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Introduction: This research explores the therapeutic potential of Arctigenin
(AG) against triple-negative breast cancer (TNBC) and elucidates its underlying
molecular mechanisms.

Methods: Potential targets of AG and TNBC-related genes were identifed
through public databases. By intersecting drug-specifc and disease-related
targets, key genes were selected for further analysis. Diferential gene expression
profling and Weighted Gene Co-expression Network Analysis (WGCNA)
were performed. Functional enrichment analysis was conducted using Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).
Machine learning algorithms were employed to identify hub genes, followed
by validation through molecular docking, molecular dynamics (MD) simulations,
and surface plasmon resonance (SPR) assays. In vitro experiments including cell
viability assays, cell cycle analysis, apoptosis detection, and Western blotting
were performed on MDA-MB-453 and MDA-MB-231 cell lines.

Results: Our study identifed 183 AG-related targets, 5,193 diferentially
expressed genes, and 6,173 co-expression module genes associated with TNBC.
Machine learning algorithms pinpointed 4 hub genes from 28 intersecting
targets. Molecular docking, Molecular dynamics (MD) and surface plasmon
resonance (SPR) indicated a moderately strong interaction between AG
and SRC kinase, where the oxygen atom of AG forms hydrogen bonds
with the oxygen atom in M341 and the nitrogen atom in G344 of SRC.
In vitro experiments confrmed that AG reduced the viability of MDA-
MB-453 and MDA-MB-231 cells in a concentration-and time-dependent
manner, leading S phase arrest and apoptosis. Western blotting indicated
that AG signifcantly reduced the levels of Bcl-2, caspase-3, and caspase-
9, as well as decreased SRC, p-PI3K-p85, p-AKTl, p-MEK1/2, and p-
ERK1/2 expression in TNBC cells in a concentration dependent manner.
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Conclusion: AG exerts anti-TNBC efects by directly binding to SRC kinase,
concurrently inhibiting both PISK/AKT and MEK/ERK signaling pathways,
ultimately leading to cell cycle arrest and apoptosis.
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FIGURE 1
Flowchart of overall methodology used to predict the anti-cancer
efect of AG for TNBC.

Acquisition of relevant targets of AG
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FIGURE 2

Construction of target network and acquisition of key genes. (a) Structural formula of AG. (b) Diferential expression analysis of the TCGA dataset. (c)
Heatmap of DEGs showing the top 50 genes. (d) Scale independence and mean connectivity of WGCNA. (e) Cluster dendrogram and separation of
gene modules of WGCNA. (f) Diagram of module-trait relationship for the 12 modules. (g) Scatterplot matrix of MM and GS. (h) catterplot of GS for

TNBC vs. MM of the turquoise module. (i) Key genes for the action of AG.

Determination of hub genes with machine
learning

I T o W M A W W M N WM W WA A
O T R R AR W
108 M A O W R W W R

I N 0 O
0010I000000000000000 00000000 000000000000000 C0Do°no0000a
000I000000* 00000 000000 00 022000000 0000000000 000N 00n
OO 0 0

000e0 foC0ootorCoooom
000 000! 000000 0oe0t bOooO! 00000noooon 000 0Obibobol 100
0 0 T 0

0000 00 0o 000 bJ00 o 0rrooCrooCioonomitomnoomoooiitoo0mn
OiOImOoCIDI0NID 00 DI00I000 00O 000000 000000000
0 T M B M
0 I T T
8 A A M W AR
0 o A
I000100100M000000I00] D00 o000 0 O Omoou 0000000 o000
000 000 000 bOo0 1001 o000 000007 bon 00 b 00000007 Doooooo 0o
UioooinobOroonboooototonNttoO om0 It0o0I00iIono00roo00
T A 0 M B AT

Frontiers in Molecular Biosciences 04

I
I
(00000IO0IOmNOIbOmo00IDo0ENDON0I000 O 00 00D O00 00 DIT000000
0000000 D00 Orooone0I 000 0oono0it D000 b00ooooo0 0aiDooneonn
1000000 0mO0oeoIoobrtomoboCooinunbomonI b bno0onm0
I
I
I

O T o M A m A [
000 0000 000000 0oo00oe0n joon ioCecd L0001 0obooooomeoie00 ooomeoo
R
0000000IDIDO000000

L1O00000O000000 0000000 000000 0 fioooboComoomioooooon
O A A a0 A m{{
0 A o R W A

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1644169
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Huang et al.

