extracellular region, plasma membrane, and inflammatory 
factor receptor complex, critical for inflammatory signal 
transmission and macrophage-VSMC crosstalk (Fig. S1B); in 
the MF category, enrichment was observed in cytokine bind-
ing, NF-κB complex binding, and oxidoreductase activity, 
key for M1 polarization and inflammatory signal activation 
(Fig. S1C). KEGG pathway analysis further demonstrated 
that the 15 candidate genes were predominantly enriched in 
the NF-κB signaling pathway, TNF signaling pathway, and 

IL-17 signaling pathway, all of which are pivotal for driving 
AAA-related chronic inflammation and VSMC apoptosis 
(Fig. S1D).

Collectively, these analyses identified a core set of 15 genes 
that bridge AAA pathology, M1 macrophage polarization, 
and icariin regulation, and further clarified their functional 
characteristics and key signaling pathways in AAA patho-
genesis, laying a  foundation for subsequent mechanistic 
validation.

Machine learning refines core target genes in icariin-mediated 
AAA pathogenesis

Building on the 15 candidate genes identified earlier, ma-
chine learning strategies, namely LASSO regression, and RF, 
were deployed to prioritize key regulators bridging icariin, 
M1 macrophage polarization, and AAA. LASSO regression 
first filtered genes by shrinkage intensity. The coefficient 
path plot (Fig. 2A) tracked how gene coefficients evolved 
with increasing log Lambda (λ): as log λ rose, most coef-
ficients diminished toward zero, while five genes (KDM6B, 
CYP1B1, BCL2L11, CD38, and TNFRSF11B) maintained 
non-zero values, signifying their robust model relevance. 
Complementing this, the partial likelihood deviance plot 
(Fig. 2B) defined the optimal λ  (log(λ.min) = −5.4044), 
striking a balance between model complexity and predictive 
power to mitigate overfitting.

Following this, the relative importance of the 15 candi-
dates was assessed by RF. The bar plot (Fig. 2C) uncovered 
PRKCB, CYP1B1, NOS2, and BCL2L11 as top-ranked 
features, implying their dominant role in distinguishing 
AAA-associated M1 polarization. To identify genes consist-
ently prioritized by both algorithms, a Venn diagram (Fig. 

Figure 1. Bioinformatics screening of candidate genes associated with AAA, M1 macrophage polarization, and icariin. A. Volcano plot 
illustrating differential gene expression in AAA vs. control tissues from GSE183464 (p < 0.05, |log2(fold change)| > 2); red and green 
dots denote upregulated and downregulated genes, respectively. B. Venn diagram intersecting three gene sets: AAA differential genes, 
M1 macrophage polarization-related genes, and icariin-targeted genes. C. Heatmap showing expression profiles of 15 intersecting genes 
across 7 AAA and 7 control samples, with hierarchical clustering based on transcriptional patterns.

A B C
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2D) intersected the gene sets selected via LASSO (5 genes) 
and RF (4 genes). This intersection yielded two overlapping 
genes: CYP1B1 and BCL2L11.

By integrating the shrinkage-driven selection of LASSO and 
the feature importance framework of RF, these complementary 
machine learning approaches converged on these two genes 
as core candidates, refining the initial set of 15 candidates into 
a focused set for subsequent mechanistic validation.

Molecular docking validates CYP1B1 as a high-affinity 
target of icariin

Following the identification of CYP1B1 and BCL2L11 as core 
candidates via machine learning, molecular docking was 

performed to assess their binding potential with icariin. Mo-
lecular docking visualized the 3D interaction profile between 
icariin and CYP1B1 (Fig. 3A). The global structural view 
localized icariin within the catalytic cleft of CYP1B1, while 
the magnified inset uncovered a network of intermolecular 
interactions: hydrogen bonds (e.g., ASP-492 and ARG-523), 
van der Waals contacts, and π-alkyl interactions (PRO-160). 
The calculated binding energy of −8.3 kcal/mol indicated 
a thermodynamically favorable complex. In contrast, icariin 
exhibited negligible binding affinity to BCL2L11 (data not 
shown), eliminating it as a direct molecular target.

