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Abstract

Background: Glioblastoma is the most aggressive primary malignant brain tumor of the central nervous system and remains difficult to
treat because of rapid progression, diffuse invasion, and frequent recurrence. This study aimed to identify a potential natural compound
against glioblastoma using a reverse network pharmacology strategy and to investigate its anti-glioma effects and underlying mechanism.
Methods: Glioblastoma-related targets were collected from public disease databases and integrated with differentially expressed genes
from a public transcriptomic dataset to identify intersecting targets. Protein-protein interaction analysis, hub target screening, functional
enrichment analysis, and reverse network pharmacology were performed to identify candidate compounds. Molecular docking and 100-
ns molecular dynamics simulations were used to assess interactions between 20-hydroxyecdysone and pathway-related targets. Cell
viability, colony formation, apoptosis, migration, and protein expression were examined in U251 and U87 glioma cells. Statistical
differences were analyzed using a paired Student’s t-test for two-group comparisons or one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple-comparisons test for multi-group comparisons, as appropriate. Results: A total of 136 intersecting targets and 18
hub targets were identified. Functional enrichment analysis indicated that the phosphatidylinositol 3-kinase/protein kinase B signaling
pathwaywas one of the key enriched pathways. Reverse network pharmacology identified 20-hydroxyecdysone as a candidate compound.
Molecular docking showed relatively strong binding of 20-hydroxyecdysone to epidermal growth factor receptor, fms-related receptor
tyrosine kinase 1, and integrin subunit alpha 5, and molecular dynamics simulations supported the stability of these complexes. In vitro
experiments showed that 20-hydroxyecdysone inhibited cell viability, clonogenicity, and migration, while promoting apoptosis. It also
reduced the phosphorylation levels of phosphatidylinositol 3-kinase, protein kinase B, and glycogen synthase kinase 3 beta at Ser9 without
markedly altering total protein expression. Conclusion: Treatment with 20-Hydroxyecdysone showed anti-glioma activity in vitro and
may exert its effects, at least in part, through suppression of the phosphatidylinositol 3-kinase/protein kinase B signaling pathway. These
findings support its further evaluation as a potential therapeutic candidate for glioblastoma.
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1. Introduction

Glioblastoma (GBM) is one of the most common and
aggressive primary tumors of the central nervous system
in adults. According to the latest Central Brain Tumor
Registry of the United States (CBTRUS) statistics, GBM
is the most frequent histologic subtype among malignant
brain and central nervous system tumors, accounting for the
largest proportion of malignant cases [1]. In the 2021WHO
classification of central nervous system tumors, glioblas-
toma (IDH-wildtype) is categorized as central nervous sys-
tem (CNS) WHO grade 4, which underscores its highly
invasive nature and highlights the importance of molecu-
lar subtyping in diagnosis and prognostic assessment [2].
Although surgical, radiotherapeutic, and chemotherapeutic

strategies have continued to improve in recent years, overall
outcomes for GBM remain limited. Standard treatment still
centers on maximal safe resection followed by radiotherapy
with concurrent and adjuvant temozolomide (TMZ), yet
landmark randomized controlled trials showed that median
overall survival remains only about 14.6 months [3]. More
importantly, relapse or progression is almost inevitable, and
no universally accepted standard therapy has yet been es-
tablished for recurrent GBM. Current clinical strategies are
therefore aimed mainly at achieving remission or delaying
progression [4].

From a biological standpoint, the refractory nature
of GBM largely reflects its marked heterogeneity and the
dynamic interactions within the tumor microenvironment.
Malignant features such as unchecked proliferation, eva-
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sion of apoptosis, migration/invasion, and therapeutic resis-
tance are usually driven by multiple pathways and display
substantial network robustness [5]. For this reason, single-
target interventions in a complex tumor such as GBM often
face unstable efficacy and adaptive compensation. There is
a clear need to identify candidate strategies better aligned
with the multitarget, multipathway nature of the disease.
Natural products and their derivatives have long served as
an important source of antitumor agents and offer lead com-
pounds with structural diversity and network-regulatory po-
tential [6]. Consistent with this concept, network phar-
macology examines drug–target–pathway–disease relation-
ships from a systems and network biology perspective, pro-
viding a methodological basis for studying the multitarget
mechanisms of natural products and identifying candidate
molecules [7,8,9].

In drug discovery, reverse network pharmacology
complements conventional compound-centeredmechanism
mining by reasoning backward from disease networks to
candidate molecules. This approach first integrates disease-
related genes and proteins, constructs interaction networks
to identify key targets and core pathways, and then uses
compound–target interaction databases for reverse match-
ing to screen compounds capable of covering those key
targets. Databases such as BATMAN-TCM 2.0 provide
bidirectional retrieval and analysis, linking compounds to
targets and targets or signature genes back to compounds,
thereby offering both the data foundation and computa-
tional entry point for this type of reverse screening [10].
Within this framework, we identified 20-hydroxyecdysone
(20E) as a potential candidate molecule. Importantly, 20E
was prioritized not solely according to computational out-
put, but based on an integrated consideration of target rel-
evance, reported mammalian safety, experimental feasibil-
ity, and its relatively limited investigation in GBM com-
pared with several other candidate natural compounds. Pre-
vious reviews have shown that 20E has low mammalian
toxicity and broad biological activity [11]. In several tu-
mor models, 20E has been associated with antitumor phe-
notypes or transcriptomic changes and has been reported to
inhibit proliferation, induce apoptosis, or suppress migra-
tion and invasion [12,13]. In addition, the ability of ecdys-
teroids and their derivatives to sensitize multidrug-resistant
models to chemotherapy further suggests potential value in
combination treatment settings [14].

At the mechanistic level, the PI3K/AKT/GSK3β axis
is a major signaling axis in GBM and is closely associ-
ated with cell proliferation, survival, migration/invasion,
and treatment resistance. It also has strong biological inter-
pretability and translational relevance in cancer therapeu-
tics [15,16]. Accordingly, this study used reverse network
pharmacology as the main strategy to systematically iden-
tify the key target network of GBM and to reversely screen
candidate natural active compounds. After prioritizing 20E,
we proposed testable pathway hypotheses through molec-

ular docking and then validated them in U87 and U251
glioma cells, with SVG p12 cells as controls, by combin-
ing phenotypic assays of cell viability (CCK-8), colony for-
mation, apoptosis-associated changes, and migration with
AKT-related protein detection. In this way, we sought to es-
tablish an evidence chain linking reverse screening, mech-
anistic anchoring, and experimental validation.

2. Materials and Methods
2.1 Glioblastoma Target Collection

Glioblastoma-related targets were retrieved from
GeneCards (https://www.genecards.org/) and DisGeNET
(https://www.disgenet.org/) using “glioblastoma” as the
search term. For GeneCards, the top 25% of targets ranked
by score were retained, whereas for DisGeNET, targets
with a score ≥0.7 were selected. The GSE2223 series
(normal, n = 4; GBM, n = 27) was downloaded from the
GEOdatabase (https://www.ncbi.nlm.nih.gov/gds/) and an-
alyzed using GEO2R. Targets with |log2FC| >1.5 were se-
lected. After standardization through UniProt (https://ww
w.uniprot.org/), the targets obtained from the two databases
were deduplicated and integrated. Intersections with the
differentially expressed genes were identified using Venny
2.1.0 (BioinfoGP, Spanish National Biotechnology Centre,
CNB-CSIC,Madrid, Spain; RRID: SCR_016561), yielding
136 GBM-related disease targets.

