Cytotechnology

ARTICLE

Hispidulin-mediated inhibition of lung cancer
progression through PI3K/AKT Signaling: A combined
bioinformatic analysis and experimental investigation

Selvam Rajendiran - Sriram Prasath - Nithya Ramesh - Dhivya Murugesan -
Ramadurai Murugan - Shobana Chandrasekar

Received: 1 February 2026 / Accepted: 1 April 2026
©The Author(s), under exclusive licence to Springer Nature B.V. 2026

Abstract

Non-small cell lung cancer (NSCLC) continues to be one of the foremost causes of cancer-associated mortality
globally, underscoring the critical need for novel therapeutic agents with broad, multi-targeted efficacy. In the
present study, the anticancer potential of hispidulin, a naturally occurring prenylated flavonoid, was evaluated
against NSCLC using an integrated strategy that combined network pharmacology, molecular docking, and in
vitro validation. Network pharmacology analysis identified PI3K, AKT1, mTOR, and BCL2 as key hub targets,
all of which play pivotal roles in regulating cell survival, proliferation, and resistance to apoptosis. Molecular
docking studies revealed strong binding interactions between hispidulin and these core proteins, indicating its
potential to directly modulate their activity. In vitro assays demonstrated dose- and time-dependent cytotoxic
effects, with ICso values of 129.63 uM at 24 h and 88.45 uM at 48 h. Morphological assessment by phase-con-
trast microscopy showed cellular shrinkage, while propidium iodide staining confirmed nuclear condensation
and fragmentation. Elevated intracellular ROS levels detected by DCF-DA staining suggested the involvement
of oxidative stress-mediated apoptotic pathways. Flow cytometric analysis further revealed G0/G1-phase cell
cycle arrest and a significant increase in apoptotic cell populations following prolonged exposure to hispidulin.
Consistent with these findings, quantitative RT-PCR analysis demonstrated significant downregulation of PI3K,
AKTI1, mTOR, and BCL2 transcripts, validating the molecular mechanism underlying hispidulin-induced cyto-
toxicity. Collectively, these results highlight hispidulin as a promising natural anticancer agent against NSCLC,
exerting its effects through multi-targeted suppression of the PI3K/AKT/mTOR signaling axis and induction of
apoptosis via ROS-mediated mechanisms.
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Introduction

Lung cancer is one of the most prevalent and deadly malignancies worldwide and remains a major public health
challenge due to its high incidence, late diagnosis, and poor prognosis (Barta et al. 2019, Leiter et al. 2023). It is
broadly classified into non-small cell lung cancer (NSCLC), which accounts for nearly 85% of cases, and small
cell lung cancer (SCLC), known for its aggressive clinical course (Bade and Cruz 2020). The development and
progression of lung cancer are driven by complex genetic and molecular alterations involving key oncogenic
signaling pathways such as PI3K/AKT/mTOR, MAPK, EGFR, and apoptotic regulators including BCL-2 fam-
ily proteins. Although conventional treatment modalities—such as surgery, chemotherapy, radiotherapy, targeted
therapy, and immunotherapy—have improved patient outcomes, their effectiveness is often limited by drug resis-
tance, systemic toxicity, high costs, and adverse side effects (Zafar et al. 2025, Schirrmacher 2019, Sen et al.
2024). These limitations underscore the need for safer, more effective therapeutic alternatives that can selectively
target cancer cells while minimizing damage to normal tissues.

In recent years, phytocompounds derived from medicinal plants have gained significant attention as promising
candidates in lung cancer management due to their structural diversity, multi-targeted mechanisms, and relatively
low toxicity (Alrumaihi et al. 2025). Numerous natural compounds, including flavonoids, alkaloids, terpenoids,
polyphenols, and coumarins, have demonstrated potent anticancer activities by modulating multiple signaling
pathways involved in cell proliferation, apoptosis, metastasis, angiogenesis, and immune evasion (Situmorang
et al. 2024). Phytochemicals such as curcumin, quercetin, resveratrol, luteolin, hispidulin, and epigallocatechin
gallate (EGCG) have been shown to inhibit key oncogenic pathways like PI3K/AKT/mTOR and NF-«xB, induce
reactive oxygen species (ROS)-mediated apoptosis, arrest the cell cycle, and suppress epithelial-mesenchymal
transition (EMT) in lung cancer models (Zughaibi et al. 2021, ul Islam et al. 2021). Moreover, phytocompounds
have demonstrated the ability to sensitize cancer cells to conventional chemotherapeutic agents, thereby over-
coming drug resistance and enhancing therapeutic efficacy. Owing to their multi-targeted action and favorable
safety profiles, phytocompounds represent a valuable and emerging strategy in lung cancer treatment, either as
standalone agents or as adjuvants to existing therapies, offering new avenues for the development of effective and
less toxic anticancer interventions.

