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Abstract

Background: Ginkgolide B (GB), a bioactive constituent isolated from Ginkgo biloba, has shown antitumor activity in several malig-
nancies. However, the molecular mechanisms underlying GB action against colorectal cancer (CRC) remain incompletely understood.
Thus, this study aimed to systematically investigate the potential molecular mechanisms and therapeutic effects of GB on CRC us-
ing an integrated approach. Methods: Potential therapeutic targets of GB against CRC were identified by integrating GB-related and
CRC-associated genes. Protein—protein interaction (PPI) networks and functional enrichment analysis (FEA) identified key targets and
pathways. Interactions between GB and hub proteins were assessed by docking. The antitumor effects of GB were evaluated in CRC cells
using assays for cell proliferation, colony formation, and apoptosis, as well as Western blotting. These data were validated in an MC38
syngeneic subcutaneous tumor model. Results: A total of 288 target proteins were shared between the 522 predicted GB targets and the
4199 CRC-associated targets. FEA indicated that these targets were primarily associated with the phosphatidylinositol 3-kinase (PI3K)
/ protein kinase B (AKT) and mitogen-activated protein kinase (MAPK) axes. Docking predicted favorable binding of GB to several
hub proteins, with AKT1 showing the strongest predicted affinity. Experimental validation demonstrated that GB inhibited CRC cell
proliferation and colony formation, promoted apoptosis, decreased B-cell lymphoma 2 (BCL-2), increased BCL-2-associated X protein
(BAX) and Cleaved Caspase-3, and reduced the phosphorylation of AKT and extracellular signal-regulated kinase (ERK). Notably, GB
significantly suppressed tumor growth and reduced Ki-67 expression in the MC38 syngeneic subcutaneous tumor model. Conclusions:
GB exhibits antitumor activity against CRC by inhibiting proliferation, promoting apoptosis, and inhibiting the PI3K/AKT and MAPK
pathways. The study provides a mechanistic basis for the anticancer effects of GB and supports further investigation of its potential as a
therapeutic candidate for CRC.

Keywords: ginkgolide B; colorectal neoplasms; phosphatidylinositol 3-kinases; proto-oncogene proteins c-akt; MAP kinase signaling
system; apoptosis

1. Introduction and high treatment costs [8,9]. Therefore, there is a pressing
need to develop antitumor drugs, particularly those that can

Colorectal cancer (CRC) is a relatively common gas- be used as adjuvant treatments with fewer adverse effects.

trointestinal malignancy worldwide and continues to be

linked to significant rates of occurrence and death [1,2,3,4].
It ranks as the 3rd most frequently identified cancer and the
2nd highest contributor to cancer-related deaths globally,
posing a significant risk to public health [5,6,7]. The stan-
dard approach to clinical management includes surgical re-
moval, chemotherapy, radiotherapy, and therapies aimed at
specific molecular targets. Although these approaches have
improved patient survival, chemotherapy and radiotherapy
are frequently associated with considerable toxicity, while
targeted therapies are often limited by acquired resistance

Traditional Chinese medicine (TCM) has been widely
used as an adjunctive approach in cancer treatment ow-
ing to its multi-component, multi-target, and multi-pathway
pharmacological characteristics [10,11]. Ginkgo biloba,
a medicinal plant with a history of clinical use span-
ning more than 2000 years, has attracted considerable
interest because of its diverse pharmacological activities
[12,13]. Ginkgolide B (GB), a diterpene lactone isolated
from Ginkgo biloba leaves, is one of its key bioactive con-
stituents [ 14]. GB has demonstrated platelet-activating fac-
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tor (PAF) antagonistic, antioxidant, anti-inflammatory, and
neuroprotective effects [15,16]. More recently, GB has also
shown antitumor activity by inhibiting cancer cell prolifer-
ation and metastasis through multiple signaling pathways
[17,18,19,20]. However, the molecular basis by which GB
modulates CRC progression remains insufficiently defined,
which hinders its further translational and clinical applica-
tion.