2.2 PPI Network Construction and Core Target Screening
The 136 GBM-related targets were imported into the

STRING database (https://cn.string-db.org/) to construct a
protein-protein interaction network, using the highest confi-
dence level (>0.9). The network file was then exported and
imported into Cytoscape version 3.10.4 (Cytoscape Con-
sortium, San Diego, CA, USA). Four CytoHubba topo-
logical algorithms-maximal clique centrality (MCC), max-
imum neighborhood component (MNC), edge percolated
component (EPC), and Degree-were used to rank potential
hub targets. Intersection analysis of the top-ranked results
identified 18 core targets.

2.3 Enrichment Analysis and Disease–Target–Drug
Network Construction

The 136 disease targets were subjected to Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses using the DAVID database
(https://davidbioinformatics.nih.gov/). The results were vi-
sualized on the MicroBioInformatics platform (https://ww
w.bioinformatics.com.cn/). For GO visualization, terms
with p < 0.01 and false discovery rate (FDR) <0.01 were
retained. The 18 core targets were then imported into
BATMAN-TCM 2.0 (http://bionet.ncpsb.org.cn/batman-t
cm/#/home) for component matching, and Cytoscape (ver-
sion 3.10.4) was used to visualize the relationships among
diseases, targets, and drug components.

2

https://www.genecards.org/
https://www.disgenet.org/
https://www.ncbi.nlm.nih.gov/gds/
https://www.uniprot.org/
https://www.uniprot.org/
https://cn.string-db.org/
https://davidbioinformatics.nih.gov/
https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/
http://bionet.ncpsb.org.cn/batman-tcm/#/home
http://bionet.ncpsb.org.cn/batman-tcm/#/home
https://www.imrpress.com


2.4 Molecular Docking and Molecular Dynamics
Simulation

Candidate drug components identified through reverse
screening and their corresponding targets were first deter-
mined. The phosphoinositide 3-kinase (PI3K)-protein ki-
nase B (AKT) signaling pathway, which contained both en-
riched targets and matched candidate compounds, was se-
lected for subsequent analysis. Molecular docking was then
performed between the candidate compounds and proteins
enriched in this pathway. The three-dimensional struc-
tures of the compounds were downloaded from ChemSpi-
der (https://www.chemspider.com/). Protein accession in-
formation was obtained from UniProt, and receptor struc-
tures containing standard ligands were downloaded from
the PDB database (https://www.rcsb.org/). Receptor and
ligand preprocessing, including dehydration, hydrogena-
tion, and charge assignment, was performed using Py-
MOL version 3.0.3 (Schrödinger, LLC, New York, NY,
USA) and AutoDockTools version 1.5.6 (Molecular Graph-
ics Laboratory, The Scripps Research Institute, La Jolla,
CA, USA). Docking grids were defined according to the
standard ligand-binding sites, and docking was carried out
using AutoDock Vina. Binding modes and minimum bind-
ing energies were analyzed. Molecular dynamics simula-
tions were subsequently performed for proteins showing
lower minimum binding energies in complex with the can-
didate compounds.

2.5 Cell Culture
The human glial cell line SVG p12 and the glioma cell

lines U87 and U251 were purchased from Hunan Fenghui
Biotechnology Co., Ltd. Cells were maintained in high-
glucose DMEM (Gibco, 12100046) supplemented with
10% fetal bovine serum (FBS; Gibco, A5256701) at 37 °C
in a humidified incubator with 5% CO2.

All cell lines used in this study were validated by STR
profiling and tested negative for mycoplasma contamina-
tion.

2.5.1 Cell Recovery
Cells stored in liquid nitrogen were removed and

thawed in a 37 °C water bath within 2 min. The cell suspen-
sion was transferred to a 15-mL centrifuge tube, mixed with
4 mL of complete medium, and centrifuged at 1000 rpm for
5 min. The supernatant was discarded, and the cells were
resuspended in 4 mL of complete medium containing 10%
serum. The suspension was then transferred to a T25 cul-
ture flask and gently agitated to distribute the cells evenly
across the bottom of the flask. The recovery date, operator,
and passage number were recorded. Cells were cultured at
37 °C in 5% CO2.

2.5.2 Cell Passaging
Cells were passagedwhen they reached approximately

90% confluence. All procedures were performed in a

biosafety cabinet. Cells were washed three times with ster-
ile PBS from the cell-free side of the flask, after which 1mL
of 0.25% trypsin was added for digestion. Cells were mon-
itored under a microscope until they became round, bright,
and slightly contracted. The bottom of the flask was gen-
tly tapped until a large proportion of the cells detached, and
complete mediumwas immediately added to stop digestion.
An additional 3 mL of PBS was used to rinse the flask, and
the cell suspension was collected into a centrifuge tube and
centrifuged at 1000 rpm for 3 min. After discarding the
supernatant, 2 mL of complete medium was added to re-
suspend the cells evenly, and an appropriate volume was
seeded into a new T25 flask for continued culture at 37 °C
and 5% CO2.

2.5.3 Cell Cryopreservation
Cells were collected using the same procedure as for

passaging. After centrifugation, the supernatant was re-
moved, an appropriate volume of cryopreservation medium
was added, and the cells were gently resuspended. The
suspension was transferred to cryovials, placed in a pro-
grammed freezing box at −80 °C for 24 h, and then moved
to liquid nitrogen for long-term storage.

2.6 CCK-8 Assay
U251, U87, and SVG p12 cells in logarithmic growth

were seeded into 96-well plates at a density of 3 × 103
cells/well. PBS was added to the peripheral wells to mini-
mize edge effects. Cells were incubated at 37 °C with 5%
CO2 for 24, 48, and 72 h. The cells were divided into
a blank group, a 0 mM vehicle control group, and 20E-
treated groups receiving 0.04, 0.08, 0.12, 0.16, or 0.20 mM
20-hydroxyecdysone (20E; Cat. No. H408562, Shang-
hai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China). The stock solution was stored at−80 °C and diluted
in 2% DMEM to the desired concentrations. The blank
group received 100 μL of 2% DMEM, the 0 mM vehicle
control group received 100 μL of 2% DMEM containing
the same volume of DMSO as the 20E-treated groups, and
the treatment groups received 100 μL of 2% DMEM con-
taining the indicated 20E concentrations. After incubation
for 24, 48, or 72 h, cells werewashed twicewith sterile PBS.
Each well was then incubated with 100 μL of basal medium
containing 10% Cell Counting Kit-8 solution (CCK-8; Cat.
No. abs50003, Absin Bioscience Inc., Shanghai, China) in
the dark at 37 °C for approximately 1 h, and absorbance was
measured at 450 nm.

