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Abstract. Non‑small cell lung cancer (NSCLC) remains a 
leading cause of cancer‑associated mortality and urgently 
requires new therapeutic agents. In the present study, pheno‑
typic screening of natural herbal extracts was performed, 
identifying Disporum  cantoniense extract as a selective 
inhibitor of NSCLC cell viability. Bioactivity‑guided fraction‑
ation further revealed that the petroleum ether fraction (DPF) 
was the major active fraction. DPF suppressed the viability, 
proliferation, colony formation, migration and invasion of 
A549 and H1299 cells while exhibiting weaker cytotoxicity 
toward BEAS‑2B cells. In addition, DPF increased propidium 
iodide (PI)‑positive cell death and lactate dehydrogenase 

release in NSCLC cells, indicating that DPF‑induced viability 
loss was accompanied by membrane‑damaging cytotoxicity. 
Transcriptomic and network pharmacology analyses indicated 
significant enrichment of autophagy‑, apoptosis‑, AMPK‑, 
mTOR‑, and MAPK‑associated pathways. Mechanistically, 
DPF increased LC3‑II accumulation, promoted green fluo‑
rescent protein‑LC3 puncta formation and autophagic flux, 
and activated the AMPK/mTOR/unc‑51 like autophagy acti‑
vating kinase 1 and MEK/ERK signaling pathways. DPF also 
induced apoptosis, as demonstrated by increased Annexin V 
positivity, elevated cleaved caspase‑3 and Bax expression, 
reduced Bcl‑2 expression, and reduced cytotoxicity in 
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Bax‑Bak double‑knockout mouse embryonic fibroblast (MEF) 
cells. Notably, pharmacological inhibition of autophagy or 
its upstream regulators attenuated DPF‑induced cytotoxicity. 
In addition, autophagy‑deficient Atg7‑/‑ MEF cells exhibited 
reduced DPF‑induced PI‑positive cell death, loss of cell viability, 
and caspase‑3 activation, further supporting the involvement 
of Atg7‑dependent autophagy in DPF‑induced apoptosis. In 
a xenograft model, DPF significantly inhibited tumor growth 
and increased apoptosis‑ and autophagy‑associated markers in 
tumor tissues without evident systemic toxicity. Collectively, 
these findings identify DPF as a principal anti‑NSCLC frac‑
tion of Disporum cantoniense and suggest that it suppresses 
NSCLC progression through AMPK/mTOR/unc‑51 like 
autophagy activating kinase 1‑ and MEK/ERK‑mediated 
autophagy‑dependent apoptosis.

Introduction

Lung cancer remains a leading cause of cancer‑associated 
mortality worldwide. According to GLOBOCAN 2022, there 
were ~2.5 million new lung cancer cases and >1.8 million 
deaths globally, underscoring the persistent and notable 
health burden imposed by this disease. Non‑small cell lung 
cancer (NSCLC) accounts for ~80‑85% of all lung cancers 
and therefore represents a dominant clinical and biological 
form of lung malignancy (1‑3). Over the past decade, the 
treatment landscape of NSCLC has been transformed by 
molecular stratification, targeted therapy, and immune check‑
point blockade (4‑8). Therapies targeted against actionable 
oncogenic drivers and immunotherapy‑based regimens have 
markedly improved outcomes in selected patient subsets, 
such as patients with EGFR mutations or ALK rearrange‑
ments and those with high PD‑L1 expression (9). However, 
these advances have not eliminated the major barriers to 
durable disease control, as intrinsic and acquired resistance, 
tumor plasticity, and metastatic progression continue to 
limit long‑term benefits. Thus, despite therapeutic progress, 
advanced NSCLC remains associated with poor prognosis 
and a notable unmet clinical need (10‑13).

A key challenge in NSCLC therapy is that malignant 
progression is driven not solely by uncontrolled prolif‑
eration but also by the ability of tumor cells to evade cell 
death and acquire invasive capacity. These hallmarks 
sustain tumor expansion, dissemination, and therapeutic 
failure. Agents capable of simultaneously suppressing 
proliferation, promoting tumor cell death, and attenuating 
invasion are therefore of marked interest in anticancer drug 
discovery, particularly when they act through multi‑target 
or pathway‑integrated mechanisms (11,14). Natural products 
have historically provided an important foundation for anti‑
cancer drug development, and recent advances in screening, 
analytical chemistry and mechanism‑guided pharmacology, 
such as high‑throughput screening, mechanistic pathway 
profiling, metabolic and redox target identification, and 
randomized controlled trials, have renewed interest in natural 
product‑based drug discovery (15‑18). The structural diver‑
sity and broad biological activity of natural products make 
them especially attractive as sources of lead compounds 
capable of modulating complex cancer phenotypes (19,20). 
In this context, activity‑guided screening of medicinal plants 

remains a productive strategy for identifying candidate 
agents against NSCLC (21).

Disporum cantoniense is a medicinal plant with a history of 
traditional use and a growing phytochemical profile. Previous 
studies have identified flavonoids and other constituents from 
this species, and phytochemical investigations have reported 
compounds with anti‑inflammatory potential (22,23). In addi‑
tion, flavonoid‑rich plant extracts have been widely reported to 
exhibit anti‑tumor activities through modulation of apoptosis, 
oxidative stress, and metastasis‑related pathways (16,24,25). 
These findings suggest that Disporum cantoniense contains 
bioactive small molecules with pharmacological relevance. 
However, its anti‑tumor activity, particularly in NSCLC, 
has not been systematically investigated. To date, studies 
on D.  cantoniense have mainly focused on its traditional 
anti‑inflammatory applications and phytochemical charac‑
terization, whereas its oncology‑related pharmacological 
effects remain largely unexplored. In addition, the specific 
bioactive fraction responsible for potential anti‑NSCLC 
effects remains unidentified, and the underlying mechanisms 
of action are largely unknown. It remains unclear whether 
Disporum cantoniense‑derived extracts or fractions selec‑
tively inhibit NSCLC cells, which fraction contains the major 
anti‑tumor activity, and whether this activity affects key 
malignant phenotypes, including proliferation, clonogenic 
growth, cell death, migration, and invasion.