Network pharmacology (NP) is a systems biology-
based approach that enables comprehensive analysis of
drug—target—disease interactions and is particularly suit-
able for investigating the multi-target mechanisms of
TCM [21,22,23,24,25]. Docking complements this strat-
egy by predicting the binding interactions between small
molecules and protein targets, providing structural evidence
to support target identification [26,27,28]. Here, NP, dock-
ing, and experimental validation were integrated to explore
the effects of GB on CRC. The antitumor activity of GB was
assessed using Cell Counting Kit-8 (CCK-8), colony forma-
tion assay (CFA), flow cytometry (FCM), and Western blot
(WB) analyses, and its efficacy was further evaluated in a
mouse syngeneic allograft model. These findings provide
insight into the anti-CRC effects of GB and may support its
future development as a therapeutic candidate. The study
flowchart is illustrated in Fig. 1.

2. Materials and Methods
2.1 Reagents

GB (purity =99.96%; Catalog No. HY-N(0784) was
purchased from MedChemExpress (MCE, NJ, USA). A
DMSO-based stock solution was prepared and kept at —20
°C. Before each experiment, it was diluted with the culture
medium to the required working concentrations.

2.2 Screening and Standardization of Potential Targets of
Ginkgolide B

Potential GB targets were investigated using the Tradi-
tional Chinese Medicine Systems Pharmacology Database
and Analysis Platform (TCMSP; accessed in December
2025), SwissTargetPrediction (STP; accessed in December
2025), Search Tool for Interactions of Chemicals (STITCH)
(accessed in December 2025), and HERB database (HERB)
(accessed in December 2025). “Ginkgolide B” was used
as the search term, and all retrieved targets were collected.
Protein names were converted into gene symbols using the
Universal Protein Resource (UniProt) database (accessed in
December 2025). Duplicate entries and non-human targets
were discarded, yielding the final predicted GB targets.

2.3 Collection of CRC-Related Targets

CRC-associated targets were retrieved from
GeneCards and Online Mendelian Inheritance in Man
(OMIM). In GeneCards, “colorectal cancer” was used as
the search term, using the criterion of Relevance Score >20
for identifying candidate targets. The same keyword was

utilized to search the OMIM database. Results from the
two databases were merged and deduplicated to establish
the CRC-associated target dataset.

2.4 Acquisition of Drug—Disease Intersection Targets

The predicted GB targets and CRC-linked targets were
imported into Venny 2.1.0 (https://bioinfogp.cnb.csic.es/to
ols/venny/) to identify shared genes. The resulting inter-
section targets were regarded as candidate targets of GB
against CRC and were visualized using a Venn diagram.

2.5 PPI Networks and Identification of Core Targets

Shared targets were imported into STRING, using
Homo sapiens as the species and 0.4 as the minimum re-
quired interaction score. Other parameters were set to de-
fault settings [29,30]. The protein—protein interaction (PPI)
network was imported into Cytoscape 3.8.0. Network topo-
logical parameters were calculated using the NetworkAna-
lyzer plugin, and core targets were identified according to
node degree.

2.6 GO and KEGG Enrichment

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment was undertaken
using the Metascape platform. Results were limited to
Homo sapiens, with p < 0.01 as the threshold, and were
visualized as bubble plots and bar charts using the plat-
form (https://www.bioinformatics.com.cn/) to represent the
GO biological process (BP), cellular component (CC), and
molecular function (MF) categories and KEGG pathways.

2.7 Molecular Docking

The structure of ginkgolide B was obtained from Pub-
Chem (CID: 6324617). High-resolution crystal structures
of the selected core target proteins (SRC, PIK3CA, AKT]I,
HSP90AAT, and ESR1) were downloaded from the Protein
Data Bank (PDB IDs: 8BQ3, 8EXL, 3QKL, 1YCI1, 1SJ0)
[29,31,32].