2.7 Colony Formation Assay
U251 and U87 cells in logarithmic growth were di-

gested with trypsin to generate single-cell suspensions and
counted. Cells were seeded into 6-well plates at a density
of 1000 cells/well. After attachment, the cells were treated
with 0, 0.04, 0.08, 0.12, 0.16, or 0.20 mM 20E and cultured
for 14 days. The 0 mM group received the same volume
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of DMSO and served as the vehicle control. When visi-
ble colonies had formed, the medium was discarded and
the cells were gently washed twice with prechilled PBS.
Cells were fixed with 4% paraformaldehyde for 30 min,
stained with 1 mL of 0.1% crystal violet for 40 min, and
then washed with running water to remove excess dye. The
plates were air-dried and photographed.

2.8 Wound-Healing Assay

U251 and U87 cells in logarithmic growth were di-
gested with trypsin, resuspended in DMEMcontaining 10%
fetal bovine serum, and seeded into 6-well plates at a den-
sity of 3 × 104 cells/well. Cells were cultured at 37 °C in 5%
CO2 until they reached 90%–100% confluence and formed
amonolayer. Using a sterile 200-μL pipette tip held perpen-
dicular to the well and the premarked guide line, a straight
scratch was made rapidly and evenly across the monolayer.
The same pressure was used throughout to maintain a con-
sistent scratch width. After scratching, the medium was
carefully aspirated and the cells were gently rinsed two
to three times with sterile PBS to remove detached cells.
Serum-free or low-serum maintenance medium (e.g., 1%
serum) was then added, and the cells were returned to the
incubator. Cell migration was observed under an inverted
microscope at 0, 12, 24, and 36 h after scratching for U87
cells and at 0, 24, 36, and 48 h after scratching for U251
cells. Images were captured at the same scratch location at
each time point. Alignment marks were drawn on the un-
derside of the plate to ensure consistent imaging. Scratch
area or width was quantified using image-analysis software
such as ImageJ version 2.3.0 (National Institutes of Health,
Bethesda, MD, USA).

2.9 Apoptosis Assay

For TUNEL staining, U251 cells were treated with the
indicated concentrations of 20E for 24 h, fixed with 4%
paraformaldehyde for 30 min, washed twice with 1× PBS
for 5 min each, and residual PBS was removed with ab-
sorbent paper. Permeabilization buffer was added for 5min,
followed by two further PBS washes. A total of 100 μL of
1× Equilibration Buffer (APExBIO, K1133) was added to
each sample to fully cover the sample area, and equilibra-
tion was carried out at room temperature for 10 min. After
equilibration, 50 μL of reaction solution was added and in-
cubation was performed at 37 °C for 1 h. The samples were
then washed twice with PBS, nuclear dye was added, and
the slides were mounted. TUNEL-positive cells were ob-
served under a fluorescence microscope.

Annexin V-FITC/PI double staining (Elabscience, E-
CK-A211) was used to assess apoptosis-associated cell
populations in U87 cells. Cells in logarithmic growth were
seeded into 6-well plates and treated with the indicated 20E
concentrations for 24 h. Cells from each well were col-
lected together with the culture medium. Adherent cells
were then detached using EDTA-free trypsin, and digestion

was stoppedwith the previously collectedmedium. The cell
suspension was centrifuged at 1000 rpm for 5 min, washed
once with prechilled PBS, and resuspended in 100 μL of
1× binding buffer at a density of approximately 1 × 105–
1 × 106 cells/mL. Annexin V-FITC (5 μL) and PI staining
solution (5 μL) were added sequentially, and the cells were
incubated for 15 min at room temperature in the dark. After
incubation, 400 μL of 1× binding buffer was added to each
tube and flow cytometry was performed immediately. Flow
cytometry data were analyzed using FlowJo version 10.8.1
(FlowJo, LLC, Ashland, OR, USA). Cellular events were
first gated according to forward-scatter area and side-scatter
area characteristics to exclude debris. Singlet events were
then selected based on forward-scatter pulse geometry to
exclude doublets and cell aggregates. Annexin V-FITC/PI
quadrant boundaries were established using an unstained
blank control and single-stained Annexin V-FITC and PI
controls. The same sequential gating strategy and quadrant
settings were applied consistently to all vehicle- and 20E-
treated samples within each independent experiment. Q4
represented viable cells (Annexin V-FITC−/PI−), Q3 rep-
resented early apoptotic cells (Annexin V-FITC+/PI−), Q2
represented late apoptotic or secondary necrotic cells (An-
nexin V-FITC+/PI+), andQ1 represented primarily necrotic
cells (Annexin V-FITC−/PI+). The total apoptotic rate was
calculated as the sum of Q2 and Q3. The experiment was
performed using three independent biological replicates (n
= 3).

2.10 Western Blotting

U251 and U87 cells were seeded into T25 culture
flasks. When cell density reached approximately 50%–
60%, the cells were treated with 0 or 0.12 mM 20E for
24 h. The 0 mM group received the same volume of
DMSO and served as the vehicle control; therefore, it rep-
resented the DMSO solvent control for Western blotting.
The 0.12 mM concentration was selected as a representa-
tive mechanistic condition because it produced clear phe-
notypic effects without causing excessive cell loss in pre-
liminary viability and morphological observations. Cells
were then collected and lysed on ice for 30 min using 200
μL of lysis buffer prepared as RIPA:PMSF:phosphatase
inhibitor = 99:1:1. After scraping, samples were cen-
trifuged at 12,000 rpm for 15 min at 4 °C, and the su-
pernatants were collected for Western blot analysis. Pro-
tein concentrations were measured using a BCA protein as-
say kit. Protein samples were adjusted to equal concentra-
tions and volumes, mixed with 5× loading buffer, heated
at 100 °C for 10 min to denature the proteins, cooled,
and briefly centrifuged before use. After electrophoresis,
membrane transfer, and blocking, membranes were incu-
bated overnight at 4 °C with the following primary antibod-
ies: GAPDH (1:10,000, Cat. No. AF7021, Affinity Bio-
sciences, Cincinnati, OH, USA), phospho-AKT (Ser473)
(D9E) rabbit monoclonal antibody (1:2000, Cat. No. 4060,
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Cell Signaling Technology, Danvers, MA, USA), AKT
(CST, C67E7, 1:1000), Phospho-PI3K antibody (1:1000,
Cat. No. 341468, Zen Bioscience, Chengdu, Sichuan,
China), PI3K (Zenbio, R22768, 1:10,000), GSK3β (CST,
D5C5Z, 1:1000), and p-GSK3β (Ser9) (CST, D85E12,
1:1000). On the following day, membranes were washed
three times with TBST for 5 min each and then incubated
with HRP-conjugated secondary antibody (Cat. No. 31460,
Lot No. XK368089, Thermo Fisher Scientific, Waltham,
MA, USA) at room temperature for 2 h, followed by three
additional TBST washes. Super ECL Detection Reagent
(Cat. No. 36208ES76, Yeasen Biotechnology (Shanghai)
Co., Ltd., Shanghai, China) was added for 1 min at room
temperature, and bands were visualized using a chemilu-
minescence imaging system. ImageJ was used to quan-
tify band intensity, and relative protein expression was ex-
pressed as the ratio of the target protein band intensity to
that of the corresponding loading or total protein control.