Therefore, defining the active fraction is an important first 
step in clarifying the anti‑NSCLC potential of this plant and for 
guiding subsequent mechanistic and chemical studies. In the 
present study, phenotypic screening of natural herbal extracts 
was performed, identifying Disporum cantoniense extract 
(DE) as a candidate with inhibitory activity against NSCLC 
cells. Through solvent fractionation and bioactivity‑guided 
evaluation, the petroleum ether fraction of Disporum 
cantoniense (DPF) was further identified as the principal 
active fraction. This fractionation strategy enables the enrich‑
ment of lipophilic bioactive compounds, which are often 
associated with enhanced cellular permeability and biological 
activity (26). The effects of DPF on NSCLC cell viability, prolif‑
eration, colony formation, cell death, migration, and invasion 
were then systematically examined, together with chemical 
profiling and mechanistic validation. Thus, the present study 
provides a pharmacological basis for further identifying the 
bioactive constituents of Disporum cantoniense and supports 
its potential value as a source of anti‑NSCLC agents.

Materials and methods

Chemicals and reagents. Disporum  cantoniense was 
purchased from the Chengdu Hehuachi Medicinal Materials 
Professional Market. Hoechst 33342 (cat. no. B2261) and prop‑
idium iodide (PI; cat. no. P4170) were purchased from Merck 
KGaA. In addition, 3‑methyladenine (3‑MA; cat. no. S2767) 
was purchased from Selleck Chemicals. Rapamycin (Rap; 
cat. no. T1537), compound C (CC; cat. no. T6146), gefitinib 
(Gefi; cat. no. T1181), ULK101 (cat. no. T5403), Z‑VAD‑FMK 
(ZVF; cat. no. T7020) and SCH772984 (SCH; cat. no. T6066) 
were obtained from TargetMol Chemicals Inc. Crystal violet 
staining solution (cat. no. C0121) and GreenNuc™ Live Cell 
Caspase‑3 Activity Detection Kit (cat. no. C1168M) were 
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obtained from Beyotime Biotechnology. The Lipomaster 
3000 Transfection Reagent (cat. no. TL301‑02) was obtained 
from Vazyme Biotech Co., Ltd. The Annexin V‑FITC/PI 
apoptosis detection kit (cat. no. FXP018) was purchased from 
Beijing 4A Biotech Co., Ltd. Plasmids, including enhanced 
green fluorescent protein EGFP‑LC3 (cat. no. 11546) and 
ptfLC3 (cat. no. 21074) were obtained from Addgene, Inc. The 
primary antibodies used in the present study, including phos‑
phorylated (p)‑AMPK (cat. no. 2535), mTOR (cat. no. 2983S), 
p-ULK1 (Ser555; unc-51 like autophagy activating kinase 1; 
cat. no. 5869), p-ULK1 (Ser757; cat. no. 6888), p‑MEK (cat. 
no. 9154S), MEK (cat. no. 4694S) and ERK (cat. no. 4695S), 
were purchased from Cell Signaling Technology, Inc. 
Antibodies from Proteintech Group, Inc. included GAPDH 
(cat. no. 60004‑1‑lg), LC3 (cat. no. 14600‑1‑AP), ULK1 (cat. 
no.  29005‑2‑AP), AMPK (cat.  no.  10929‑2‑AP), p‑mTOR 
(cat. no. 67778‑1‑lg), Bax (cat. no. 50599‑2‑lg) and Bcl‑2 (cat. 
no. 68103‑1‑lg). p‑ERK (cat. no. HY‑P80814) was obtained 
from MedChemExpress. The cleaved caspase‑3 antibody 
(cat. no. P20025) was obtained from Promab Biotechnologies, 
Inc. All reagents and antibodies were obtained from commer‑
cial sources and their specificity was validated by the respective 
manufacturers.

Plant material preparation and extraction. Roots and 
rhizomes of Disporum cantoniense were purchased, authen‑
ticated and processed for extraction. Dried plant material was 
extracted using 75% ethanol under controlled conditions to 
obtain crude DE. The extract was concentrated under reduced 
pressure, lyophilized and stored at ‑20˚C until use. The stock 
solution of DE was prepared by dissolving the lyophilized 
extract in DMSO and diluting to the desired concentrations 
with culture medium immediately before use, with the final 
DMSO concentration kept below 0.1% (v/v) (27).

Fractionation of the crude extract. Crude DE was subjected 
to sequential solvent partitioning to yield four fractions of 
differing polarity: DPF, ethyl acetate fraction (DEF), n‑butanol 
fraction (DNF) and aqueous fraction (DWF). Briefly, the 
crude extract was suspended in water and partitioned succes‑
sively with petroleum ether, ethyl acetate and n‑butanol. Each 
organic layer was collected, evaporated to dryness under 
reduced pressure, before being stored at ‑20˚C. The fractions 
were reconstituted in DMSO for biological evaluation (28).