Protein  structures were preprocessed using
AutoDockTools 1.5.7. The docking grid was placed
on the co-crystallized ligands with dimensions of 20 x 20
x 20 A and a grid spacing of 1.0 A. Docking reliability
was evaluated by redocking the native ligands, with a
heavy-atom root mean square deviation (RMSD) <2.0
A considered acceptable. Docking was performed in
AutoDock Vina 1.1.2 using an exhaustiveness value of 8.
Each ligand was docked independently three times, and
the highest-ranked binding pose was selected for further
analysis. Binding affinity was assessed according to the
predicted binding energy, where values <—5.0 and <—7.0
kcal/mol represented favorable and strong binding, re-
spectively. Visualizations and evaluations were performed
using PyMOL 2.5.0.
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Fig. 1. Flowchart showing the integrated NP, molecular docking, and experimental validation approach. NP, network pharmacol-

ogy.

2.8 Cell Culture

The human colonic epithelial cell line NCM460
(RRID: CVCL 0460) and the human CRC cell lines
SW480 (RRID: CVCL 0546) and HCTI16 (RRID:
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CVCL _0291) and the mouse colon cancer cell line MC38
(RRID: CVCL_B288) were employed for various analyses
in this study. HCT116 and SW480 cells were obtained
from the ATCC, whereas NCM460 cells and MC38 cells
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were kindly provided by Professor Ceshi Chen (Kunming
Medical University). All cell lines were authenticated
by Short Tandem Repeat (STR) profiling and were
mycoplasma-negative. All cell lines used in this study
were within 10 passages.

Cells were grown in RPMI 1640 with 10% FBS (Ex-
Cell), 100 pg/mL streptomycin, and 100 U/mL penicillin
(Solarbio) at 37 °C with 5% CO;.

2.9 Cell Proliferation Assay

Evaluation of cell proliferation was carried out while
employing CCK-8 and CFA assays. For CCK-8 assays,
cells (1000/well) were inoculated in 96-well plates and al-
lowed to adhere overnight before treatment with GB at 0, 5,
10, 20, 40, 80, and 160 uM to determine the half maximal
inhibitory concentration (ICsg). Viability was assessed at
24,48, 72, and 96 h (n = 3).

For the CFA, 1000 cells were seeded into 12-well
plates (n = 3). Colonies were fixed, stained with crystal vi-
olet, imaged, and enumerated after 10 days of culture. All
experiments were performed a minimum of three times in-
dependently.

2.10 Apoptosis Assays

Apoptosis was examined using an Annexin V-FITC/PI
Apoptosis Detection Kit (MultiSciences, Cat. No. AP101).
Cells (2 x 10°/well) were inoculated into 12-well plates and
grown for 24 h (n = 3). After treatment for another 24 h,
cells were collected, followed by staining and analysis by
FCM. The gating strategy for apoptosis analysis was as fol-
lows: cells were first gated on FSC-A vs. SSC-A to exclude
debris, then on FSC-H vs. FSC-A to exclude doublets, and
finally analyzed for Annexin V-FITC and PI staining. Each
experiment was performed with three independent biologi-
cal replicates.

2.11 Western Blotting

Total protein was isolated using RIPA buffer with pro-
tease inhibitors and measured using a Bicinchoninic Acid
(BCA) protein assay. Proteins (30 pg) were resolved on
SDS-PAGE and then transferred onto PVDF membranes.
Primary antibodies were B-Actin (HUABIO, EM21002,
1:5000), AKT1 (#75692), phospho-AKT (#9018), ERK1/2
(#4695), Cleaved Caspase-3 (#9661), and phospho-
ERK1/2 (#4370) from Cell Signaling Technology (CST,
1:2000); and BCL-2 (12789-1-AP) and BAX (50599-2-
Ig) from Proteintech (1:500). Secondary antibodies were
anti-mouse IgG (1:10,000, #511103) or anti-rabbit IgG
(1:10,000, #511203) from ZEN-BIOSCIENCE. Detection
of protein bands was performed while employing an en-
hanced chemiluminescence (ECL) kit (Biosharp, BL520A)
and visualized with a ChemiDoc XRS+ imaging system
(Bio-Rad).