2.11 Statistical Analysis
All data were analyzed using GraphPad Prism 10.1.2

(GraphPad Software, LLC, Boston, MA, USA). Results are
presented as the mean ± standard deviation (SD). Differ-
ences between two groups were assessed using the paired
Student’s t-test when samples were generated as matched
pairs within the same independent experiment. Specifi-
cally, in each independent biological replicate, cells from
the same batch were divided into Vehicle and drug groups
and processed in parallel. For comparisons among multiple
treatment groups, one-way ANOVA followed by Dunnett’s
multiple comparisons test was used to compare each treat-
ment group with the 0 mM vehicle control group. p value
< 0.05 was considered statistically significant.

3. Results
3.1 Identification of Disease Targets and Intersecting
Targets

Searching the GeneCards and DisGeNET databases
yielded a total of 2422 glioblastoma-related targets. At
the same time, differential expression analysis of the GEO
dataset GSE2223 identified 840 differentially expressed
genes between GBM and normal brain tissue (Fig. 1A).
Intersecting the disease-related target set with the dif-
ferentially expressed gene set yielded 136 shared tar-
gets (Fig. 1B). Of these, 704 genes were specific to
GSE2223, whereas 2286 were specific to GeneCards and
DisGeNET. These 136 intersecting targets were used for
subsequent protein–protein interaction (PPI) network con-
struction, hub-gene screening, and enrichment analysis.

3.2 PPI Network Analysis and Identification of Core
Targets

The 136 intersecting targets were imported into a PPI
platform to construct a protein interaction network (Fig.
1C). The resulting network showed highly connected mod-
ules and dense interaction patterns, suggesting that these

targets may act cooperatively in key pathological processes
associated with GBM. To identify hub nodes, four Cy-
toHubba algorithms-MCC, MNC, EPC, and Degree-were
applied to the network, and the common intersection of
the four ranking methods was defined as the core target
set. This analysis consistently identified 18 core targets
(Fig. 1D,E): EGFR, ESR1, CD4, CD44, CASP3, CTLA4,
PXDN, LYN, CD86, FLT1, TGFBR1, JAG1, SOCS3,
BCL6, SERPINE1, CHEK1, PXN, and THY1. The high-
ranking node networks generated by the four algorithms are
shown in Fig. 1F, where node color intensity and size re-
flect network centrality, further supporting the key role of
these targets in GBM-related networks.

3.3 GO and KEGG Analyses

GO enrichment analysis was performed on the 136 in-
tersecting targets. After filtering by p value and FDR, 26
biological process (BP) terms, 16 cellular component (CC)
terms, and 14 molecular function (MF) terms were obtained
(Fig. 2A). The BP terms were mainly associated with signal
transduction, cell adhesion and intracellular signal trans-
duction, angiogenesis, regulation of apoptosis, regulation
of cell population proliferation, nervous system develop-
ment, regulation of cell migration, and the DNA damage
response. The CC terms were mainly enriched in mem-
brane/plasma membrane, cytoplasm/cytosol, nucleoplasm,
extracellular exosomes, cell surface, synapses, and focal
adhesions. The MF terms were primarily related to pro-
tein binding, nucleotide/ATP binding, protein kinase activ-
ity, calcium ion binding, signal receptor binding, and ser-
ine/threonine protein kinase activity. Overall, these inter-
secting targets were closely associated with key signaling,
adhesion and migration, and cell-fate determination pro-
cesses in GBM.

KEGG enrichment analysis (Fig. 2B) revealed signif-
icant enrichment of multiple tumor-related signaling mod-
ules. Based on the Sankey plot and bubble plot, 30 sig-
nificantly enriched pathways were visualized, including
pathways in cancer, proteoglycans in cancer, the MAPK
signaling pathway, Ras/Rap1 signaling, ErbB signaling,
HIF-1 signaling, focal adhesion, and microRNAs in can-
cer. Importantly, the PI3K/AKT signaling pathway was
clearly represented among the enriched pathways and was
connected to multiple genes in the Sankey diagram, sug-
gesting that it may act as a major convergence module
within the intersecting target network. The PI3K/AKT
pathway was selected as the principal mechanistic anchor
not merely because it appeared in the enrichment output,
but because it was biologically relevant to the observed
phenotypes of proliferation, survival, apoptosis, and mi-
gration, included upstream nodes suitable for structural
analysis, and could be experimentally evaluated through
phosphorylation-dependent pathwaymarkers [17]. Consid-
ering these factors, we selected the PI3K/AKT signaling
pathway for subsequent structural and cellular validation.
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Fig. 1. Identification of glioblastoma-related targets and hub genes. (A) Volcano plot showing differentially expressed genes (DEGs)
between glioblastoma and normal brain tissues in the GEO dataset (GSE2223). Red dots indicate upregulated genes and blue dots indicate
downregulated genes, while gray dots represent genes without significant differential expression. (B) Venn diagram showing the overlap
between glioblastoma (GBM)-related genes collected from GeneCards/DisGeNET and DEGs from GSE2223; 136 intersecting targets
were identified for subsequent analyses. (C) Protein–protein interaction (PPI) network constructed using the 136 intersecting targets. (D)
Venn diagram showing the intersection of hub genes ranked by four cytoHubba algorithms (maximal clique centrality [MCC], maximum
neighborhood component [MNC], edge percolated component [EPC] and Degree); 18 common hub targets were obtained. (E) PPI
subnetwork of the 18 common hub targets; node size/color indicate topological importance. (F) Top-ranked nodes identified by each
cytoHubba algorithm (MCC, MNC, EPC and Degree), illustrating the robustness of hub selection across algorithms.