To further dissect the interaction landscape, a 2D interac-
tion map (Fig. 3B) delineated residue-specific contacts. Con-
ventional hydrogen bonds (e.g., ARG-523 and ALA-495), 

Figure 2. Machine learning-based prioritization of core target genes. A. LASSO coefficient path plot depicting coefficient shrinkage across 
increasing log λ; genes retaining non-zero coefficients at optimal λ are labeled. B. Partial likelihood deviance plot for LASSO regression, 
illustrating the relationship between log λ and model deviance to identify λ.min and λ.1se. C RF feature importance plot, where bar height 
reflects the relative contribution of each candidate gene. D. Venn diagram intersecting genes selected by LASSO and RF, highlighting 
CYP1B1 and BCL2L11 as shared targets.
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carbon-hydrogen bonds, and van der Waals forces syner-
gistically stabilized the icariin-CYP1B1 complex, with key 
residues (e.g., PRO-160 and GLN-357) forming the critical 
binding interface.

Cumulatively, these docking analyses confirmed CYP1B1 
as a  high-affinity target of icariin, providing a  structural 
basis for its potential role in modulating M1 macrophage 
polarization during AAA pathogenesis.

Icariin suppresses M1 macrophage polarization in THP-
1-derived macrophages

Following molecular docking confirmation of icariin’s high-
affinity binding to CYP1B1, cellular assays were designed to 
investigate icariin’s functional impact on M1 macrophage 
polarization. To identify a  non-toxic concentration range 
for icariin, cell viability was assessed. The CCK-8 assay 
demonstrated that concentrations of 5 and 10 μM were well 
tolerated, while 20 μM and 50 μM significantly impaired 
cell viability (* p < 0.05 and ** p < 0.01, respectively; Fig. 
4A). Therefore, the non-cytotoxic concentrations of 5 and 
10 μM icariin were selected for all subsequent mechanistic 

studies to ensure that any observed effects were attributable 
to icariin’s specific pharmacological actions rather than 
general cytotoxicity.

Subsequently, WB (Fig. 4B) analyzed M1 polarization 
markers (iNOS, CD38, and MMP9). LPS/IFN-γ stimulation 
markedly upregulated these proteins, whereas icariin co-
treatment (5 and 10 μM) dose-dependently attenuated their 
expression. Quantitative densitometry (Fig. 4C) confirmed 
robust inhibition: for iNOS, CD38, and MMP9, 10 μM icariin 
reduced protein levels compared to the LPS/IFN-γ group, 
indicative of potent suppression of M1 polarization.

Taken together, these findings demonstrated that icariin, 
at physiologically relevant concentrations, inhibited M1 
macrophage polarization in THP-1-derived cells, consistent 
with its predicted interaction with CYP1B1.

CYP1B1 overexpression reverses icariin-mediated inhibition 
of M1 polarization and NF-κB signaling

To elucidate whether icariin suppresses M1 macrophage 
polarization through targeting CYP1B1, gain-of-function 
experiments were conducted. Robust CYP1B1 overexpres-

A
B

Figure 3. Molecular docking characterization of icariin binding to CYP1B1. A. 3D structural model depicting icariin (yellow) docked 
into the active site of CYP1B1 (gold ribbon), with a magnified view of intermolecular interactions (dashed lines represent hydrogen 
bonds and π-alkyl contacts). B. 2D interaction diagram illustrating specific residue-ligand interactions, color-coded by type: green 
(conventional hydrogen bonds), pink (π-alkyl interactions), and light green (van der Waals forces). (See online version for color figure.)
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gesting NF-κB as a downstream mediator of CYP1B1 in this 
pathway. Consistently, ELISA assays (Fig. 5D–F) revealed 
that icariin reduced LPS/IFN-γ-induced secretion of pro-
inflammatory cytokines (TNF-α, IL-17A, and IL-6), while 
CYP1B1 overexpression partially reversed these effects. This 
cytokine profile mirrored the M1 polarization phenotype, 
further supporting CYP1B1’s role in mediating icariin’s anti-
inflammatory actions.