2.12 Animal Experiments

To evaluate GB antitumor activity in vivo, male
C57BL/6 (6-week-0ld) mice were purchased from Hunan
SJA Laboratory Animal Co., Ltd. (Changsha, China). Mice
were specific pathogen-free (SPF) and were housed under
a 12 h light/dark cycle at 22 + 2 °C and 50 + 10% humid-
ity with free access to food and water. After acclimatiza-
tion for 1 week, mice were subcutaneously injected with 2
x 108 M(C38 cells suspended in Matrigel. When tumors be-
came palpable, mice were randomly allocated to control and
GB treatment groups (n = 6/group) using a random num-
ber table. The experimental unit was the individual mouse.
The sample size was determined using the resource equa-
tion method. GB (20 mg/kg) was administered intraperi-
toneally (i.p.) once daily from day 5 for 14 consecutive
days [33,34]. No animals were excluded from the analy-
sis. To minimize potential confounders, mice were housed
under the same environmental conditions, and tumor inoc-
ulation, drug administration, and tumor measurement were
performed by the same investigator. The primary outcome
measure was tumor weight at the end of the experiment.
Blinding procedures: group allocation, drug administra-
tion, tumor measurement, and data analysis were performed
blindly. On completion of the experiment, animals were eu-
thanized by cervical dislocation, and tumors were excised,
weighed, and photographed. Statistical assumptions were
assessed before analysis, including normality and variance
homogeneity. All animal procedures were approved by the
Institutional Animal Care and Use Committee of Central
South University (Ethics Approval Number: CSU-2026-
0306) and were conducted in accordance with the ARRIVE
guidelines and the NIH Guide for the Care and Use of Lab-
oratory Animals.

2.13 Immunohistochemistry (IHC)

The IHC assays and evaluations were conducted in
strict adherence to the previously established protocol [35].
The primary antibody Ki-67 was purchased from Service-
bio (GB111499).

2.14 Statistical Analysis

All cellular experiments used three biological repli-
cates. Statistical analyses were conducted using GraphPad
Prism 8.0.2. Data are reported as mean + standard devi-
ation (SD) and were compared using unpaired two-tailed
t-tests (two groups) and one-way or two-way ANOVA, fol-
lowed by Tukey’s multiple-comparison test (more than two
groups). The statistical methods and sample sizes are spec-
ified in the corresponding figure legends. For animal ex-
periments, each group contained six mice. A two-sided p <
0.05 was considered statistically significant.
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Fig. 2. Ginkgolide B component targets. A total of 522 potential targets were screened, including MAPK1, MAPK3, AKT1, and TNF.

3. Results
3.1 Identification of Candidate Targets of Ginkgolide B

Potential targets of GB were retrieved from the
TCMSP, STP, STITCH, and HERB databases and stan-
dardized using the UniProt database. After removing dupli-
cates and non-human entries, 522 potential GB targets were
identified (Fig. 2 and Supplementary Table 1). These tar-
gets included several proteins involved in cell signaling and
inflammatory responses, such as MAPK1, MAPK3, AKT1,
and tumor necrosis factor (TNF).

3.2 Collection of Results of Colorectal Cancer-Related
Targets

A total of 4167 CRC-associated targets were retrieved
from GeneCards and 199 from OMIM. After integrating
the datasets and removing duplicate entries, a final CRC-
associated target set comprising 4199 genes was established
(Supplementary Table 2).

3.3 Screening Results of Drug—Disease Intersection
Targets

To identify potential therapeutic targets of GB against
CRC, the 522 predicted GB targets were intersected with
the 4199 CRC-associated targets using Venny. This analy-
sis identified 288 overlapping targets (Fig. 3A and Supple-
mentary Table 3). A compound—target interaction network
was then developed using these shared targets (Fig. 3B).

&% IMR Press

3.4 Construction and Analysis Results of the PPI Network

A PPI network containing 288 nodes and 919 edges,
with an average node degree of 6.4, was constructed. The
enrichment p-value was <1.0 x 107!, demonstrating that
the interactions among the proteins were markedly higher
than expected by chance.

The network was visualized using Cytoscape (Fig.
4A,B). Node size and color intensity indicate the degree
values. A larger degree value means the node has more
connections in the network and a more important biologi-
cal role. Hub genes were defined as the top 10 nodes ranked
by degree centrality. The top 10 hub genes screened accord-
ing to the degree value were: SRC, AKTI, ESRI, PIK3CA,
HSP90AAI, MAPK3, MAPK1, EGFR, TNF, and PIK3CB.