3.4 Reverse Network Pharmacology

The 18 core targets were imported into BATMAN-
TCM 2.0 for compound matching and enrichment analy-
sis, and a disease–target–compound/drug (and source) re-
lationship network was constructed (Fig. 2C). The net-
work showed clear one-to-many relationships between can-

didate compounds and core targets, suggesting that these
molecules may exert network-level regulatory effects by
covering multiple hub nodes. According to the BATMAN-
TCM enrichment ranking, the main candidate compounds
included peiminine, delphinidin chloride, alizarin 1-methyl
ether, and 20E. Because the present study was designed as
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Fig. 2. Functional enrichment analyses and reverse network pharmacology screening of candidate compounds. (A) Gene Ontol-
ogy (GO) enrichment results of the 136 intersecting targets, including biological process (BP), cellular component (CC) and molecular
function (MF); representative top terms are shown. (B) KEGG pathway enrichment of intersecting targets visualized by an alluvial
(Sankey) plot and bubble plot; pathway significance and gene ratios are indicated as shown. The PI3K/AKT signaling pathway was
among the enriched pathways and was selected for downstream validation. (C) Disease–target–compound–herb network constructed
based on BATMAN-TCM 2.0 reverse screening using hub targets. Green nodes represent candidate compounds, red nodes represent
targets, blue nodes represent herbs, and the central node indicates glioblastoma; 20-hydroxyecdysone was identified as a prioritized
candidate compound. KEGG, Kyoto Encyclopedia of Genes and Genomes; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

an initial proof-of-concept validation rather than a head-to-
head comparison of all candidate compounds, one represen-
tative compoundwas selected for downstream experimental
validation. Previous studies have shown that peiminine in-
hibits glioblastoma proliferation and slows tumor progres-
sion in vitro and in vivo [18], whereas delphinidin-related
compounds have been reported to reduce glioma cell via-
bility or alleviate temozolomide resistance [19]. Therefore,
to avoid simply repeating previously investigated glioma-
related natural compounds, these compounds were not pri-
oritized in the present study. Among the remaining can-
didates, 20E was selected as a representative compound
because it has a relatively well-documented mammalian
pharmacological and safety background, available human

safety/pharmacokinetic data, and prior in vitro cancer-cell
evidence supporting feasible downstream experimental val-
idation [20,21]. Importantly, alizarin 1-methyl ether was
not excluded because of limited evidence or presumed tox-
icity; rather, it remains another candidate compound that
requires independent computational and experimental eval-
uation. Therefore, the present study should be interpreted as
an initial validation of 20E as one representative candidate,
not as evidence that 20E is superior to all other compounds
identified by reverse screening.
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Table 1. Molecular docking binding energies of 20-hydroxyecdysone with PI3K/AKT pathway-related targets.
Molecular docking binding energies (unit: kcal/mol)

AKT3-20-hydroxyecdysone –5.9
ANGPT2-20-hydroxyecdysone –5.9
COL6A1-20-hydroxyecdysone –6.4
EGFR-20-hydroxyecdysone –8.1
EIF4EBP1-20-hydroxyecdysone –3.9
FLT1-20-hydroxyecdysone –7.9
ITGA5-20-hydroxyecdysone –7.6
ITGA7-20-hydroxyecdysone –6.1
TGFA-20-hydroxyecdysone –4.9
YWHAG-20-hydroxyecdysone –5.5

3.5 Molecular Docking and Molecular Dynamics
Simulations

To investigate the potential interactions between 20-
hydroxyecdysone and PI3K/AKT pathway-related targets,
molecular docking was carried out for 10 proteins identi-
fied from the pathway enrichment analysis. The docking
scores ranged from −3.9 to −8.1 kcal/mol (Table 1), indi-
cating different levels of binding affinity among the targets.
Among them, EGFR, FLT1, and ITGA5 showed relatively
stronger binding and were therefore selected for subsequent
structural and dynamic analyses.

Examination of the docking conformations indicated
that 20-hydroxyecdysone could be accommodated within
the binding pockets of FLT1, EGFR, and ITGA5, where it
formed multiple hydrogen-bonding and hydrophobic con-
tacts with surrounding residues. In the FLT1 complex,
the main interacting residues included ASN39, LEU42,
ARG72, and PHE133. In the EGFR complex, the ligand
mainly interacted with THR766, MET769, CYS773, and
ARG817. In the ITGA5 complex, the principal interact-
ing residues were ARG106, PHE168, LEU355, SER417,
LEU419, VAL235, and VAL289. The interaction distances
were mainly distributed between 2.8 and 3.3 Å, supporting
favorable ligand accommodation within these binding sites
(Fig. 3A).

Based on these docking results, 100-ns molecular dy-
namics simulations were performed for the three selected
complexes to further evaluate their dynamic behavior. The
RMSD profiles showed that all three systems remained
generally stable during the simulation, with fluctuations
within approximately 0.3 nm (Fig. 3B). The RMSF analysis
showed relatively low residue fluctuations overall, except
for a few flexible regions, indicating that ligand binding
did not induce marked structural instability (Fig. 3C). In-
termolecular hydrogen bonds were maintained throughout
the simulations, with the FLT1–20-hydroxyecdysone com-
plex showing the highest hydrogen-bond occupancy (Fig.
3D). The radius of gyration (Rg) also remained stable, fluc-
tuating within 2.16–2.20 nm for ITGA5, 1.95–2.00 nm for
EGFR, and 1.56–1.62 nm for FLT1, indicating that the over-
all compactness of the three complexes was well preserved

during the simulation (Fig. 3E). Together, these results sup-
port the stable association of 20-hydroxyecdysone with the
selected PI3K/AKT pathway-related targets.

3.6 20-Hydroxyecdysone Affects Glioma Cell Viability and
Morphology

To evaluate the effect of 20-hydroxyecdysone (20E)
on glioma cell proliferation, U251 and U87 cells were used
as tumor cell models, and SVG p12 cells were used as a
control cell line. Cells were treated with 0, 0.04, 0.08, 0.12,
0.16, or 0.20 mM 20E, with the 0 mM group receiving the
same volume of DMSO as the vehicle control. CCK-8 as-
says were performed at 24, 48, and 72 h, and each concen-
tration was compared with the corresponding 0 mM vehicle
control within the same cell line and time point.

In U251 cells, 20E reduced cell viability, particularly
at medium-to-high concentrations and longer treatment du-
rations. At 24 h, significant inhibition was observed at 0.12
and 0.20 mM, with viability reduced to 84.8% and 87.0%
of the 0 mM vehicle control, respectively. At 48 h, the in-
hibitory effect became more evident, with viability reduced
to 75.2%, 56.6%, 51.7%, and 42.0% of control at 0.08, 0.12,
0.16, and 0.20 mM, respectively. At 72 h, 0.12–0.20 mM
20E further reduced U251 cell viability to 76.8%, 44.3%,
and 31.2% of control, respectively (Fig. 4A–C).

In U87 cells, low-dose exposure produced modest
fluctuations at selected time points, whereas increasing con-
centration and longer treatment generally reduced viability.
Specifically, 0.08 mM 20E increased U87 cell viability to
120.7% of control at 24 h, and 0.04 mM increased viability
to 116.3% of control at 72 h. However, this low-dose in-
crease was not sustained across higher concentrations. At
48 h, 0.04–0.20 mM 20E significantly reduced cell viability
to 92.2%, 75.3%, 60.0%, 54.0%, and 45.3% of the control,
respectively. At 72 h, 0.08–0.20 mM 20E reduced viability
to 86.3%, 52.3%, 57.6%, and 42.7% of control, respectively
(Fig. 4D–F).