Thus, these rescue experiments demonstrated that 
CYP1B1 overexpression counteracted icariin’s inhibition 
of M1 polarization, NF-κB activation, and proinflamma-
tory cytokine production, confirming CYP1B1 as a critical 
target through which icariin regulates AAA-associated M1 
macrophage polarization.

Icariin attenuates vascular smooth muscle cell apoptosis 
induced by M1 macrophages via CYP1B1 inhibition

Given the pivotal role of VSMC apoptosis in AAA pathogen-
esis, the study next investigated whether icariin-modulated 
M1 macrophages influence VSMC survival, focusing on 
CYP1B1-mediated effects. VSMC apoptosis was evaluated 
via flow cytometry (Fig. 6A) and WB for apoptosis-related 
proteins (Fig. 6B). Flow cytometry revealed that LPS/IFN-
γ-polarized M1 macrophages significantly increased VSMC 
apoptosis. LPS/IFN-γ + Icariin treatment markedly reduced 
this apoptosis, whereas CYP1B1 overexpression partially 
reversed icariin’s protective effect. Consistently, results from 
WB revealed that LPS/IFN-γ induced pro-apoptotic markers 
(Cleaved-caspase 3 and Bax) and suppressed anti-apoptotic 
Bcl2. LPS/IFN-γ + Icariin treatment reversed these changes, 
while CYP1B1 overexpression blunted icariin’s effects: 
Cleaved-caspase 3 and Bax levels increased, and Bcl2 levels 
decreased compared to the LPS/IFN-γ + Icariin group.

Overall, these results demonstrated that icariin exerted 
its effects in M1 macrophages in a CYP1B1-dependent man-
ner, thereby mitigating VSMC apoptosis triggered by the 
pro-inflammatory milieu and revealing a novel protective 
mechanism against AAA progression.

Discussion

AAA pathogenesis is closely associated with M1 mac-
rophage-driven inflammation and VSMC apoptosis, but 
the molecular targets mediating these processes remain 
incompletely defined (Lai et al. 2020). Although natural 
products have emerged as promising therapeutic agents 
for cardiovascular diseases, their precise targets often re-
quire systematic screening (Sofiullah et al. 2023; Yan et al. 
2024). To address this gap, the study employed a multi-step 
strategy combining bioinformatics, machine learning, and 
experimental validation.

Figure 4. Icariin attenuates M1 macrophage polarization in 
THP-1-derived macrophages. A. CCK-8 assay measuring cell 
viability in THP-1-derived macrophages treated with icariin 
(1–50 μM) for 24 h, following differentiation with 100 nM PMA 
and stimulation with LPS/IFN-γ. B. WB detection of M1 po-
larization markers (iNOS, CD38, and MMP9) in cells grouped 
as: control, LPS/IFN-γ alone, or LPS/IFN-γ plus icariin (5 and 
10 μM). GAPDH was used as a loading control. C. Quantitative 
analysis of protein band intensities normalized to GAPDH, with 
statistical significance relative to the LPS/IFN-γ group indicated 
(* p < 0.05, ** p < 0.01, *** p < 0.001).
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sion at the protein level was verified to validate the cellular 
model for rescue assays (Fig. 5A), which confirmed the 
model’s adequacy for follow‑up experiments. Meanwhile, 
an independent CYP1B1 overexpression group was estab-
lished to exclude non-specific interference from CYP1B1 
overexpression, with no icariin pretreatment or LPS/IFN-γ 
stimulation. CYP1B1 overexpression alone did not signifi-
cantly modify the protein levels of M1 polarization markers 
(iNOS, CD86) or the phosphorylation of NF-κB p65 (Fig. 
S2). These results confirmed that CYP1B1 overexpression 
itself exerted no effect on macrophage M1 polarization or 
NF-κB activity. Building on this, M1 polarization markers 
(iNOS, CD38, and MMP9) were analyzed via WB (Fig. 5B). 
Icariin-induced suppression of these markers was partially 
reversed by CYP1B1 overexpression: for iNOS, CD38, and 
MMP9 protein levels in the CYP1B1-overexpressing group 
were significantly higher than in the icariin-treated group, 
indicating CYP1B1-dependent regulation.