3.5 GO Functional Enrichment Analysis (FEA) Results

GO analysis of the 288 overlapping targets using the
Metascape platform identified 2961 BP terms, 103 CC
terms, and 310 MF terms. Terms with p < 0.01 were se-
lected for further visualization [36]. The enriched BP terms
largely involved responses to peptide hormones, responses
to molecules of bacterial origin, positive regulation of phos-
phorus metabolic processes, responses to lipopolysaccha-
ride, responses to xenobiotic stimuli, positive regulation
of the MAPK cascade, and chemotaxis/taxis (Fig. 5A,B)
[37,38,39,40,41].
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Fig. 3. Drug-disease intersection targets. (A) Venn diagram comparing 522 predicted GB targets and 4199 CRC-associated targets.

(B) Compound-target interaction network constructed from the 288 overlapping targets. GB, Ginkgolide B; CRC, colorectal cancer.

3.6 KEGG Pathway Enrichment Analysis (PEA) Results

KEGG PEA was performed using Metascape (p <
0.01). A total of 29 significantly enriched pathways were
identified (Fig. 6). The major enriched pathways were
associated with cancer, PI3K/AKT signaling, lipid and
atherosclerosis, MAPK signaling, chemokine signaling,
chemical carcinogenesis—receptor activation, and apoptosis
[42,43,44,45,46]. The findings suggest that the anticancer
activity of GB against CRC is largely mediated by its abil-
ity to modulate classical signaling pathways associated with
tumor development, such as PI3K/AKT and MAPK.

3.7 Molecular Docking Results

The hub proteins identified by PPI analysis together
with key targets reported in the literature (SRC, PIK3CA,
AKT1, HSP90AAI, and ESR1) were selected for molec-
ular docking with GB. Docking analysis showed that
binding energies for GB were below —5.0 kcal/mol for
all selected targets, indicating favorable binding affinity.
Among them, AKT1 showed the strongest predicted in-

teraction with GB (—10.8 kcal/mol), followed by PIK3CA
(—9.3 kcal/mol), HSP90OAA1 (—8.0 kcal/mol), ESR1 (—7.0
kcal/mol), and SRC (—5.7 kcal/mol) (Fig. 7A-E). The
docking model showed that GB occupied the active-site
pocket of AKT1 and formed multiple hydrogen-bond in-
teractions with residues GLY157, LYS276, and SER-7,
together with hydrophobic interactions, supporting stable
binding between GB and AKT]1.

3.8 GB Inhibits Proliferation and Promotes Apoptosis via
the PI3K/AKT and MAPK Axes in CRC Cells

To evaluate the regulatory effects of GB on CRC cell
growth, the ICsy values of GB were first determined in
NCM460, SW480, and HCT116 cells using concentrations
of 0, 5, 10, 20, 40, 80, and 160 uM (n = 3). GB showed a
substantially higher ICsy value in NCM460 cells than in the
two CRC cell lines (Supplementary Fig. 1A).

Based on these results, SW480 and HCT116 cells were
exposed to 30 uM GB for 24, 48, 72, and 96 h (n = 3). GB
treatment significantly reduced the viability of both CRC
cell lines relative to the untreated control (Fig. 8A). CFA
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Fig. 4. PPI network analysis. (A) PPI network where proteins are indicated as nodes and interactions as edges. (B) PPI network of

potential targets. Node size/color represents degree centrality. PPI, protein—protein interaction.

further showed that treatment with 30 uM GB for 10 days
decreased the colonies formed by SW480 and HCT116 cells
(n = 3, Fig. 8B). Flow cytometric analysis showed that
treatment with 30 uM GB for 24 h increased apoptosis in
both CRC cell lines (n = 3, Fig. 8C).