Chemical profiling by ultra‑high‑performance liquid chroma‑
tography quadrupole time‑of‑flight‑tandem mass spectrometry 
(UHPLC‑Q/TOF‑MS/MS). Chemical composition of the DPF 
fraction was characterized using UHPLC‑Q/TOF‑MS/MS (29). 
The DPF fraction was dissolved and filtered through a 
0.22‑µm polytetrafluoroethylene membrane prior to injection. 
Chromatographic separation was performed on a C18 column 
with a gradient elution program using water and acetonitrile 
(both containing 0.1% formic acid) as mobile phases. Mass 
spectrometric detection was performed in both positive 
and negative ionization modes, with data acquired over a 
mass‑to‑charge ratio (m/z) range of 100‑1,000. The total 
ion chromatogram and diode‑array detector chromatogram 
recorded at 210 nm were obtained. Compound identification 
was performed by comparing molecular formulae and MS/MS 

fragmentation patterns with reference data available in data‑
bases such as the Human Metabolome Database (https://hmdb.
ca/), Dictionary of Natural Products (http://dnp.chemnetbase.
com/) and METLIN (https://metlin.scripps.edu/). A total of 14 
small‑molecule constituents were annotated.

Cell culture. A549 cells (cat. no. CCL‑185; American Type 
Culture Collection), a human NSCLC cell line, and H1299 
cells (cat. no. CRL‑5803; American Type Culture Collection), 
a human lung adenocarcinoma cell line, were cultured in 
RPMI‑1640 medium supplemented with 10% FBS and 1% 
penicillin‑streptomycin. BEAS‑2B cells (cat. no. CRL‑9609; 
American Type Culture Collection), a normal human bronchial 
epithelial cell line, were cultured in DMEM/F‑12 medium 
supplemented with 10% FBS, 100 U ml‑1 penicillin, and 100 µg 
ml‑1 streptomycin. Immortalized wild‑type (WT) and Bax‑Bak 
double knockout (DKO) mouse embryonic fibroblast (MEF) 
cells were provided by Professor Shigeomi Shimizu (Tokyo 
Medical and Dental University, Medical Research Institute, 
Tokyo, Japan). Immortalized Atg7+/+ and Atg7‑/‑ MEFs were 
provided by Professor Masaaki Komatsu (Juntendo University, 
School of Medicine, Tokyo, Japan). These cells were cultured 
in complete DMEM medium. All cells were maintained at 
37˚C in a humidified atmosphere containing 5% CO2 (30).

Natural product screening and cell viability assays. For initial 
screening, A549 and BEAS‑2B cells were seeded in multi‑well 
plates and treated with a panel of crude herbal extracts at 
fixed concentrations for a defined period. Cell viability was 
determined using an MTT assay. In brief, cells were seeded 
in 96‑well plates at 5x103 cells per well, allowed to adhere 
overnight, and subsequently treated with the indicated drugs at 
31.3, 62.5, 125 or 250 µg/ml, or with the control (Ctrl), for 24 h 
at 37˚C. Following treatment, the purple formazan crystals 
were dissolved in DMSO, and the absorbance was measured 
at 490 nm using a microplate reader, and cell viability was 
calculated relative to untreated control cells. The resulting data 
were used to generate heatmaps, bar charts, and dose‑response 
curves. All viability experiments were performed in at least 
three independent replicates (31).

Real‑time cell analysis. Real‑time monitoring of cell prolifera‑
tion was performed using the Agilent xCELLigence Real‑Time 
Cell Analysis system (Agilent Technologies) (32). A549 and 
H1299 cells were each seeded in E‑plates at a density of 
5x103 cells/well. After cells had adhered and entered log‑phase 
growth (24 h), DPF was added at 25, 50, 100 and 200 µg/ml. 
The cell index, which reflects cell number, morphology, and 
adhesion, was recorded every 15 min over a 25‑h monitoring 
period. Data were normalized to the time point of drug 
addition for comparison across treatment groups.

Transwell invasion assay. Cell invasion was assessed using 
24‑well Transwell chambers with 8‑µm‑pore polycarbonate 
membranes pre‑coated with Matrigel (Corning, Inc.) at 37˚C for 
2 h. A549 and H1299 cells were serum‑starved overnight and 
then seeded at 5x104 cells in serum‑free medium containing 
DPF at 25, 50, 100 and 200 µg/ml in the upper chamber. 
The lower chamber was filled with medium containing 10% 
FBS as a chemoattractant. After 24 h of incubation at 37˚C, 
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non‑invading cells on the upper surface were removed with 
cotton swabs. Cells that had migrated to the lower surface 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature (20‑25˚C), stained with 0.1% crystal violet for 
20 min at room temperature, and imaged under a light micro‑
scope (magnification, x10). Invaded cells were quantified by 
counting in five randomly selected fields per membrane (33).

Hoechst 33342/PI dual staining. Cell death was evaluated 
using Hoechst 33342/PI dual staining (34). A549 and H1299 
cells were seeded in multi‑well plates and treated with drugs 
at 50, 100 and 200 µg/ml for 24 h at 37˚C. Following treat‑
ment, cells were incubated with Hoechst 33342 (10 µg/ml) and 
PI (5 µg/ml) for 15‑20 min at 37˚C in the dark. Fluorescence 
images were captured using an inverted fluorescence micro‑
scope (magnification: x10; scale bar: 200 µm). The cell death 
rate was quantified as the ratio of PI‑positive cells to total 
Hoechst‑stained cells in at least five randomly selected fields 
per condition.