Hispidulin, a naturally derived flavonoid found in several medicinal plants, including Salvia officinalis, Arte-
misia species, and Clerodendrum species, has attracted increasing interest due to its wide range of pharmaco-
logical activities, particularly its anticancer properties (Patel and Patel 2017, Chaudhry et al. 2024). Chemically,
hispidulin is classified as a flavone and contains hydroxyl and methoxy groups that contribute to its potent anti-
oxidant capacity and biological activity. Its anticancer effects arise from the modulation of multiple molecular
pathways, enabling selective targeting of cancer cells with minimal cytotoxicity to normal cells. Taken together,
these multifaceted mechanisms position hispidulin as a promising natural anticancer compound, either as an
independent therapeutic agent or in combination with existing cancer treatments, meriting further investigation
through advanced preclinical and clinical studies (Ashaq et al. 2021). Despite these promising results, its phar-
macological use has been limited by poor solubility and bioavailability, necessitating further mechanistic and
therapeutic research.

In view of the pressing need for safer and more effective therapeutic options for NSCLC, along with the
promising yet insufficiently explored anticancer potential of hispidulin, the present study aims to evaluate its
therapeutic efficacy against NSCLC using an integrated bioinformatic and experimental approach. This research
primarily focuses on assessing the ability of hispidulin to suppress key oncogenic signaling pathways, promote
apoptotic cell death, and inhibit tumor progression. In addition, in silico ADME and drug-likeness analyses were
conducted to predict its pharmacokinetic behavior and suitability for drug development. By combining compu-
tational predictions with in vitro validation, this study provides a comprehensive assessment of hispidulin as a
potential therapeutic candidate for NSCLC, elucidating its underlying molecular mechanisms while highlighting
its translational relevance.

&\ Springer Cytotechnology



https://doi.org/10.1007/s10616-026-00958-0 Page30of 17 82

Materials and methods

Network Pharmacology Analysis

A network pharmacology strategy was applied to elucidate the potential molecular targets and underlying phar-
macological mechanisms of hispidulin in NSCLC. The canonical SMILES structure of hispidulin was retrieved
from the PubChem database, and its putative protein targets were predicted using the SwissTargetPrediction and
PharmMapper platforms. In parallel, NSCLC-related genes were compiled from multiple disease-associated data-
bases, including the GeneCards database (Safran 2010). Common targets between hispidulin-associated proteins
and NSCLC-related genes were identified using Venn diagram analysis, representing the potential therapeutic
targets of hispidulin. These intersecting targets were subsequently imported into Cytoscape software to construct
a drug—target—disease interaction network. Network topological parameters such as degree, betweenness central-
ity, and closeness centrality were analyzed to identify key hub genes that may play pivotal roles in mediating the
anticancer effects of hispidulin.

Molecular Docking

Molecular docking analyses were performed to assess the binding interactions between hispidulin and key
NSCLC-associated target proteins. The three-dimensional structure of hispidulin was obtained from the Pub-
Chem database and converted into PDB format using Open Babel, followed by energy minimization to achieve
a stable conformation. The crystal structures of target proteins, including AKT1, BAX, PI3K, mTOR, BCL2,
and GLUT?2, were retrieved from the Protein Data Bank (PDB) (Burley et al. 2017). Protein structures were
prepared by removing water molecules, adding polar hydrogen atoms, and assigning Kollman charges. Docking
simulations were initially conducted using PyRx integrated with AutoDock Vina to predict binding affinities and
optimal ligand—protein conformations. The resulting docking complexes were further analyzed and visualized
using Discovery Studio Visualizer to examine key molecular interactions, such as hydrogen bonding, hydropho-
bic interactions, and interacting amino acid residues, thereby validating the binding stability and orientation of
hispidulin with the selected targets.

Molecular dynamics (MD) simulation

Molecular dynamics (MD) simulations were performed using the GROMACS software package, with additional
computational support provided through the WebGRO server (https://simlab.uams.edu/) (Burley et al. 2017,
Eswaran et al. 2026, Seetharaman et al. 2025, Pushpanathan et al. 2025). The docked PI3K-hispidulin complex
was separated into protein and hispidulin components for the simulation setup. Protein topology was generated
using the AMBER99SB-ILDN force field within GROMACS, while ligand topology parameters were obtained
via the PRODRG server. The individual topologies were then combined to reconstruct the complete receptor—
ligand system. The complex was placed in a dodecahedral simulation box with a 1.0 nm buffer distance, solvated
using the TIP3P water model, and neutralized by the addition of 0.15 M NaCl. MD simulations were carried out
for 10 ns using the SFTP command-line interface on an Ubuntu platform. The results confirmed the structural
stability of the protein—ligand complex under dynamic simulation conditions.

Pharmacokinetic Analysis
The pharmacokinetic characteristics and drug-likeness of hispidulin were assessed using the SwissADME web-
based platform. The canonical SMILES representation of hispidulin was submitted to evaluate key absorption,

distribution, metabolism, and excretion (ADME) parameters. Drug-likeness was examined based on established
criteria, including Lipinski’s Rule of Five, as well as the Ghose, Veber, and Egan filters. In addition, predictions
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related to gastrointestinal absorption, blood—brain barrier permeability, aqueous solubility, and bioavailability
were analyzed to determine the compound’s suitability as a drug candidate. These in silico pharmacokinetic
evaluations offered valuable insights into the potential of hispidulin for further advancement in preclinical and
clinical drug development.