In SVG p12 control cells, viability remained largely
stable at low-to-medium concentrations. Significant in-
hibitory effects were mainly observed under higher-dose
and/or longer-exposure conditions. Specifically, SVG p12
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Fig. 3. Molecular docking and molecular dynamics simulations based on PI3K/AKT pathway–enriched targets. (A) Representa-
tive docking poses of 20-hydroxyecdysone with key PI3K/AKT pathway–related proteins (e.g., FLT1, EGFR and ITGA5), with corre-
sponding 2D interaction diagrams showing hydrogen bonds and hydrophobic contacts. (B–E) Molecular dynamics simulations (100 ns)
for selected complexes. (B) RMSD curves of protein–ligand complexes. (C) RMSF profiles of protein residues. (D) Time evolution of
hydrogen bond numbers between ligand and protein. (E) Radius of gyration (Rg) of complexes, indicating overall compactness during
simulation. RMSD, root mean square deviation; RMSF, root mean square fluctuation.

viability was reduced to 91.0% of control at 0.20 mM for 24
h, to 96.0% and 89.7%of control at 0.16 and 0.20mM for 48
h, and to 65.8% of control at 0.20 mM for 72 h (Fig. 4G–
I). These data suggest that 20E showed stronger growth-

inhibitory effects in glioma cells than in SVG p12 control
cells within most of the tested range, although control cells
were also affected under high-exposure conditions.
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Fig. 4. Effects of 20-hydroxyecdysone on glioblastoma and control cell viability and morphology. (A–C) CCK-8 analysis of U251
cell viability after treatment with 0, 0.04, 0.08, 0.12, 0.16, or 0.20 mM 20-hydroxyecdysone for 24 h, 48 h, and 72 h, respectively.
(D–F) CCK-8 analysis of U87 cell viability after treatment with the indicated concentrations of 20-hydroxyecdysone for 24 h, 48 h,
and 72 h, respectively. (G–I) CCK-8 analysis of SVG p12 control cell viability after treatment with the indicated concentrations of 20-
hydroxyecdysone for 24 h, 48 h, and 72 h, respectively. (J,K) Representative phase-contrast images of U251 and U87 cells after treatment
with 0–0.20 mM 20-hydroxyecdysone for 24 h. The 0 mM group was treated with the same volume of DMSO and served as the vehicle
control. Scale bar = 100 μm. Data are presented as the mean ± standard deviation (SD) from four independent technical replicates (n = 4).
For comparisons among multiple treatment groups, statistical significance was analyzed using one-way ANOVA followed by Dunnett’s
multiple comparisons test versus the 0 mM vehicle control group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CCK-8, Cell
Counting Kit-8.
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Representative phase-contrast images captured after
24 h showed that 20E treatment reduced cell density and
induced visible morphological alterations in U251 and U87
cells, especially at higher concentrations (Fig. 4J,K).
These results indicate that 20E suppresses glioblastoma cell
growth, while its effects differ depending on cell line, con-
centration, and treatment duration.

3.7 20-Hydroxyecdysone Is Associated With
Apoptosis-Related Changes in Glioma Cells

To determine whether 20E-mediated growth inhibi-
tion was accompanied by increased apoptosis-associated
cell death, we repeated the Annexin V-FITC/PI flow cytom-
etry assay in U87 cells using standardized cross-gating and
performed quantitative analysis based on three independent
biological replicates. The total apoptotic population was
defined as the sum of Q2 and Q3. Quantitative analysis
showed that the total apoptotic rate was 18.02 ± 1.63% in
the 0 mM vehicle control group and 17.53 ± 3.49%, 24.50 ±
8.58%, 46.49 ± 0.44%, 44.36 ± 1.09%, and 50.64 ± 2.26%
after treatment with 0.04, 0.08, 0.12, 0.16, and 0.20 mM
20E, respectively. Compared with the 0mMvehicle control
group, 20E significantly increased the total apoptotic pop-
ulation at 0.12, 0.16, and 0.20 mM, whereas no significant
difference was observed at 0.04 or 0.08 mM (Fig. 5A,B).

To further examine apoptotic DNA fragmentation,
TUNEL staining was performed in U251 cells. Repre-
sentative fluorescence images showed increased TUNEL-
positive signals after 20E treatment. Quantification of rela-
tive TUNEL intensity showed significant increases at se-
lected concentrations, reaching 1.07-fold, 1.12-fold, and
1.16-fold of the 0 mM vehicle control at 0.08, 0.16, and
0.20 mM, respectively (Fig. 5C,D). Together, these results
indicate that 20E induces apoptosis-associated changes in
glioblastoma cells, although additional cell-death mecha-
nisms cannot be excluded.

3.8 20-Hydroxyecdysone Suppresses Colony Formation
and Migration

Because inhibition of short-term proliferation does not
necessarily imply a reduction in long-term proliferative po-
tential, we further used colony formation assays to evalu-
ate the effect of 20E on clonal expansion. Representative
staining images and quantitative analyses showed that 20E
reduced relative colony formation efficiency in both U251
and U87 cells, with more evident inhibition at medium-to-
high concentrations. In U251 cells, relative colony forma-
tion efficiency was significantly reduced to 65.5%, 60.7%,
55.0%, and 52.4% of the 0mMvehicle control at 0.08, 0.12,
0.16, and 0.20 mM, respectively. In U87 cells, 20E also sig-
nificantly reduced colony formation efficiency at 0.08–0.20
mM,with values of 73.4%, 68.4%, 76.6%, and 76.1% of the
vehicle control, respectively (Fig. 6A–D).

We next assessed cell migration using a wound-
healing assay. In both U251 and U87 cells, 20E produced

a concentration-associated reduction in wound closure, and
the inhibitory effect became more pronounced at medium-
to-high concentrations. In U251 cells, the migration rates
in the 0 mM vehicle control group were 34.5%, 46.8%,
and 48.0% at 24, 36, and 48 h, respectively. By contrast,
treatment with 0.20 mM 20E reduced the migration rates to
0.79%, 1.98%, and 2.38% at the corresponding time points
(Fig. 6E–H). In U87 cells, the migration rates in the 0 mM
vehicle control group were 30.2%, 55.0%, and 86.9% at 12,
24, and 36 h, respectively, whereas 0.20 mM 20E reduced
them to 3.61%, 3.05%, and 24.8%, respectively (Fig. 6I–
L). These results indicate that 20E impairs both clonogenic
capacity and migratory behavior in glioblastoma cells.

3.9 20-Hydroxyecdysone Inhibits
Phosphorylation-Dependent Activation of the PI3K/AKT
Pathway

Based on the preceding network pharmacology en-
richment analysis and molecular docking results, which
suggested that the PI3K/AKT signaling pathway is a key
mechanistic axis, we further examined the activation sta-
tus of this pathway and its downstream node GSK3β at the
cellular level. In U251 cells, compared with the 0 mM ve-
hicle control, treatment with 0.12 mM 20E for 24 h signifi-
cantly reduced the ratios of p-PI3K/PI3K, p-AKT/AKT, and
p-GSK3β/GSK3β to 85.2%, 73.4%, and 88.4% of the vehi-
cle control level, respectively. In contrast, total PI3K, AKT,
and GSK3β levels normalized to GAPDH were not signif-
icantly changed (Fig. 7A–G). These data indicate that 20E
mainly affects phosphorylation-dependent activation of the
PI3K/AKT/GSK3β axis rather than reducing the total abun-
dance of the related proteins.