Lactate dehydrogenase (LDH) release assay. Membrane-
damaging cytotoxicity was assessed using an LDH release 
assay. A549 and H1299 cells were seeded in 96‑well plates 
and treated with DPF at 25, 50, 100 and 200 µg/ml for 24 h at 
37˚C. After treatment, the culture supernatants were collected, 
and LDH activity was measured according to the manufac‑
turer's instructions using a commercial LDH Cytotoxicity 
Assay Kit (cat. no. BL1405A; Biosharp Life Sciences). The 
absorbance was measured using a microplate reader, and LDH 
release (%) was calculated according to the manufacturer's 
instructions using the following formula: (Experimental 
LDH release‑spontaneous LDH release)/(maximum LDH 
release‑spontaneous LDH release) x100.

Colony formation assay. Long‑term proliferative and clono‑
genic capacity was assessed by colony formation assay. A549 
and H1299 cells were seeded at 0.8x103 cells per well in 6‑well 
plates and allowed to attach for 24 h. Cells were then treated 
with DPF at 25, 50, 100 and 200 µg/ml, or with Gefi as a posi‑
tive control, at 37˚C. After 12 days of culture, during which 
the medium was replenished every 3 days, colonies were fixed 
with 4% paraformaldehyde for 15 min at room temperature, 
stained with 0.1% crystal violet for 20 min at room tempera‑
ture, and images were captured. Colonies consisting of ≥50 
cells were counted manually using ImageJ software (version 
1.53k; National Institutes of Health), and representative images 
were acquired (35).

Wound healing assay. Cell migration was evaluated using the 
wound‑healing assay (36). A549 and H1299 cells were seeded 
in 6‑well plates and cultured until reaching ~90% confluence. 
Cells were serum‑starved in serum‑free medium overnight. A 
linear scratch was made across each monolayer using a sterile 
200‑µl pipette tip. Detached cells were removed by washing 
with PBS and fresh serum‑reduced medium containing 1% 
FBS and DPF at concentrations of 25, 50, 100, and 200 µg/ml 
was added. Images of the wound area were captured at 0 and 
24 h using a phase‑contrast microscope. The remaining wound 
area was quantified using ImageJ software (version 1.53k; 
National Institutes of Health) and expressed as the percentage 

of the initial wound area at 24 h. A higher remaining wound 
area indicated reduced migratory capacity.

Transcriptomic profiling and bioinformatic analysis. Total 
RNA was extracted from A549 cells treated with DPF or Ctrl 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. RNA integrity 
was verified using an Agilent 2100 Bioanalyzer (Agilent 
Technologies) and samples with an RNA integrity number ≥7.0 
were used for library construction. Sequencing libraries were 
prepared using a NEBNext Ultra II Directional RNA Library 
Prep Kit for Illumina (cat. no. E7760S; New England Biolabs, 
Inc.). The concentration of the final library was measured 
using a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, 
Inc.) and adjusted to a final loading concentration of 2 nM 
prior to loading. Sequencing was performed on an Illumina 
NovaSeq 6000 platform to generate 150‑bp paired‑end reads. 
Raw sequencing reads were quality‑filtered and aligned to the 
human reference genome (GRCh38) using HISAT2 (v2.2.1; 
https://ccb.jhu.edu/software/hisat2/index.shtml). Gene expres‑
sion was quantified using featureCounts (Subread v2.0.1) and 
differential expression analysis was performed using DESeq2 
(v1.38.0; https://bioconductor.org/packages/DESeq2), with 
genes considered differentially expressed at adjusted P<0.05. 
Principal component analysis (PCA) was performed to assess 
overall transcriptomic variation between groups.

Differentially expressed genes (DEGs) were visualized 
using volcano plots and heatmaps generated with R packages 
‘ggplot2’ (v3.4.0) and ‘pheatmap’ (v1.0.12) using R software 
(version 4.2.2). Gene Ontology (GO) enrichment analysis and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis were carried out using clusterProfiler 
(v4.6.0; http://bioconductor.org/packages/clusterProfiler) 
to identify significantly enriched biological processes and 
signaling pathways among the DEGs (37).

Network pharmacology analysis. To complement the  
t ranscr iptomic f indings, a network pharmacology 
approach was employed. The putative molecular targets 
of the 14 annotated chemical constituents of DPF were 
predicted using publicly available databases, including 
SwissTargetPrediction (http://www.swisstargetprediction.ch/), 
PharmMapper (http://www.lilab‑ecust.cn/pharmmapper/) 
and Similarity Ensemble Approach (http://sea.bkslab.org/). 
Disease‑associated targets for NSCLC were retrieved from 
databases including GeneCards (https://www.genecards.org/), 
Online Mendelian Inheritance in Man (OMIM; https://www.
omim.org/), and DisGeNET (https://www.disgenet.org/). 
Overlapping targets between compound‑predicted targets 
and disease targets were identified and subjected to GO and 
KEGG pathway enrichment analyses to determine enriched 
biological processes and signaling pathways. The results 
were compared with the transcriptomic findings to identify 
converging pathways (38).