Cell Culture

The A549 human lung adenocarcinoma epithelial cell line (species: Homo sapiens; sex: male; tissue of origin:
lung alveolar basal epithelium), 3T3-L1 (Mouse fibroblast cell line) were used in this study. The cell lines were
obtained from the National Centre for Cell Science (NCCS), Pune, India, which supplies authenticated cell lines
verified by morphological assessment, isoenzyme analysis, and short tandem repeat (STR) profiling. The official
cell lines were A549 (ATCC® CCL-185™; RRID: CVCL_0023) and 3T3-L1 (ATCC® CL173™). The cells were
certified by the supplier as free of bacterial, fungal, and mycoplasma contamination at the time of dispatch. In
addition, routine in-house mycoplasma testing was conducted throughout the study to ensure continued sterility.
Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Himedia) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin—streptomycin, and 1% L-glutamine (Himedia). Cultures were incubated at 37
°C in a humidified 5% CO: atmosphere using a CO: incubator (Thermo Scientific). Cells were routinely subcul-
tured using trypsin—EDTA (Himedia) upon reaching 70—80% confluence, and only cells in the logarithmic growth
phase were utilised for all experimental procedures.

Cytotoxicity by MTT assay

The cytotoxic potential of hispidulin (SML0582, Merck) on A549 and mouse fibroblast, 3T3-L1 cells was deter-
mined using the MTT assay as previously described (Natarajan et al. 2025). Cells were seeded in 96-well plates
at a density of 5% 10? cells per well and allowed to adhere overnight. Following treatment with various concen-
trations of hispidulin (0-100 pM) for 24 and 48 h, 20 pL of MTT solution (5 mg/mL in PBS) was added to each
well, and the plates were incubated for 4 h at 37 °C. The resulting formazan crystals were dissolved using 150 uLL
of DMSO (Himedia), and absorbance was measured at 570 nm using a microplate reader (Robonik, india). Cell
viability was calculated relative to untreated control cells.

Nuclear Morphology Analysis (Pl Staining)

Apoptotic nuclear alterations were assessed using PI staining (SRL). A549 cells were cultured on sterile cover-
slips in 6-well plates and exposed to hispidulin for 48 h of treatment. Following treatment, the cells were fixed
with 4% paraformaldehyde, permeabilized using 0.1% Triton X-100, and stained with (10 mg/mL) for 10 min in
the dark. The stained coverslips were mounted on glass slides with an antifade mounting medium, and nuclear
morphology was observed under a fluorescence microscope (Olympus, Japan). Apoptotic cells were character-
ized by nuclear condensation and fragmentation, in contrast to the uniformly round nuclei observed in control
cells.

Intracellular ROS Measurement (DCF-DA Staining)

Intracellular reactive oxygen species (ROS) production was evaluated using 2’,7'-dichlorofluorescin diacetate
(DCF-DA, SRL). A549 cells were plated in 6-well plates and treated with hispidulin for 48 h. After treatment,
cells were incubated with 10 uM DCF-DA prepared in serum-free medium for 30 min at 37 °C in the dark. The
cells were then washed with PBS, and fluorescence was visualized using a fluorescence microscope at an excita-
tion/emission wavelength of 485/530 nm (Natarajan et al. 2025). Enhanced green fluorescence intensity in treated
cells indicated increased ROS generation compared with untreated control cells.
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Cell Cycle and Cell Death Analysis by flow cytometry analysis

Flow cytometric analysis was performed to assess cell cycle progression and apoptosis. For cell cycle assessment,
both hispidulin treated and untreated A549 cells were collected, washed with PBS, and fixed in 70% ethanol at
—20 °C overnight. The fixed cells were subsequently washed, incubated with RNase A (50 ug/mL), and stained
with propidium iodide (PI, 10 mg/mL) for 30 min at room temperature in the dark, as previously described
(Velmurugan et al. 2025). DNA content was analyzed by flow cytometry, and the proportions of cells in the GO/
G1, S, and G2/M phases were determined. For apoptosis analysis, cells were stained with Annexin V-FITC and
PI according to the manufacturer’s instructions and analyzed by flow cytometry to discriminate early apoptotic,
late apoptotic, and necrotic cell populations in BC cytflow instrument.

Gene Expression Analysis (RT-PCR)

Quantitative expression analysis of apoptosis- and proliferation-associated genes was conducted using reverse
transcription polymerase chain reaction (RT-PCR), as previously described (Natarajan et al. 2024). Total RNA
was isolated from treated and untreated A549 cells using TRIzol reagent, and RNA purity was assessed by deter-
mining the 260/280 nm absorbance ratio. Complementary DNA (cDNA) was synthesized from 1 pg of total
RNA using a reverse transcription kit. RT-PCR was performed with gene-specific primers for BAX, BCL2, CAS-
PASE-3, AKT1, mTOR, PI3K, and B-actin (Table 1). Amplification was carried out in a thermal cycler (Biorad,
CFX9 system) under optimized cycling conditions. Relative gene expression levels were calculated using the
2-AACt method, and fold changes were compared between hispidulin-treated and control groups.