A similar pattern was observed in U87 cells. Com-
pared with the 0 mM vehicle control, 0.12 mM 20E sig-
nificantly reduced the ratios of p-PI3K/PI3K, p-AKT/AKT,
and p-GSK3β/GSK3β to 69.9%, 80.2%, and 79.2% of the
vehicle control level, respectively, while total PI3K, AKT,
and GSK3β expression showed no significant changes
(Fig. 7H–N). The consistent pattern observed in both
glioma cell lines—suppression of phosphorylation rather
than reduction of total protein abundance—supports the
conclusion that 20E inhibits phosphorylation-dependent
PI3K/AKT/GSK3β pathway activation, in line with its an-
tiproliferative, antimigratory, and apoptosis-associated ef-
fects.

4. Discussion
The significance of this study lies not only in identi-

fying a natural bioactive molecule of interest, but also in
establishing a mechanistic chain that starts from the dis-
ease network and returns to the cellular level for experi-
mental validation. Recent reviews generally agree that the
difficulty in achieving major therapeutic breakthroughs in
GBM is not merely a consequence of rapid tumor growth,
but more importantly reflects its high invasiveness, pro-
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Fig. 5. 20-Hydroxyecdysone increases apoptosis-associated cell death in glioblastoma cells. (A) Representative Annexin V-FITC/PI
flow cytometry plots of U87 cells after treatment with 0, 0.04, 0.08, 0.12, 0.16, or 0.20 mM 20-hydroxyecdysone (20E) for 24 h. The
0 mM group was treated with the same volume of DMSO and served as the vehicle control. Cross-gates were established based on the
unstained blank control and single-stained FITC and PI controls, and the same gating strategy was applied consistently to all treatment
groups. Q2 and Q3 represent late and early apoptotic cells, respectively. (B) Quantification of the total apoptotic cell population, defined
as Q2 + Q3, based on three independent biological replicates (n = 3). (C) Quantification of relative TUNEL intensity in U251 cells after
treatment with the indicated concentrations of 20E. (D) Representative TUNEL staining images of U251 cells after treatment with the
indicated concentrations of 20E. Nuclei were stained with DAPI, and TUNEL-positive cells are shown in green. Scale bar = 50 μm. Data
are presented as the mean ± SD from three independent biological replicates (n = 3). For comparisons among multiple treatment groups,
statistical significance was analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test versus the 0 mM vehicle
control group. *p < 0.05; ***p < 0.001; ****p < 0.0001.
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Fig. 6. 20-Hydroxyecdysone suppresses colony formation and migration of glioblastoma cells. (A,B) Representative colony forma-
tion images and quantification of relative colony formation efficiency in U251 cells after treatment with 0, 0.04, 0.08, 0.12, 0.16, or 0.20
mM 20-hydroxyecdysone. (C,D) Representative colony formation images and quantification of relative colony formation efficiency in
U87 cells after treatment with the indicated concentrations of 20-hydroxyecdysone. (E) Representative wound-healing images of U251
cells treated with the indicated concentrations of 20-hydroxyecdysone and photographed at 0, 24, 36, and 48 h after scratching. (F–H)
Quantification of U251 cell migration rates at 24, 36, and 48 h, respectively. (I) Representative wound-healing images of U87 cells
treated with the indicated concentrations of 20-hydroxyecdysone and photographed at 0, 12, 24, and 36 h after scratching. (J–L) Quan-
tification of U87 cell migration rates at 12, 24, and 36 h, respectively. The 0 mM group was treated with the same volume of DMSO
and served as the vehicle control. Scale bar = 100 μm. Data are presented as the mean ± SD from three independent biological replicates
(n = 3). For comparisons among multiple treatment groups, statistical significance was analyzed using one-way ANOVA followed by
Dunnett’s multiple comparisons test versus the 0 mM vehicle control group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 7. 20-Hydroxyecdysone suppresses phosphorylation-dependent activation of the PI3K/AKT/GSK3β signaling pathway in
glioblastoma cells. (A) Representative Western blot images of p-PI3K, PI3K, p-AKT, AKT, p-GSK3β, GSK3β, and GAPDH in U251
cells after treatment with 0 or 0.12 mM 20-hydroxyecdysone for 24 h. (B–D) Quantification of p-PI3K/PI3K, p-AKT/AKT, and p-
GSK3β/GSK3β ratios in U251 cells, respectively. (E–G) Quantification of total PI3K/GAPDH, AKT/GAPDH, and GSK3β/GAPDH lev-
els in U251 cells, respectively. (H) Representative Western blot images of p-PI3K, PI3K, p-AKT, AKT, p-GSK3β, GSK3β, and GAPDH
in U87 cells after treatment with 0 or 0.12 mM 20-hydroxyecdysone for 24 h. (I–K) Quantification of p-PI3K/PI3K, p-AKT/AKT, and
p-GSK3β/GSK3β ratios in U87 cells, respectively. (L–N) Quantification of total PI3K/GAPDH, AKT/GAPDH, and GSK3β/GAPDH
levels in U87 cells, respectively. The 0 mM group was treated with the same volume of DMSO and served as the vehicle control. Data
are presented as the mean ± SD from three independent biological replicates (n = 3). Statistical significance between two groups was
analyzed using paired Student’s t-test. *p < 0.05; **p < 0.01.

nounced molecular plasticity, and ability to rapidly rebuild
adaptive networks after treatment [22,23,24]. Against this
background, rather than starting from predefined pharma-

cological assumptions, we first extracted disease modules
from GBM-related targets and transcriptomic signals, then
worked backward to identify 20E, and finally validated its
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anti-glioma potential through docking, molecular dynam-
ics, and in vitro experiments. Our results showed that 20E
inhibited proliferation, colony formation, and migration in
U251 and U87 cells while inducing apoptosis-associated
changes, supporting its value for further evaluation.

It should also be noted that the viability response was
not completely linear at all early or low-dose conditions. In
U87 cells, low-dose 20E produced a modest increase in vi-
ability at selected time points, whereas this effect was not
sustained under higher concentrations or longer treatment
durations. This pattern may reflect a transient adaptive
or hormetic-like response in this cellular background and
should not be interpreted as a sustained pro-proliferative ef-
fect. In addition, Annexin V-FITC/PI staining showed PI-
positive/Annexin V-low events in some 20E-treated groups,
indicating that non-apoptotic or necrotic-like cell deathmay
also contribute under certain conditions.

From a research perspective, we adopted reverse net-
work pharmacology not only to improve screening effi-
ciency, but also to ensure that the selection of candidate
molecules remained as close as possible to key disease-
associated networks. Network medicine proposes that
pathogenic molecules in complex diseases often exist as
modules within interaction networks, and that stable pheno-
typic outputs are usually determined not by a single target
but by the connectivity within such modules [25]. Network
pharmacology, in turn, provides a practical framework for
integrating multicomponent, multitarget, and multipathway
information into testable hypotheses [26]. On this basis,
combining reverse network pharmacology with virtual re-
verse pharmacology offers a rational strategy for infer-
ring candidate molecules and targets from disease-related
gene sets [27]. This concept also underlies the way we
linked bioinformatic screening, PPI hubs, pathway enrich-
ment, and subsequent experimental validation in the present
study.