Western blotting analysis. A549 and H1299 cells were lysed 
in RIPA buffer (Beyotime Biotechnology) supplemented with 
protease and phosphatase inhibitor cocktails. Protein concen‑
trations were determined by a BCA assay. Equal amounts of 
total protein (40 µg per lane) were separated on 12% gels using 
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SDS‑PAGE and transferred to PVDF membranes. Membranes 
were blocked with 5% non‑fat milk or 5% bovine serum 
albumin (BSA; MilliporeSigma) in TBST (TBS containing 
0.1% Tween‑20) for 1 h at room temperature. The membranes 
were then incubated overnight at 4˚C with the indicated primary 
antibodies (diluted at 1:10,000 for anti‑GAPDH and 1:1,000 
for all others). After washing, the membranes were incubated 
with secondary antibodies, including HRP‑conjugated goat 
anti‑rabbit IgG (diluted 1:2,000) or HRP‑conjugated goat 
anti‑mouse IgG (diluted 1:2,000), for 1 h at room temperature. 
Protein bands were detected using ECL reagent, and band 
intensities were quantified using ImageJ software (National 
Institutes of Health). Protein expression levels were normalized 
to GAPDH or total protein as appropriate, and phosphoryla‑
tion levels were expressed as the ratio of phosphorylated to 
total protein (39).

GFP‑LC3 puncta formation assay. A549 and H1299 cells were 
transiently transfected with an EGFP‑LC3 plasmid (GFP‑LC3; 
Addgene, cat. no. 11546) (2 µg/ml) using Lipomaster 3000 
(TL301; Vazyme Biotech Co., Ltd.) according to the manu‑
facturer's instructions. At 24 h post‑transfection, cells were 
treated with DPF at 50, 100 and 200 µg/ml at 37˚C, with Rap 
as a positive control, for a further 24 h. Where indicated, cells 
were co‑treated with pharmacological inhibitors, including 
CC (AMPK inhibitor), ULK101 (ULK1 inhibitor), or SCH 
(ERK inhibitor) at 37˚C for 24 h. After treatment, the cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature, counterstained with Hoechst 33342 for 10 min 
at room temperature in the dark for nuclear visualization, and 
imaged using a confocal laser scanning microscope at x63 
magnification (scale bar, 20 µm). The number of GFP‑LC3 
puncta per cell was quantified in at least 30 cells per condition 
across three independent experiments (40).

The ptfLC3 autophagic flux assay. To distinguish between 
autophagosome formation and autolysosome maturation, 
A549 and H1299 cells were transfected with a tandem ptfLC3 
reporter plasmid (2 µg/ml; cat no. 21074; Addgene, Inc.) using 
Lipomaster 3000 at 37˚C for 24 h. In this system, autopha‑
gosomes appear as yellow puncta (GFP+/RFP+), whereas 
autolysosomes, in which GFP fluorescence is quenched by the 
acidic pH, appear as red‑only puncta (GFP‑/RFP+). At 24 h 
post‑transfection, cells were treated with DPF (100 µg/ml) 
or Rap (10 µM; positive control) at 37˚C for 24 h. The cells 
were then fixed with 4% paraformaldehyde for 15 min at room 
temperature, counterstained with Hoechst 33342 for 10 min at 
room temperature in the dark, and imaged by confocal micros‑
copy at x63 magnification (scale bar, 20 µm). The fluorescence 
intensities of RFP and GFP were quantified and the RFP/GFP 
ratio was calculated to assess autophagic flux (41).

Flow cytometric analysis of apoptosis. Apoptosis was quanti‑
fied by Annexin V‑FITC/PI dual staining followed by flow 
cytometry. A549 and H1299 cells were treated with DPF at 
50, 100 and 200 µg/ml for 24 h at 37˚C, collected by tryp‑
sinization, washed twice with cold PBS, and resuspended in 
1x binding buffer. Cells were stained with Annexin V‑FITC 
and PI for 15 min at room temperature in the dark according 
to the manufacturer's protocol. Stained cells were analyzed 

on a flow cytometer (BD FACSVerse; BD Biosciences). The 
proportion of early apoptotic (Annexin V+/PI‑) and late apop‑
totic (Annexin V+/PI+) cells was determined using FlowJo 
software (version 10.8.1; BD Biosciences) and total apoptotic 
rates were calculated as the sum of early and late apoptotic 
populations (42).

Caspase‑3 fluorescence staining. Caspase‑3 activation was 
visualized using a fluorescent caspase‑3 activity detection kit. 
Cells were seeded on coverslips and treated with DPF at 50, 
100 and 200 µg/ml for 24 h at 37˚C. Where indicated, cells 
were co‑treated with pharmacological inhibitors 3‑MA, CC, 
ULK101 or SCH for 24 h at 37˚C. Cells were then stained with 
the caspase‑3‑specific fluorescent substrate according to the 
manufacturer's instructions. Nuclei were counterstained with 
Hoechst 33342 for 10 min at room temperature in the dark. 
Fluorescence images were acquired using an inverted fluo‑
rescence microscope (magnification: x10; scale bar: 200 µm). 
Caspase‑3 fluorescence intensity was quantified using ImageJ 
software (National Institutes of Health) and expressed as a 
percentage relative to the control group (43).

Molecular docking. Molecular docking simulations were 
performed to assess the potential binding interactions between 
BBG‑D, a chemical constituent identified in the DPF frac‑
tion, and the catalytic domains of AMPK and MEK (44). 
The three‑dimensional structures of the target proteins were 
retrieved from the Protein Data Bank (https://www.rcsb.
org/) and prepared using standard protocols (38), including 
removal of water molecules and co‑crystallized ligands, 
addition of hydrogen atoms, and energy minimization. The 
three‑dimensional structure of BBG‑D was generated and 
energy‑minimized using Chem3D software (version 20.0; 
PerkinElmer, Inc.). Docking simulations were carried out 
using AutoDock Vina (version 1.2.5; https://vina.scripps.edu/). 
The binding poses with the most favorable binding energies 
were selected, and key protein‑ligand interactions (hydrogen 
bonds, hydrophobic contacts, and π‑π stacking) were visual‑
ized and analyzed using PyMOL (version 2.5.0; Schrödinger, 
LLC; https://www.pymol.org/).