Statistical analysis

In this study, statistical analyses were performed using the R programming language, a widely used platform
for statistical computing and data analysis. Differential gene expression between paired normal and tumor tis-
sues from the TCGA dataset was assessed using Student’s paired t-test. Statistical significance was defined as
*p<0.05, ¥**p<0.01, ***p<0.001, and ****p<0.0001. All experiments were conducted in independent triplicate
(mean+ SD) using Graphpad Prism software.

Table 1 RT-PCR list Gene(s) Primer 5’3’

AKT1 F-TTCTGCAGCTATGCGCAATGTG
R-TGGCCAGCATACCATAGTGAGGTT

Bcel-2 F-GACGCTTTGCCACGGTGGTG
R-GGGGCAGGCATGTTGACTTCAC

PI3K F-GGTTGTCTGTCAATCGGTGACTGT
R-GAACTGCAGTGCACCTTTCAAGC

MTOR F-ACTGATGGAGTCCGAAATGC
R-TCATCCGATCCTTCATCCTC

BAX F-TTCTGACGGCAACTTCAACTG
R-TGAGGAGTCTCACCCAACCA

CASP3 F- CTTCAGTGGTGGACATGACG
R- TCAACAATTTGAGGCTGCTG

B-actin F-AACAAGATGAGATTGGCA

R-AGTGGGGTGGCTTTTAGGAT
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Results

Network Pharmacology and Target Identification

Network pharmacology analysis integrating the GeneCards and CTD databases identified a panel of hispidulin-
associated targets relevant to NSCLC (Fig. 1A). Intersection analysis revealed 20 overlapping targets, among
which BCL2, BAX, CASP3, AKT1, PI3K, and mTOR emerged as key hub genes (Fig. 1B and C). These targets
are critically involved in the regulation of apoptosis, cell survival, proliferation, and drug resistance. Construc-
tion of the protein—protein interaction (PPI) network further highlighted their central roles, as they exhibited
high connectivity, indicating that hispidulin may exert its anticancer effects primarily through modulation of the
PI3K/AKT/mTOR signaling pathway and apoptosis-related regulators such as BCL2. Collectively, these findings
provide a strong rationale for exploring hispidulin as a multitarget therapeutic candidate capable of suppressing
oncogenic signaling in NSCLC.

Molecular Docking Validation

Molecular docking analysis demonstrated that hispidulin exhibits strong binding affinity toward BCL2, AKT1,
PI3K, GLUT2 BAX, and mTOR. The docking simulations revealed stable hydrogen bonding and hydrophobic
interactions within the respective active sites, suggesting the potential for direct inhibition of these target pro-
teins. These results are consistent with the network pharmacology findings and indicate that hispidulin simultane-
ously targets key survival-related proteins (AKT1, PI3K, and mTOR) and the anti-apoptotic protein BCL2 (Fig.
2; Table 2). Collectively, these observations support a dual mechanistic role of hispidulin in suppressing cellular
proliferation while promoting apoptosis in NSCLC.

Representative binding conformations illustrating the stable interactions of hispidulin with BCL-2, PI3K,
AKT1, and mTOR. Hydrogen bonding and hydrophobic interactions suggest hispidulin fits into the active sites
of these proteins, supporting its inhibitory potential against anti-apoptotic and pro-survival pathways.
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Fig. 1 Network pharmacology-based identification of hispidulin targets in NSCLC. (A) Venn diagram showing the intersec-
tion of hispidulin-associated targets retrieved from GeneCards and CTD databases, which results in 20 common genes.(B)
Protein—protein interaction (PPI) network created using Cytoscape reveals strong connections among the identified targets,
emphasizing BCL2, AKT1, BAX, CASP3, PI3K, and mTOR as key hub genes. (C) Schematic representation of hispidulin’s
core targets (BCL2, BAX, CASP3, AKT1, PI3K, and mTOR), indicating their potential roles in regulating apoptosis and
proliferation in NSCLC
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Fig. 2 Molecular docking of hispidulin with core target proteins

Table 2 Molecular docking Compound Protein(s) Binding energy (Kcal/  Amino acid binds with H
binding scores mol) bonds
Hispidulin (CID: Bax -7.8 GLN32, GLN28
5281628) BCI2 -15 ASN182
AKTI1 =15 PHE310
GLUT2 -8.9 GLY 170, TRP420
mTOR =7.7 TRP962, TYR966, ARG34
PI3K -8.5 GLU135, GLN682,