To probe the signaling mechanism, the researchers as-
sessed NF-κB activation via phosphorylated NF-κB p65 
(p-NF-κB p65) (Fig. 5C). LPS/IFN-γ strongly upregulated 
p-NF-κB p65, which was inhibited by icariin. However, 
CYP1B1 overexpression restored p-NF-κB p65 levels, sug-
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Figure 5. CYP1B1 overexpression abrogates icariin’s anti-M1 effects in THP-1-derived macrophages. THP-1-derived macrophages were 
treated as follows: Control, LPS/IFN-γ, LPS/IFN-γ+Icariin, and LPS/IFN-γ+Icariin+CYP1B1. A. WB of CYP1B1 overexpression efficiency. 
B. WB (left) and densitometric analysis (right) of M1 markers (iNOS, CD38, and MMP9). C. WB (left) and densitometric analysis (right) 
of p-NF-κB p65 and total NF-κB p65. ELISA quantification of TNF-α (D), IL-17A (E), and IL-6 (F) in culture supernatants. Statistical 
significance: ** p < 0.01, *** p < 0.001 vs. indicated groups.
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Figure 6. Icariin suppresses VSMC apoptosis induced by M1 macrophages through CYP1B1 inhibition. VSMCs co-cultured with macrophages 
were divided into four groups as follows: Control, LPS/IFN-γ, LPS/IFN-γ+Icariin, and LPS/IFN-γ+Icariin+CYP1B1. A. Flow cytometry 
plot (Annexin V-FITC/PI staining) and quantification of apoptosis rates. B. WB detection of apoptosis-related proteins (Cleaved-caspase 3, 
Bax, and Bcl2) and densitometric analysis, with GAPDH as loading controls. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 
indicated groups.
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Following this integrative framework, bioinformatics 
analysis of the GSE183464 dataset identified 1243 DEGs 
in AAA tissues, consistent with reports of widespread 
transcriptional remodeling in AAA (Xiong et al. 2024). In-
tegration with M1 polarization-related and icariin-targeted 
genes yielded 15 candidates, reflecting the overlapping 
regulatory networks of inflammation and natural product 
action (Chen et al. 2025). GO functional enrichment and 
KEGG pathway analyses of these 15 candidate genes further 
revealed their significant enrichment in AAA core patho-
logical processes, including M1 macrophage polarization, 
inflammatory signal activation, and VSMC apoptosis, as 
well as classic pro-inflammatory signaling pathways such 
as NF-κB and TNF, which clarified the biological relevance 
of the candidate genes and provided a solid functional basis 
for subsequent core target screening. To refine the candi-
date list, two machine learning techniques were employed: 
LASSO regression, which is adept at feature selection in 
high-dimensional data (Liu et al. 2024), and RF, a robust 
classifier for biological datasets (Nayarisseri et al. 2021). This 
combined analysis converged on CYP1B1 and BCL2L11 as 
the top candidates. This dual-algorithm approach enhances 
target reliability, as demonstrated in previous studies using 
artificial intelligence to prioritize natural product targets 
(Zhou et al. 2024).

Subsequently, molecular docking was performed, which 
revealed icariin bound to CYP1B1 with high affinity via 
hydrogen bonds and π-alkyl interactions, while showing 
negligible binding to BCL2L11. Molecular docking serves 
as a widely used structure-based computational strategy in 
drug discovery and target verification (Muhammed et al. 
2024). This selective binding aligns with findings that natural 
products often interact with CYP450 enzymes to modulate 

their catalytic activity (Hu et al. 2023; ElKhatib et al. 2024). 
To functionally validate this interaction, the study confirmed 
CYP1B1’s role in M1 macrophage polarization. Icariin dose-
dependently reduced LPS/IFN-γ-induced expression of 
iNOS, CD38, and MMP9, key M1 markers, while CYP1B1 
overexpression reversed these effects. This is consistent with 
reports that CYP1B1 deficiency impairs macrophage phago-
cytic function and inflammatory responses (Du et al. 2025) 
and that CYP1B1 knockdown ameliorated cytokine-induced 
cellular damage (Teixeira et al. 2022). The study extended 
these observations by linking CYP1B1 to icariin-mediated 
anti-inflammatory effects in macrophages.