To investigate the molecular changes associated with
GB treatment, the levels of apoptosis-associated proteins
and components of the PI3K/AKT and MAPK axes were

&% IMR Press

analyzed by WB. Treatment with 30 uM GB for 24 h in-
creased the levels of Cleaved Caspase-3 and BAX while
reducing those of BCL-2. Furthermore, GB treatment re-
duced the phosphorylation levels of AKT and ERK1/2 with-
out altering the corresponding total protein levels (Fig. 8D
and Supplementary Fig. 1B,C).

Further evaluation of the antitumor activity of GB was
carried out in MC38 syngeneic subcutaneous tumor model.
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Mice received daily i.p. injections of GB (20 mg/kg) for 14
days (n = 6/group). Compared with the control group, GB
treatment significantly reduced tumor weight (Fig. 8E,F).
Immunohistochemical staining demonstrated reduced Ki-
67 expression following GB treatment (n = 3, Fig. 8QG).

4. Discussion

CRC develops and advances through a complex patho-
logical process characterized by the progressive accumu-
lation of genetic alterations and dysregulation of various
signaling pathways that collectively drive tumor initiation
and progression [47]. Although advances in therapeutic in-
terventions have improved patient outcomes, treatment ef-
ficacy remains limited by drug resistance and treatment-
related toxicity. Thus, there is continued interest in identi-
fying novel agents that target multiple oncogenic pathways
while maintaining favorable safety profiles. Natural prod-
ucts derived from TCM have attracted considerable atten-
tion because they frequently exert pharmacological effects
through multiple molecular targets and signaling networks
[48]. This multi-target mode of action is particularly at-
tractive for complex diseases such as CRC, in which aber-
rant signaling involves numerous interconnected molecular
pathways.

In this study, an integrated strategy was used to inves-
tigate the antitumor activity of GB against CRC. NP identi-
fied 288 overlapping targets between GB and CRC, and PPI
networks highlighted SRC, PIK3CA, AKT1, HSP90AAI,
and ESR1 as major hub proteins within the interaction net-
work. FEA further indicated that these targets were asso-
ciated with the PI3K/AKT and MAPK axes, suggesting in-
volvement of these cascades in the effects of GB. Dock-
ing predicted favorable binding affinities between GB and
several hub proteins, with AKT1 showing the strongest
predicted interaction (—10.8 kcal/mol). Although docking
analysis cannot confirm direct target engagement, it pro-
vides structural evidence supporting the potential interac-
tion of GB with these candidate proteins.

The computational predictions were further supported
by experimental observations. GB inhibited the prolifer-
ation of SW480 and HCT116 cells, promoted apoptosis,
increased the levels of Cleaved Caspase-3 and BAX, re-
duced those of BCL-2, and decreased phosphorylation of
ERK and AKT. These molecular changes were accompa-
nied by significant inhibition of tumor growth in the MC38
mouse model, together with reduced Ki-67 levels in tumor
tissues. The consistency between the computational anal-
yses and the experimental findings strengthens the overall
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evidence supporting the antitumor activity of GB and sug-
gests that modulation of the MAPK and PI3K/AKT path-
ways may contribute to its biological effects. Rather than
relying on a single experimental approach, the present study
integrated multiple complementary methods to evaluate the
potential mechanisms underlying the antitumor activity of
GB.

Previous studies have also reported anticancer activi-
ties of GB in several malignancies. Lu et al. [17] demon-
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strated that GB inhibited the epithelial-mesenchymal tran-
sition and promoted pyroptosis in gastric cancer through
the AKT/mTOR signaling pathway. Shao et al. [20] re-
ported that GB suppressed PI3K/AKT signaling, promoted
apoptosis, and inhibited the growth of non-small cell lung
cancer cells. Our findings extend these observations to
CRC and further support the possibility that suppression of
PI3K/AKT signaling represents a common mechanism un-
derlying the anticancer activity of GB. Although different
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Fig. 7. Molecular docking. (A—E) 3D and 2D diagrams of GB binding with SRC, PIK3CA, AKT1, HSP90AA1, and ESR1, respectively.
Binding energies (kcal/mol) are: SRC (—5.7), PIK3CA (-9.3), AKT1 (—10.8), HSP90AA1 (—8.0), and ESR1 (=7.0). AKT1 exhibits
the strongest binding affinity. GB forms hydrogen bonds with GLY 157, LYS276, and SER-7 residues of AKT1.