LYS678, SER681, LEU645

Molecular dynamics

Moreover, the 10 ns molecular dynamics simulation of the PI3K-hispidulin complex performed using GRO-
MACS indicates a high degree of structural stability throughout the simulation period. The RMSD profile shows
an initial rise during the equilibration phase, followed by stabilization around ~0.28-0.34 nm, suggesting that the
protein—ligand complex rapidly reached equilibrium and remained conformationally stable without significant
structural drift. This stable RMSD plateau hispidulin’s docked binding mode within the PI3K active site. Addi-
tionally, the RMSF analysis shows generally low residue-level fluctuations across the protein, with only moderate
flexibility in loop regions, which is typical and does not compromise the overall integrity of the complex. Impor-
tantly, residues within the binding region showed minimal fluctuations, indicating strong, persistent interactions
between PI3K and hispidulin as shown in (Fig. 3). Collectively, these results confirm that the PI3K—hispidulin
complex is dynamically stable over the 10 ns simulation, supporting the reliability of the docking results and sug-
gesting favorable binding under physiological-like conditions.
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Fig. 3 Molecular dynamics. RMSD and RMS fluctuation plots show the binding interaction between the PI3K-Hispidulin
complex over 10 ns using GROMACS software

Pharmacokinetics by the ADME property

The in silico ADME-T evaluation of hispidulin indicates a favorable pharmacokinetic and drug-likeness profile.
Hispidulin has a molecular formula of CisHi20s with a molecular weight of 300.26 Da, well within the accept-
able range for orally active small molecules, and contains 22 heavy atoms, of which 16 are aromatic, reflecting a
predominantly aromatic scaffold with a low fraction of sp* carbons (0.06). The compound exhibits a topological
polar surface area (TPSA) of 100.13 A2 which supports good intestinal absorption and is consistent with its pre-
dicted high gastrointestinal (GI) absorption. Lipophilicity values were moderate, with a consensus LogP of 2.12
(ILOGP 2.27, XLOGP3 2.99, WLOGP 2.59, Silicos-IT LogP 2.55), suggesting an appropriate balance between
aqueous solubility and membrane permeability.

Solubility predictions classified hispidulin as soluble to moderately soluble, with ESOL LogS of —3.99 (0.0306
mg/mL), Ali LogS of —4.76 (0.00526 mg/mL), and Silicos-IT LogSw of —4.52 (0.00907 mg/mL), indicating
acceptable solubility for oral administration. Hispidulin is predicted to be non-permeant to the blood—brain bar-
rier (BBB) and not a P-glycoprotein substrate, reducing the likelihood of central nervous system toxicity and
efflux-mediated loss of bioavailability. In terms of metabolism, the compound is predicted to inhibit CYP1A2,
CYP2D6, and CYP3A4, suggesting a potential for drug—drug interactions, while showing no inhibitory effects
on CYP2C19 or CYP2C9. The predicted skin permeability (log Kp=—6.01 cm/s) indicates low transdermal
absorption.

Importantly, hispidulin satisfies all major drug-likeness filters, including Lipinski, Ghose, Veber, Egan, and
Muegge rules, with no violations, and displays a favorable bioavailability score of 0.55 (Table 3). Additionally,
no PAINS or Brenk structural alerts were identified, and no lead-likeness violations were observed, supporting
its suitability as a drug-like candidate. Overall, the ADME-T profile suggests that hispidulin possesses favorable
oral absorption, acceptable solubility, and good drug-likeness, reinforcing its potential as a promising small-
molecule therapeutic agent.

Cytotoxicity Assay
The MTT assay revealed that hispidulin significantly reduced A549 cell viability in both a concentration- and

time-dependent manner. The half-maximal inhibitory concentration (ICso) was determined to be 129.63 uM at
24 h and 88.45 uM at 48 h, indicating enhanced cytotoxicity with prolonged exposure (Fig. 4A). Consistent
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Table 3 ADME-T property