In vivo xenograft tumor model. All animal experiments were 
approved by the Institutional Animal Care and Use Committee 
of Southwest Medical University (Luzhou, China; approval 
no. 20240514‑004) and were performed in accordance with the 
institutional guidelines for animal care and use (45). A total of 
24 male BALB/c nude mice (age, 5‑6 weeks; weight, 18‑22 g; 
GemPharmatech Co. Ltd.) were used in the present study. 
Mice were maintained under specific‑pathogen‑free condi‑
tions at 22±2˚C and 50±10% humidity under a 12 h light/dark 
cycle, with free access to sterilized water and standard rodent 
chow. To establish the subcutaneous xenograft tumor model, 
A549 cells were harvested during the logarithmic growth 
phase and resuspended in a 1:1 mixture of serum‑free medium 
and Matrigel. A total of 5x106 A549 cells in 100 µl suspen‑
sion were subcutaneously injected into the right flank of each 
mouse. When the mean tumor volume reached ~100 mm3, the 
mice were randomly divided into four groups (n=6 per group): 
i) Vehicle control; ii) Gefi (20 mg/kg); iii) DPF low‑dose group 
(40 mg/kg); and iv) DPF high‑dose group (80 mg/kg). Blinding 
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was not performed during drug administration; however, tumor 
size and body weight were assessed by an investigator blinded 
to the treatment allocation. Tumor size was measured using 
digital calipers by the same operator to minimize inter‑observer 
variability, and body weight was measured at a fixed time of 
day using a calibrated electronic scale throughout the experi‑
ment. DPF and Gefi were prepared in a vehicle composed of 
double‑distilled water, polyethylene glycol 400, and DMSO 
at a volume ratio of 5:4:0.5 (v/v/v) and were administered by 
intraperitoneal injection once daily for 15 days. The vehicle 
control group received the same volume of vehicle via intraperi‑
toneal injection. Tumor length and width were measured every 
2 days using digital calipers, and tumor volume was calculated 
according to the formula: V=0.5 x length x width2. Body weight 
was recorded throughout the treatment period.

The humane endpoints were defined as a tumor volume 
>1,500  mm3, severe ulceration or necrosis of the tumor, 
body weight loss >20%, marked lethargy, impaired mobility, 
or other signs of severe distress. During the experiment, no 
mouse reached the predefined tumor‑volume endpoint. The 
maximum observed tumor dimensions were 16.91x12.96 mm, 
corresponding to a maximum calculated tumor volume of 
1,420 mm3. At the end of the experiment, mice were anesthe‑
tized through intraperitoneal administration of pentobarbital 
sodium at 150 mg/kg and then euthanized by cervical disloca‑
tion. Mortality was determined by the absence of respiration, 
heartbeat, corneal reflex, and response to toe pinch. Tumors 
were excised, photographed, and weighed. Major organs, 
including the heart, liver, spleen, lung, and kidney, were 
collected and weighed to evaluate gross systemic toxicity. 
Tumor tissues were processed for histopathological, TUNEL, 
and immunohistochemical analyses (45).

Histopathology, TUNEL staining and immunohistochemistry. 
Excised tumor tissues were fixed in 4% paraformaldehyde at 
4˚C for 24 h, embedded in paraffin, and sectioned at 4‑5 µm 
thickness. For histopathological evaluation, sections were 
stained with hematoxylin for 5 min and counterstained with 
eosin for 2 min at room temperature. The H&E‑stained sections 
were then examined under a light microscope to assess tumor 
morphology and tissue integrity (27,46). Apoptosis in tumor 
tissues was detected using a TUNEL assay with the In Situ Cell 
Death Detection Kit (cat. no. 11684795910; Roche Diagnostics) 
according to the manufacturer's instructions. Sections were 
mounted with VECTASHIELD® Antifade Mounting Medium 
(Vector Laboratories, Inc.), and TUNEL‑positive cells were 
visualized under a fluorescence microscope at x10 magnifica‑
tion (scale bar, 200 µm). Green fluorescent TUNEL‑positive 
cells were quantified in five randomly selected fields of 
view per section  (47). For immunohistochemical staining, 
deparaffinized and rehydrated sections were subjected to 
heat‑mediated antigen retrieval in citrate buffer (pH 6.0) at 
95‑100˚C for 15 min. Endogenous peroxidase activity was 
quenched with 3% hydrogen peroxide. Sections were blocked 
with 10% normal goat serum (Solarbio Science & Technology 
Co., Ltd.) for 30 min at room temperature and then incubated 
overnight at 4˚C with primary antibodies against Bax (1:200), 
mTOR (1:200), ERK (1:200) and LC3 (1:200). After washing, 
the sections were incubated with biotinylated goat anti‑rabbit 
IgG or goat anti‑mouse IgG secondary antibody (1:500) for 

1 h at room temperature, followed by incubation with streptav‑
idin‑HRP conjugate for 30 min at room temperature. Staining 
was developed using DAB, and sections were counterstained 
with hematoxylin, dehydrated, and mounted. Images were 
captured at x10 magnification (scale bar, 200 µm), and the 
staining intensity was quantified using ImageJ software 
(version 1.53k; National Institutes of Health) (48).