Having established a role in polarization, the investigation 
next focused on the underlying signaling pathway. NF-κB is 
a master regulator of M1 macrophage polarization, and its 
dysregulation drives AAA progression (Xu et al. 2025). The 
study found that icariin inhibited LPS/IFN-γ-induced NF-κB 
p65 phosphorylation, while CYP1B1 overexpression restored 
NF-κB activation. This aligned with previous work showing 
CYP1B1 modulated NF-κB activity (Zhu et al. 2025). Con-
sistent with the modulation of NF-κB, proinflammatory cy-
tokine secretion (TNF-α, IL-17A, and IL-6) mirrored NF-κB 
activation patterns, confirming downstream functional 
consequences. Similar findings have been reported for other 
natural products, which suppress macrophage cytokine pro-
duction via NF-κB inhibition (Xu et al. 2022), but the study 
uniquely tied this pathway to CYP1B1 targeting by icariin.

Given the critical impact of M1 macrophages on vascular 
integrity, the functional consequence on VSMC apoptosis 
was then examined. VSMC apoptosis is a hallmark of AAA, 
driven in part by proinflammatory M1 macrophages (Shioi 
and Ikari 2018). Inflammatory response, oxidative stress, 
and abnormal cell death are conserved pathological mecha-
nisms underlying multiple cardiovascular disorders (Singh 
et al. 2023). The co-culture experiments demonstrated that 
icariin-treated M1 macrophages reduced VSMC apoptosis, 
as evidenced by decreased Cleaved-caspase 3/Bax and 
increased Bcl2 expression – effects reversed by CYP1B1 
overexpression. This is consistent with reports that target-
ing macrophage polarization protects VSMCs in vascular 
diseases (Pan et al. 2022), and extends these findings by 
identifying the icariin-CYP1B1 axis as a novel regulatory 
mechanism. Notably, CYP1B1 has been linked to cellular 
hypertrophy and fibrosis in other organs (Pingili et al. 2020), 
but its role in AAA-related VSMC apoptosis is unreported. 
This suggests that CYP1B1 may act as a conserved regula-
tor of the crosstalk between M1 macrophages and vascular 
smooth muscle cells across vascular pathologies.

Several limitations of the present study should be stated. 
First, all mechanistic investigations were performed using in 
vitro cell models, which fail to fully recapitulate the complex 
inflammatory microenvironment, multicellular crosstalk, 
and systemic regulatory network of human abdominal aortic 

Figure 7. Proposed model of icariin’s protective mechanism against 
AAA.
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aneurysm in vivo. Second, the current study lacks validation 
from in vivo animal models of AAA, which restricts the 
translational potential of the present findings. Third, the 
in vivo pharmacokinetic properties of icariin, including its 
absorption, distribution, metabolism, and excretion, have 
not been explored. Unclear pharmacokinetic characteristics 
hinder the determination of an optimal administration regi-
men, which is essential for the further clinical application 
and translation of icariin. These limitations will be system-
atically addressed in future research to promote the clinical 
transformation of icariin.

In conclusion, the study identifies CYP1B1 as a  high-
affinity target of icariin and demonstrates that icariin in-
hibits M1 macrophage polarization and subsequent VSMC 
apoptosis via CYP1B1-mediated NF-κB suppression. This 
work integrates transcriptomic-driven omics screening 
with experimental validation to unravel a novel regulatory 
pathway in AAA pathogenesis, while providing an action-
able target for AAA therapy, as summarized in the proposed 
model of Figure 7. The findings support further investigation 
of icariin and CYP1B1 modulators as potential therapeutic 
agents for AAA.
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