Molecule Hispidulin Consensus Log P 2.12

Canonical SMILES COclc(O)ee2e(c10) ESOL Log S -3.99
c¢(=0)cc(02)clecc(ccl)O

Formula C16H1206 ESOL Solubility (mg/ml) 0.0306

MW 300.26 ESOL Solubility (mol/l) 0.000102

#Heavy atoms 22 ESOL Class Soluble

#Aromatic heavy atoms 16 Ali Log S —4.76

Fraction Csp3 0.06 Ali Solubility (mg/ml) 0.00526

#Rotatable bonds 2 Ali Solubility (mol/l) 1.75E-05

#H-bond acceptors 6 Ali Class Moderately soluble

#H-bond donors 3 Silicos-IT LogSw —4.52

MR 80.48 Silicos-IT Solubility (mg/ml) 0.00907

TPSA 100.13 Silicos-IT Solubility (mol/1) 3.02E-05

iLOGP 2.27 Silicos-IT class Moderately soluble

XLOGP3 2.99 GI absorption High

WLOGP 2.59 BBB permeant No

MLOGP 0.22 Pgp substrate No

Silicos-IT Log P 2.55 CYP1A2 inhibitor Yes

Lipinski #violations 0 CYP2C19 inhibitor No

Ghose #violations 0 CYP2C9 inhibitor No

Veber #violations 0 CYP2D6 inhibitor Yes

Egan #violations 0 CYP3A4 inhibitor Yes

Muegge #violations 0 log Kp (cm/s) —6.01

Bioavailability Score 0.55 Brenk #alerts 0

PAINS #alerts 0 Leadlikeness #violations 0

Fig.4 Cytotoxic effects of A

Hispidulin on A549 cells. 120-
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with these findings, phase-contrast microscopic examination showed marked morphological alterations in treated
cells, including reduced cell density, loss of cell-cell adhesion, and characteristic apoptotic shrinkage at higher
concentrations of hispidulin (Fig. 4B). Moreover, biocompatibility of hispidulin (0—100uM) treated in 3T3-L1
cells shows no toxic effects (Sup. Figure 1). Collectively, these results confirm the cytotoxic potency of hispidulin
against A549 cells and provided a basis for selecting ICso concentrations for subsequent mechanistic analyses.

Nuclear and Oxidative Stress Studies

PI staining was used to assess nuclear morphology and confirm apoptosis at the cellular level. In untreated A549
control cells, nuclei were intact, round, and uniformly stained, indicating normal nuclear architecture and chro-
matin organization. In contrast, cells exposed to hispidulin for 48 h exhibited early apoptotic features, including
chromatin condensation and nuclear margination. Following 48 h of treatment, apoptotic changes were more pro-
nounced, with evident nuclear fragmentation and the formation of apoptotic bodies (Fig. 5A). These observations

A Control Hispudulin (48hrs)

Fig. 5 Nuclear morphology and ROS generation upon hispidulin treatment. (A) PI staining shows intact nuclei in the control
group, while hispidulin-treated cells (48 h) display nuclear condensation and fragmentation, indicative of apoptosis. (B)
DCF-DA staining demonstrates a marked increase in green fluorescence in hispidulin-treated cells, reflecting elevated intra-
cellular ROS levels compared to control. These results suggest ROS-mediated apoptotic induction
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demonstrate that hispidulin induces apoptosis in a time-dependent manner, supporting its role in activating intrin-
sic apoptotic pathways in A549 cells.

Intracellular reactive oxygen species (ROS) generation in hispidulin-treated NSCLC cells was assessed using
DCF-DA staining. Control cells displayed minimal fluorescence, corresponding to basal ROS levels required for
normal cellular function. In contrast, treatment with hispidulin for 48 h resulted in a noticeable increase in green
fluorescence, indicating elevated ROS production. This effect was further intensified after 48 h, with a marked
increase in fluorescence intensity, reflecting substantial ROS accumulation in A549 cells (Fig. 5B). Excessive
ROS generation can induce oxidative damage to cellular macromolecules and trigger apoptotic signaling path-
ways. Collectively, these findings suggest that hispidulin promotes oxidative stress, potentially leading to mito-
chondrial dysfunction, cytochrome c release, and subsequent activation of caspase-dependent apoptosis.

Cell Cycle Analysis and Apoptosis Induction

Flow cytometric analysis revealed that hispidulin treatment induced a pronounced cell cycle arrest in A549 cells
at the GO/G1 phase. In untreated control cells, the distribution of cells across the GO/G1, S, and G2/M phases
was relatively balanced, reflecting normal proliferative activity. This effect became more prominent after 48 h,
with a substantial increase in the GO/G1 population and a corresponding decline in DNA synthesis and mitotic
progression (Fig. 6A). These findings indicate that hispidulin effectively disrupts cell cycle progression, likely by
inhibiting critical checkpoint regulators, thereby preventing entry into the DNA replication phase.

To further validate the cytotoxic effects of hispidulin, apoptosis was evaluated using Annexin V/PI staining.
Control cells predominantly remained viable, with minimal apoptotic populations, consistent with normal cellular
homeostasis. After 48 h, both early and late apoptotic populations were markedly elevated, indicating progression
toward irreversible cell death (Fig. 6B). Notably, the proportion of necrotic cells remained low throughout the
treatment period, suggesting that hispidulin predominantly induces programmed cell death rather than necrosis,
a desirable feature for minimizing inflammatory responses in anticancer therapy.

RT-PCR Gene Expression Analysis

RT-PCR analysis revealed that 48-hour hispidulin treatment markedly modulated the expression of apoptosis-
and survival-related genes in A549 cells. Pro-apoptotic BAX expression was significantly upregulated compared
with the control, indicating activation of apoptotic signaling. In contrast, the anti-apoptotic gene BCL2 was
significantly downregulated, resulting in a favorable shift in the BAX/BCL2 ratio toward apoptosis. Consistent
with inhibition of oncogenic survival pathways, key components of the PI3K/AKT/mTOR axis—PI3K, AKT1,
and mTOR—showed a significant reduction in mRNA expression following hispidulin exposure. Additionally,
GLUT?2 expression was significantly reduced, further confirming activation of the execution phase of metabolic
reprogramming (Fig. 7). Overall, these findings demonstrate that hispidulin induces apoptosis in A549 cells by
upregulating pro-apoptotic and caspase genes while suppressing PI3K/AKT/mTOR-mediated survival signaling,
supporting its multi-target anticancer potential after 48 h of treatment.