At the mechanistic level, we ultimately focused on
the PI3K/AKT signaling axis. This decision was driven
not only by the prominence of this pathway in the en-
richment results, but also by its ability to account for the
multidimensional phenotypic changes we observed. Previ-
ous studies have shown that aberrant RTK-associated sig-
naling in GBM often converges on the PI3K/AKT axis,
thereby affecting cell survival, metabolic adaptation, and
invasive migration [28,29]. Notably, earlier work sug-
gested that migrating glioma cells actively engage PI3K-
dependent survival programs, thereby becoming less sen-
sitive to apoptotic stimuli [30]. Accordingly, in our ex-
periments, 20E-induced reductions in cell viability and mi-
gration, together with apoptosis-associated changes and
decreased p-PI3K/PI3K and p-AKT/AKT ratios, fit well
within the logic of this pathway and suggest that 20E acts,
at least in part, by weakening this survival–migration cou-
pling axis.

It is also important to note that our molecular dock-
ing analysis was not based on arbitrarily selecting a few
molecules from a large number of core targets, but was in-
stead centered on 10 candidate targets enriched within the
AKT pathway, which makes the docking results biologi-
cally more focused. Docking andmolecular dynamics anal-
yses indicated that 20E has favorable binding feasibility for
nodes such as EGFR, FLT1, and ITGA5, thereby making
the hypothesis of multinode action within the AKT pathway
more tangible. As reported in the literature, EGFR remains
one of the most representative upstream drivers of GBM,
and its aberrant activation can continuously fuel down-
stream PI3K/AKT-related programs [31]. ITGA5 is asso-
ciated not only with invasive behavior but also with resis-
tance to TMZ and antiangiogenic agents [32,33], whereas
the FLT1/ANGPT2 axis suggests that the potential role of
20E may extend beyond intrinsic tumor-cell proliferation
signaling to include vascular-related microenvironmental
regulation [34]. Moreover, the relationship between ECM-
related nodes such as COL6A1 and GBM stemness main-
tenance or chemotherapy resistance suggests that 20E may
ultimately influence a broader tumor niche [35]. At present,
however, these structural data are best interpreted as a ba-
sis for prioritizing targets and guiding mechanistic inquiry;
direct intracellular target engagement still needs to be es-
tablished.

Among our results, one of the most informative find-
ings linking pathway changes with phenotype is that, in
addition to reduced p-PI3K and p-AKT, 20E also de-
creased the p-GSK3β (Ser9)/GSK3β ratio while leaving to-
tal GSK3β unchanged. Because Ser9 is the classical in-
hibitory phosphorylation site of GSK3β, this result sug-
gests attenuation of inhibitory phosphorylation at GSK3β.
Importantly, PI3K/AKT-related signaling has already been
linked to TMZ resistance [36,37], and GSK3β itself is rec-
ognized as an important node connecting migration, in-
vasion, and stress adaptation [38]. In GBM, GSK3β has
been reported to support invasive programs [16] and to
be coupled to epithelial–mesenchymal transition (EMT)-
like outputs involving β-catenin and Twist [39]. In addi-
tion, natural-product studies in U87 and U251 cells have
shown that suppression of invasion and migration can oc-
cur through the AKT/GSK3β/β-catenin axis [40]. Taken to-
gether, these findings suggest that the effect of 20E should
not be viewed simply as inhibition of AKT signaling; rather,
it may involve reshaping the broader PI3K/AKT–GSK3β
continuum, thereby influencing downstream transcriptional
and cellular programs related to migration and apoptosis-
associated responses. Further investigation of β-catenin
stability or nuclear translocation, together with EMT- and
invasion-related markers, would help complete this mech-
anistic chain.

Several issues still warrant further investigation. First,
molecular docking and molecular dynamics are used pri-
marily to screen and strengthen mechanistic hypotheses
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rather than to directly prove intracellular target occupancy,
and their interpretive limits should therefore be acknowl-
edged [41,42]. To further strengthen the argument, cellular
thermal shift assay (CETSA) or related target-engagement
assays should be incorporated [43,44]. Second, although
U87 and U251 are classic and widely used models, their
origin and long-term passage drift have repeatedly been dis-
cussed in the field [45,46]. Future studies would therefore
benefit from the use of systems that more closely reflect
clinical heterogeneity, such as patient-derived organoids;
indeed, recent work has shown that patient-derived GBM
organoids can serve as near-real-time platforms for assess-
ing therapeutic responses [47]. Third, because 20E already
has a degree of preclinical safety and pharmacokinetic sup-
port [20], and recent reviews have begun to systematically
summarize its molecular targets and modes of action in
mammals [48], we believe that it has a reasonable basis
for further translational development. Nevertheless, drug
delivery remains a major challenge in GBM therapy, par-
ticularly with respect to increasing effective intratumoral
exposure while maintaining acceptable systemic exposure.
Accordingly, nanodelivery and related optimization strate-
gies should be considered in future work [49]. Overall,
our study provides a solid foundation for further investi-
gation of ecdysone: it emerged from the disease network,
converged on a clear AKT-related mechanistic anchor, and
consistently displayed anti-GBM activity in vitro.

Limitations
This study has several limitations. First, the effec-

tive concentrations of 20E used in vitro were relatively
high compared with highly optimized anticancer agents.
Therefore, 20E should currently be regarded as a candi-
date lead compound for proof-of-concept validation, and
future work should explore structural optimization, deliv-
ery optimization, or combination strategies to improve po-
tency and therapeutic selectivity. Second, molecular dock-
ing and molecular dynamics simulations can support target
prioritization but cannot prove direct intracellular target en-
gagement. Additional assays such as CETSA, SPR, ITC,
or pull-down experiments will be needed to verify direct
interactions between 20E and candidate targets. Third, the
present experimental validation was mainly based on clas-
sical U251 and U87 glioma cell lines. Future studies us-
ing patient-derived GBM cells, organoids, and in vivoGBM
models are required to better evaluate clinical relevance and
therapeutic potential.

5. Conclusions
In summary, this study identified 20E through re-

verse network pharmacology screening and, together with
molecular docking, molecular dynamics, and in vitro ex-
periments, demonstrated that it significantly inhibits glioma
cell proliferation, colony formation, and migration while
inducing apoptosis-associated changes. Mechanistically,

20E suppresses activation of the PI3K/AKT signaling path-
way and is accompanied by decreased downstream GSK3β
(Ser9) phosphorylation, suggesting that the PI3K/AKT–
GSK3β axis may mediate at least part of its antiglioma ef-
fect. These findings provide a basis for further investigation
of 20E as a potential candidate intervention for GBM and
also offer a useful strategy for discovering natural bioac-
tive compounds and validating their mechanisms through
reverse network pharmacology.
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