tumor types exhibit distinct molecular characteristics, the =~ macological properties. Ginkgolide A has been reported
consistency of these findings suggests that the biological  to protect against cardiovascular injury and promote car-
effects of GB may not be restricted to a single cancer type. diomyocyte differentiation from pluripotent stem cells [49],
In addition to GB, other ginkgolides exhibit distinct phar- whereas ginkgolide C possesses anti-inflammatory activ-
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Fig. 8. GB inhibits the proliferation of CRCs. (A) CCK-8 assay. HCT116 and SW480 cells were treated with GB (30 uM) for 0, 24,
48, 72, and 96 h (n = 3). Cell viability was measured at each time point. (B) CFA. Cells were exposed to GB (30 uM) for 10 days (n
= 3). (C) FCM analysis of apoptosis. HCT116 and SW480 cells treated with GB (30 uM) for 24 h (n = 3) were treated with Annexin
V-FITC/PI and evaluated by FCM. (D) WB analysis. SW480 and HCT116 cells were subjected to treatment with GB (30 uM) for 24
h. Detection of protein levels of BAX, BCL-2, Cleaved Caspase-3, p-AKT1, AKT1, p-ERK1/2, and ERK1/2 was carried out while
employing WB. B-actin represented the loading control. (E,F) /n vivo MC38 syngeneic subcutaneous tumor model. MC38 cells were

subcutaneously injected into C57BL/6 mice (n = 6/group). Mice received i.p. injections of GB (20 mg/kg) daily for 14 days, and tumor

weight was recorded at the end of the experiment. (G) Ki-67 IHC staining of subcutaneous tumor tissues from mice in control and GB
treatment groups (n = 3). Scale bar = 100 um. ns, not significant, *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.

ity and protects against myocardial and cerebral ischemia—
reperfusion injury [50]. Together, these observations high-
light the broad biological activities of ginkgolides and sup-
port further investigation of this class of natural compounds
for therapeutic development.

Previous research has shown that persistent phospho-
rylation of AKT and ERK contributes to cetuximab resis-
tance, whereas inhibition of endocytosis using prochlor-
perazine reduces activation of both pathways [51]. In our
study, GB likewise reduced the phosphorylation levels of
AKT and ERK in CRC cells. Although these observations
do not establish that GB can overcome resistance to anti-
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EGFR therapy, they raise the possibility that GB may have
value as part of combination therapeutic strategies. Fur-
ther investigations using drug combination experiments and
mechanistic studies will be necessary to determine whether
GB enhances the efficacy of existing targeted therapies or
delays the development of therapeutic resistance [52].

5. Limitations

There are several limitations to the study. First, the NP
analysis relied on publicly available databases and therefore
reflects computational predictions rather than experimen-
tally verified target interactions. Second, although molecu-
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lar docking suggested favorable binding between GB and
several candidate proteins, direct target engagement was
not experimentally confirmed. Third, mechanistic conclu-
sions were based primarily on changes in protein phospho-
rylation, and additional studies using genetic or pharmaco-
logical manipulation of the MAPK and PI3K/AKT path-
ways are required to establish causal relationships. Finally,
the in vitro experiments were performed in human CRC cell
lines, whereas the in vivo studies used the MC38 syngeneic
subcutaneous tumor model. Although this model preserves
an intact immune microenvironment, species-specific dif-
ferences may influence drug responses and signaling ac-
tivity. Future studies should validate these findings us-
ing patient-derived xenograft (PDX) models, humanized
mouse models, or additional preclinical systems that more
closely recapitulate human CRC biology. Such studies will
help further define the therapeutic potential of GB and fa-
cilitate its translation toward clinical application.

6. Conclusions

NP, docking, and experimental validation were inte-
grated for the investigation of the antitumor effects of GB
against CRC. GB inhibited CRC cell proliferation by neg-
atively regulating the PI3K/AKT and MAPK axes. These
findings provide evidence that GB is a promising candidate
for CRC therapy and establish a foundation for future mech-
anistic and preclinical studies.
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