Discussion

The present study comprehensively evaluated the therapeutic potential of hispidulin against non-small cell lung
cancer (NSCLC) using an integrated approach that combined network pharmacology, molecular docking, and
ADME profiling. This multi-layered computational strategy enabled a systematic understanding of hispidulin’s
molecular targets, associated signaling pathways, and pharmacokinetic characteristics, underscoring its poten-
tial as a phytotherapeutic candidate for lung cancer management. Network pharmacology analysis identified 13
overlapping hispidulin-associated targets relevant to NSCLC, including key oncogenic regulators such as BCL2,
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AKTI, PI3K, and mTOR, which are critically involved in apoptosis, cell survival, proliferation, and therapeutic
resistance. Protein—protein interaction (PPI) network analysis further highlighted these molecules as central hub
nodes, indicating that the anticancer activity of hispidulin is mediated through coordinated modulation of survival
and apoptotic signaling networks.

Importantly, the PI3K/AKT/mTOR signaling axis emerged as a dominant pathway, consistent with its well-
established role in NSCLC development, progression, and drug resistance (Wang et al. 2023, Jiang et al. 2020).
Concurrent targeting of this pathway, along with downregulation of the anti-apoptotic protein BCL2, suggests a
dual mechanism of action, involving suppression of tumour growth and induction of apoptosis. These observa-
tions were further supported by functional enrichment analyses, as KEGG and Reactome pathways were signifi-
cantly enriched for PI3K/AKT, mTOR, apoptosis, EGFR, and NSCLC-related signaling pathways, reinforcing
the biological relevance of the identified targets. Molecular docking analysis substantiated the network phar-
macology findings by demonstrating strong binding affinities of hispidulin toward BCL2, AKT1, PI3K, and
mTOR. The presence of stable hydrogen bonds and hydrophobic interactions within the active sites of these
proteins suggests a high probability of functional inhibition. The concordance between docking results and net-
work analysis highlights hispidulin’s potential as a multi-target agent capable of exerting both pro-apoptotic and
anti-proliferative effects in NSCLC.

The present study provides a comprehensive evaluation of the anticancer potential of hispidulin against non-
small cell lung cancer (NSCLC) through an integrated framework combining in silico ADME-T profiling with in
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Fig. 7 RT-PCR validation of hispidulin-mediated gene regulation in A549 cells. Quantitative RT-PCR analysis of A549
cells treated with hispidulin for 48 h shows significant downregulation of PI3K, BCL2, AKT1, and mTOR compared to
untreated controls. These results confirm that hispidulin exerts its anticancer effects by inhibiting PI3K/AKT/mTOR signal-
ing and BCL2-mediated anti-apoptotic defense, promoting apoptosis in a time-dependent manner. Statistical significance at
*p<0.05, ¥**p<0.001, ***p<0.0001

vitro functional validation in A549 cells (Citi 2017). The findings collectively demonstrate that hispidulin exerts
multi-faceted anticancer effects by suppressing cell proliferation, inducing oxidative stress—mediated apoptosis,
arresting cell cycle progression, and modulating key oncogenic signaling pathways, particularly the PI3K/AKT/
mTOR axis.

In silico ADME-T analysis revealed that hispidulin possesses favorable drug-like and pharmacokinetic proper-
ties, supporting its suitability as an orally active small molecule (Adamu et al. 2023, Shakoor et al. 2024, Silva et
al. 2023). Its molecular weight, moderate lipophilicity, and optimal topological polar surface area are consistent
with efficient gastrointestinal absorption, which was further supported by predicted high GI permeability. Impor-
tantly, hispidulin satisfied all major drug-likeness filters, including Lipinski, Ghose, Veber, Egan, and Muegge
rules, with no PAINS or Brenk alerts, suggesting a low likelihood of nonspecific toxicity or assay interference.
Although moderate CYP inhibition was predicted, indicating a potential for drug—drug interactions, the overall
ADME-T profile supports the feasibility of further preclinical development. These computational insights pro-
vide a strong rationale for the experimental validation of hispidulin’s anticancer activity (Ashaq 2021).

Consistent with its favorable pharmacokinetic profile, hispidulin exhibited significant cytotoxic effects against
A549 cells in a dose- and time-dependent manner, as demonstrated by the MTT assay (Cummings and Schnell-
mann 2021). The progressive reduction in ICso values from 24 to 48 h indicates enhanced cytotoxic efficacy with
prolonged exposure, suggesting sustained intracellular activity. Morphological assessment further corroborated
these findings, revealing hallmark apoptotic features, including reduced cell density, loss of adhesion, and cellular
shrinkage. Although the ICso values observed in this study fall within the high micromolar range (129uM for 24

Cytotechnology &)\ Springer



82 Page 14 of 17 https://doi.org/10.1007/s10616-026-00958-0

h and 88 uM for 48 h), such concentrations are not uncommon for phytochemicals evaluated in vitro analysis.
Importantly, in vitro ICso values do not directly reflect achievable plasma concentrations in vivo, as factors such
as absorption, metabolic activation, tissue accumulation, and synergistic interactions can substantially influence
biological activity. Several natural compounds exhibit limited standalone potency but exert significant anticancer
effects in vivo through pathway modulation, chemo sensitization, or long-term exposure. Furthermore, formula-
tion strategies, structural optimization, and combination approaches may enhance bioavailability and therapeutic
efficacy.