0
8 T
I 0 A W W R N W WA 0 WA A [
00000000N000b0I OIbmboo0nIto0io0NbInC0l0oe00e0I b0 0o 000000
000000IC000000IODI000 bOooomD

1000 00000 Cooo 000000800 0b000000 000 00800000000 00 000000
1 T T o
(0000000 0o ool oOoioamn oooon OocoInoo: Ooootii0ar O0eoooiooIDD
000000 0000000 000 0000001 00000 CoDO0noooD boObOIoIoon Coooon Omaeo
0000OOonoon boo bi0tooomoT boOoooiton Coooood oo boooodh oo
NI00Ibo0000r0IDOnCI00t00me00

Molecular docking

I T
8 T
00l 0I000IC0OnDoooRbo D01 Cioooa: oooonon Lol CobomooooieAdo
(001 00000 O0tiooon C0001 Co0ol boO01 boor bO 00T 0000000l tooo
00000 000men 00 oo Cooon 0eoientol boon Dooom: bOooom 0ooo 00 0o
000ON0ron0o O Dooboomieoobmonboirermonbiin Ceomoo0
O 8 8 T W
00000 Omobo boboooooooool OO ol bopooo 000l noon 0o
0 T 00
(i0O000OICO0CINIOONCOoOOCOmIO O 00oDNONOomoNoIo00 o | 000
00100000 0 OtCo0noodtoo oo oo boodn tooo 0o LrioooCooooooono
00

Molecular dynamics

100000000 GoboOno 0000 000 finDomoot oor 000000 oao

00000 00 D07 000000 booo OO0 boiooooo0 éo00otioooo0 coCOeon [ao
8 O A M B [ A I
000 T A

0O00O0INnoOOIo 000 07 010000000100000000000 D 000000
000000 0 00N0 000000000 00000000000 0000 N0nOI0IC0 000000
0I0000000 00000000 0000 00000001 0000000 000 0000 0000000 00000 0!
O00010000100000000] 00000000000 00000 O N 0 000)0 0010000000000 I
0000 1000000000 0O000000000000007 000 00000001 0000000000000 0000000
0000000InOCIN00000000 00N 000NN 000 O0I0 D0 000000000000
0]} 1 0 R m m a m mmj
000000000 000000001 00N 0000000000 0000000000 OO0 0000000000
00000000000 00000000 O 0000000 00 0IOOi0 000000000000
00 DOoiooono o0 ®Pn Ooom 0001 0OJ000 DO0NI000000! 00000 0000
000mIOII00 DO010000 0000 OO [0 0 000010000 0000 00000000 000000m
00000000DI000 00000000000 000000 00000000000000000000000
0000000000000 00001000 0000 000000l 00000 000000000
0000000 D000 0000000 000001 D007 00000000000 000 100007 000000000 00
00 0 oo m
00N000I0000000N000 0o 0N0000 000100000000 000 000000000000,

10.3389/fmolb.2025.1644169

MM/GBSA calculations

I I 0 R
0000001 000C000n0001000 00! Do bontinoitmobo booon O an
0 0 M
(00 00001000 0000000000 00 0i0U0b000n] [00 bool 00001000 Dooal
0000 00 DX 0000ono0omo0o00ooCoNooane0l 0000oo Oom o0 ooooo0
(100I00001000bommobo0toobanoOInbOamonboonoot DO oo0
I00I0I0CI00ICOoNCoo0OoINo D oOnOmnoitortobon b ireooon
00mOoo 00 booooo

DDDZDD 0 DDDDDZDD 0 DDDDD[D]][ 0 DZDDDDDD oot
00y, 0 000000 0 00y, 0 00y 000
00y, 0 0055 0000 0o

005 O 00, 0 00y, 0 00y 000

DDDDi 0 DDDDiDD: O DDDDDZ]Di (o

I e 1 T A R A W A WM
0 T A
005000000 0000CrOI0DoOOo0oOImE00000monOoiotnO0 g o
000N0m000000000000n000000aIt bOD0nIC0o00DUI00 g n o0
0000000000 00 0b0r ionbO0Inobio 0booool 100, 0tobioo 00000
000 Tl 0
I
I
I
I
I

0000007 000,07 0007 000) 000 CI00I0) 0000000 000,540 00000700200
(100 00000000 D0OIN000I00! 1000000 D0000) 01 0000009000 000 000
0000000 00000N 000000020000 0 000 10000000000y 0000 0000000000
0000000000000] 000000000000 000000000 0000 000 00000000 000000
000,17 00000110 000000000 000000 D000 00 0 00000 000000000
000I00000I00000 0 g0 00000000 00

Surface plasmon resonance (SPR)