Statistical analysis. All data are presented as the mean ± SD 
from at least three independent experiments unless otherwise 
stated. Statistical comparisons among multiple groups were 
performed using one‑way ANOVA followed by Tukey's or 
Dunnett's post hoc test. For tumor growth curves, two‑way 
repeated‑measures ANOVA followed by Sidak's post hoc test 
was used. Statistical analyses were conducted using GraphPad 
Prism (version 9.0; Dotmatics). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Natural extract screening identifies Disporum cantoniense 
that selectively inhibits NSCLC cells. To identify natural 
products with selective anti‑tumor activity, a panel of herbal 
extracts was screened in A549 and BEAS‑2B cells. Heatmap 
analysis shows that while the majority of extracts produced 
minimal changes in cell viability, one extract markedly 
decreased viability in A549 cells but had a weaker effect on 
BEAS‑2B cells (Fig. 1A and B). These observations suggest 
that this extract selectively reduces NSCLC cell viability. 
This extract, identified as DE, was subsequently examined in 
dose‑response assays. DE caused a concentration‑dependent 
decrease in A549 cell viability, with statistically significant 
inhibition observed at 125 and 250 µg/ml (P<0.001) (Fig. 1C). 
By contrast, BEAS‑2B cells exhibited no significant reduction 
in cell viability across the same concentration range (Fig. 1D). 
Thus, DE may exhibit preferential cytotoxicity toward NSCLC 
cells over normal lung epithelial cells. To identify the bioactive 
component responsible for this activity, DE was fractionated 
into DPF, DEF, DNF, and DWF. Among these fractions, 
DPF produced the most pronounced reduction in A549 cell 
viability. Compared with BEAS‑2B cells, A549 cells exhibited 
significantly lower viability following treatment with DPF 
at 50 µg/ml (P<0.01), 100 µg/ml (P<0.001) and 200 µg/ml 
(P<0.01), whereas BEAS‑2B cells showed relatively modest 
changes in viability (Fig. 1E‑H), indicating that DPF repre‑
sents the primary active fraction within the DE. The inhibitory 
activity of DPF was further validated in H1299 cells. DPF 
treatment significantly decreased H1299 cell viability in a 
concentration‑dependent manner, consistent with its activity 
in A549 cells (Fig. 1I). Chemical profiling of the DPF fraction 
using UHPLC‑Q/TOF‑MS/MS revealed a number of distinct 
chromatographic peaks, with 14 small‑molecule constituents 
being annotated (Fig. 1J; Table I). These findings provide a 
basis for subsequent chemical and mechanistic studies. Overall, 
the screening identified Disporum cantoniense, particularly its 
DPF fraction, as a selective inhibitor of NSCLC cell viability.

DPF inhibits proliferation, invasion, clonogenicity and 
migration and further induces membrane‑damaging cyto‑
toxicity in NSCLC cells. To evaluate the cellular effects of 
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the active fraction DPF, real‑time proliferation dynamics 
were first monitored in A549 and H1299 cells. Real‑time 
cell analysis showed that DPF markedly suppressed the 
proliferation‑associated cell index in both cell lines in a 
concentration‑dependent manner, with higher doses producing 
rapid and sustained reductions during the monitoring period 
(Fig. 2A and B). These findings indicate that DPF effectively 
reduces NSCLC cell proliferation.

The impact of DPF on invasive behavior was assessed using 
Transwell assays. DPF decreased the number of invading A549 
cells in a concentration‑dependent manner, with significant 
reductions observed at 25 µg/ml (P<0.05), 50 µg/ml (P<0.01), 
and 100 and 200 µg/ml (P<0.001). In H1299 cells, significant 
reductions were observed at all tested concentrations from 25 to 
200 µg/ml (P<0.001) (Fig. 2C‑E). Hoechst/PI staining further 
showed that DPF increased PI‑positive cell death in A549 cells 
at 50 µg/ml (P<0.01) and at 100 and 200 µg/ml (P<0.001). In 
H1299 cells, PI‑positive cell death was significantly increased 
at all tested concentrations from 50 to 200 µg/ml (P<0.001) 
(Fig.  2F‑H). To further determine whether DPF‑induced 
viability loss was accompanied by membrane‑damaging cyto‑
toxicity, LDH release assays were performed. DPF treatment 
significantly increased LDH release in both A549 and H1299 

cells in a concentration‑dependent manner (Fig. 2I and J), 
indicating that DPF‑induced cytotoxicity is associated 
with impaired membrane integrity. Long‑term proliferative 
ability was examined using colony formation assays. DPF 
markedly reduced the number and size of colonies formed 
by A549 and H1299 cells, with progressively fewer colonies 
observed as DPF concentration increased (Fig. 2K and L). The 
impact of DPF on cell migration was then evaluated using 
wound‑healing assays, which showed significantly suppressed 
wound closure after 24 h in A549 cells at all tested concen‑
trations (25‑200 µg/ml; P<0.001). In H1299 cells, significant 
inhibition of wound closure was also observed across the 
tested concentration range, with significance levels of P<0.01 
or P<0.001 depending on the DPF concentration, resulting in 
a concentration‑dependent reduction in migratory capacity 
(Fig.  2M‑P). Collectively, these results suggest that DPF 
suppresses NSCLC cell proliferation, invasion, clonogenicity 
and migration, while also inducing membrane‑damaging 
cytotoxicity.