Apoptosis induction was further validated at the nuclear level using PI/DAPI staining (Wu 2018). These nuclear
alterations are characteristic of intrinsic apoptotic pathways and suggest mitochondrial involvement. Consistent
with this hypothesis, DCF-DA staining revealed a substantial increase in intracellular reactive oxygen species
(ROS) levels following hispidulin treatment. Elevated ROS levels are known to disrupt mitochondrial membrane
potential, promote cytochrome c release, and activate downstream caspase cascades. Thus, the observed oxida-
tive stress likely acts as a critical upstream trigger for hispidulin-induced apoptosis in NSCLC cells.

Flow cytometric analysis further demonstrated that hispidulin effectively disrupts cell cycle progression by
inducing a robust arrest at the GO/G1 phase. The accumulation of cells in GO/G1, accompanied by a marked
reduction in S and G2/M populations, indicates inhibition of DNA synthesis and mitotic entry. Such cell cycle
arrest is a well-established anticancer mechanism, as it limits uncontrolled proliferation and sensitizes cancer
cells to apoptotic signaling. Importantly, Annexin V/PI staining confirmed that hispidulin-induced growth inhi-
bition was predominantly mediated by apoptosis rather than necrosis, as evidenced by a significant increase
in early- and late-apoptotic populations, with minimal necrotic cell death (Dai, Lv et al. 2020). Naringenin
effectively inhibits breast cancer cell growth and migration by causing S-phase arrest, inducing apoptosis, and
activating pro-apoptotic autophagy, underscoring its therapeutic promise (Mir 2025). This review emphasizes
flavonoids as affordable anticancer agents capable of overcoming drug resistance through regulation of oxidative
stress, immune modulation, metastasis, and apoptosis/autophagy (Mir et al. 2024). Additionally, it outlines the
dysregulation of mTOR signaling in cancer, detailing the roles of mMTORC1 and mTORC?2 and recent advances in
mTOR inhibitors as key strategies for targeting tumor growth, metabolism, apoptosis, and autophagy (Mir 2023).
Furthermore, lung cancer therapies and highlights phytochemicals as promising anticancer agents. It critically
evaluates in vitro, in vivo, and clinical evidence, focusing on their ability to modulate key signaling pathways,
apoptosis, oxidative stress, angiogenesis, and cell cycle regulation (Choudhary et al. 2023). Additionally, the
review emphasizes nanoparticle-based drug delivery systems as effective strategies to overcome bioavailability
limitations of phytocompounds (Fatima 2022). By enhancing targeted delivery, stability, and therapeutic effi-
cacy while reducing systemic toxicity, nanotechnology-integrated phytoconstituents offer a viable and innovative
approach for improved lung cancer management (Siddiquee et al. 2024). This is particularly desirable in antican-
cer therapy, as apoptosis minimizes inflammatory responses and collateral tissue damage. At the molecular level,
RT-PCR analysis provided mechanistic insights into the pathways underlying hispidulin’s anticancer effects.
Treatment resulted in significant upregulation of the pro-apoptotic gene BAX and downregulation of the anti-
apoptotic gene BCL2, thereby shifting the BAX/BCL2 ratio in favor of apoptosis. A key limitation of this study
is the absence of Western blot validation of PI3K, AKT, mTOR, BCL2, and BAX, which precludes direct confir-
mation of pathway modulation. Future studies incorporating protein-level analyses are necessary to substantiate
the proposed molecular mechanisms and strengthen the translational relevance of the findings. Concurrent sup-
pression of PI3K, AKT1, and mTOR expression further highlights the inhibition of a central oncogenic survival
pathway frequently dysregulated in NSCLC. Additionally, reduced GLUT2 expression suggests interference with
cancer-associated metabolic reprogramming, further contributing to growth inhibition and apoptotic sensitiza-
tion. Together, these molecular changes confirm that hispidulin exerts its effects through coordinated modulation
of apoptotic, survival, and metabolic signaling networks.
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Conclusion and future directions

Overall, this study shows that hispidulin exhibits potent anticancer effects against non-small cell lung cancer by
targeting key oncogenic pathways involved in cell proliferation, survival, and apoptosis. Network pharmacology
and molecular docking identified PI3K, AKT1, mTOR, and BCL2 as major targets, which were validated by
RT-PCR. Functional assays demonstrated that hispidulin induces ROS generation, oxidative stress, GO/G1 cell
cycle arrest, and apoptosis. Cytotoxicity, morphological, flow cytometry, and gene expression analyses collec-
tively confirm its growth-inhibitory and pro-apoptotic effects. These findings support hispidulin as a promising
multitargeted natural anticancer agent, warranting further protein-level validation and in vivo studies to enhance
translational relevance.
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