000I000000010000000 0000000 C0DI00000M om0 000 080
00 0 0t 0
(000000000 01 00Coinl CooiO C 0oImoe0l Con ool boml Coo ooooemo
0010000000 007 0O 0007 0007 07 0000000000007 00l 001000001 0001 0000000
000 000! 00000 O0Omoo0: boioool co0Omoon iool [ho00 o0 Do O
I O T M [ R M N [A
08
000 C000oibomn 0 Doomioor O 000 000 00000 bOn 000 aOn
0000 Coo0Coo00 oo oooi Comrbol Omor joooooirtom bn oot Coow 0oam
0000 0O0 0O Doion Cioom di0000 0001 0000010 41 0ol 00000000 0n0moon
O0m0o0OOIOonoNno0rO0iDoioni O 000 non0Oo 00ioo0ooamo0
0 Y
1 T T R
0T T A M A

0I0i0000D0DD000E0000D0000000I000O0IMIOIC0DO0000I0D0Da4an
000I0o0Cooooo00oi2l0bo0mInoomibon 0000000000 1 oiOoootmoan
{10307 0000 007 0o J0n il bo0! 00000 C 00000 OB00i 00O 0o boooan
8 A

Frontiers in Molecular Biosciences

0I00I0D 00000t Ol Coiboo Do boeonti o oo onen oo oo
000000000 20000000 Do Ooo0l cooo0 ool bib0m0 ob0n DmoIbood
(0001007 0000007 Bh0B00Ina000 101 0000000000! boool bhoontn 0O 0
0IO00DooOComoomAa,ooon D oneoomon [0 00 oot booonoon

I
I
I
I
I
I

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1644169
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Huang et al.

Cell culture and treatment
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FIGURE 3

Functional enrichment analysis of key genes in TNBC. (a) Bar plot from the GO analysis. (b) Sankey-bubble plot from the KEGG analysis.
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FIGURE 4

Determining target hub genes through machine learning algorithms. (a) Error rate curves of 5-fold cross-validation of SVM-RFE algorithm. (b) Accuracy
rate curves of 5-fold cross-validation of SVM-RFE algorithm. (c) Coe¥cients diagrams of Lasso analysis. (d) Cross validation curve for Lasso. (e) Error
rate curve of RF method. (f) Variable importance value of RF method. (g) Hub genes identifcation from three machine learning algorithms. (h)
Expression analysis of the hub genes based on the TCGA dataset. (i) ROC curve of hub genes.
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FIGURE 5

Molecular docking interactions of AG with hub genes. (a) Molecular docking interaction between AG and CDC25. (b) Molecular docking interaction
between AG and PLK1. (c) Molecular docking interaction between AG and SRC. (d) Molecular docking interaction between AG and AURKA.

TABLE 1 Molecular docking results of AG with hub genes (kcal/mol).

Proteins Docking score XP Gscore Glide gscore Glide emodel
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FIGURE 6

Binding to AG.

The binding mode of AG and SRC. (a) 3D binding mode of Arctigenin and 4MXO. (b) Analysis revealed specifc key residues, per-residue contribution
less than -1 kcal/mol. (c) RMSF analysis of AG with SRC. (d) Full SPR Sensorgrams of Src Protein Binding to AG. (e) Fitting Residuals of Src Protein

TABLE 2 The contributions of each energy term to the binding energy of AG with SRC (kcal/mol).

Energy Component
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TABLE 3 SPR kinetic parameters for the interaction between immobilized SRC and AG.
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FIGURE 7

untreated control.

Efects of AG on the proliferation of MDA-MB-453 cells. (a) Cell viability was determined by CCK8 assay. (b) Cell cycle changes were analyzed by FACS
based on PI staining. (c) Cells were incubated with various concentrations of Arctigenin for 48 h and tested the expression of CDK2, Cyclin A2, and P27
by Western blot. (d) Expression of Cyclin E1 examined by Western blot. X +s, n = 3,%,° and """indicate 0.01 < P < 0.05, P < 0.01 and P < 0.001 vs.
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FIGURE 8

untreated control.

Efects of AG on the apoptosis of MDA-MB-453 cells. (a) Cells were incubated with various concentrations of AG for 48 h and stained with fuorescent
dye. (b) MMP changes were analyzed by FACS based on JC-1 staining. (c) Apoptosis rate was analyzed by FACS based on Annexin-FITC/PI staining. (d)
Expression of Bax, Bcl-2, caspase-3, and caspase-9 using western blot. (e) Impact of AG on the expression of ERK1/2, p-ERK1/2, AKT, p-AKT and SRC.
(f) Impact of AG on the expression of PI3K, p-PI3K, MEK1/2 and p-MEK1/2. X s, n = 3, ","" and “"Yindicate 0.01 < P < 0.05, P < 0.01 and P < 0.001 vs.
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