DPF alters gene expression and modulates key pathways 
in A549 cells. To investigate the molecular effects of DPF 
treatment, transcriptomic profiling of A549 cells followed 

Figure 1. Cytotoxicity screening in A549 cells and chemical profiling of Disporum cantoniense. (A and B) Heatmaps showing cell viability in (A) A549 and 
(B) BEAS‑2B cells treated with crude herbal extracts. The white arrows indicate DE. (C and D) Quantification of cell viability in (C) A549 and (D) BEAS‑2B 
cells treated with different concentrations of DE. (E‑H) Line graphs showing the viability of A549 and BEAS‑2B cells treated with four fractions of DE, 
including (E) DPF, (F) DEF, (G) DNF and (H) DWF, at the indicated concentrations. (I) Cell viability of H1299 cells treated with various concentrations of 
DPF. (J) Representative image of Disporum cantoniense and ultra‑high‑performance liquid chromatography quadrupole time‑of‑flight tandem mass spectrom‑
etry chromatograms of DPF displaying the TIC and the corresponding DAD chromatogram recorded at 210 nm. Statistical significance is denoted as **P<0.01 
and ***P<0.001. Data are presented as the mean ± SD of three independent experiments. DE, Disporum cantoniense extract; DEF, Disporum cantoniense ethyl 
acetate fraction; DNF, Disporum cantoniense n‑butanol fraction; DPF, Disporum cantoniense petroleum ether fraction; DWF, Disporum cantoniense aqueous 
fraction; TIC, total ion chromatogram; DAD, diode‑array detector; Ctrl, vehicle; Gefi, gefitinib.
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by differential gene expression analysis was performed. PCA 
revealed a clear separation between the DPF‑treated group and 
the Ctrl group, with the first two principal components (PC1 
and PC2) accounting for 68.34 and 18.17% of the total vari‑
ance, respectively (Fig. 3A). This indicates that DPF treatment 
induced marked transcriptional changes in A549 cells. The 
volcano plot shows that 971 genes were upregulated and 767 
genes were downregulated in the DPF‑treated group compared 
with the Ctrl group, using an adjusted P<0.05 threshold 
(Fig. 3B).

These DEGs were further visualized through a heatmap 
(Fig.  3C), which demonstrated distinct gene expression 
profiles between the two groups. In the heatmap, red and blue 
represent upregulated and downregulated genes, respectively, 
in DPF‑treated A549 cells. GO enrichment analysis based on 
the transcriptomic DEGs revealed significant enrichment in 
biological processes associated with the ‘apoptotic signaling 
pathway’, ‘negative regulation of cell migration’ and ‘regula‑
tion of cell growth’ (Fig. 3D). KEGG pathway analysis of the 
DEGs further identified significant enrichment in pathways 
associated with cell signaling, metabolism and disease 
progression, including the ‘MAPK signaling pathway’, ‘mTOR 
signaling pathway’ and other cancer‑associated pathways 
(Fig. 3E and F). Notably, network pharmacology analysis was 
largely consistent with the transcriptomic findings. KEGG 
analysis revealed significant enrichment in ‘non‑small cell 
lung cancer’, ‘AMPK signaling pathway’, ‘mTOR signaling 
pathway’, ‘autophagy‑animal’, ‘mitophagy‑animal’, ‘MAPK 
signaling pathway’ and further apoptosis‑associated pathways 
(Fig.  S1). In addition, GO analysis highlighted biological 
processes such as ‘positive regulation of autophagy’, ‘positive 

regulation of apoptotic signaling pathway’, ‘positive regula‑
tion of MAPK cascade’ and ‘positive regulation of ERK1 and 
ERK2 cascade’ (Fig. S2). Collectively, these results support 
that DPF suppresses NSCLC through coordinated regulation 
of autophagy‑ and apoptosis‑associated signaling and may 
involve the AMPK/mTOR pathway network.

DPF activates autophagy in NSCLC cells through 
AMPK/mTOR/ULK1 and MEK/ERK pathways. Based on the 
transcriptomic and network pharmacology analyses, which 
suggested the involvement of autophagy‑associated signaling 
pathways, the present study next investigated whether DPF 
induces autophagy in NSCLC cells and explored the underlying 
molecular mechanisms. Autophagy induction and flux were 
evaluated by measuring LC3 conversion, GFP‑LC3 puncta 
formation, and tandem mRFP‑GFP‑LC3 reporter signals in 
A549 and H1299 cells. DPF treatment increased LC3‑II levels 
and the LC3‑II/LC3‑I ratio in a concentration‑dependent 
manner in both A549 and H1299 cells. At 200 µg/ml, both 
LC3‑II levels and the LC3‑II/LC3‑I ratio were significantly 
increased in A549 cells (P<0.05) and H1299 cells (P<0.05) 
(Fig. 4A‑D), indicating enhanced autophagosome formation. 
Consistently, fluorescence microscopy showed that DPF signif‑
icantly increased the number of GFP‑LC3 puncta in both cell 
lines in a concentration‑dependent manner (Fig. 4E, G, I and J).

To further determine whether DPF promoted autophagic 
flux rather than causing autophagosome accumulation, a 
tandem mRFP‑GFP‑LC3 reporter assay was employed. DPF 
treatment significantly increased RFP fluorescence intensity 
and elevated the RFP/GFP ratio in both A549 and H1299 cells 
(Fig. 4F, H, K and L), indicating that DPF enhances autophagic 

Table I. Components identified in Disporum cantoniense petroleum ether fraction using ultra‑high‑performance liquid chroma‑
tography quadrupole time‑of‑flight tandem mass spectrometry.

	 Retention		  Chemical	 Molecular
No.	 time, min	 Chemical name	 formula	 weight	 (M‑H)‑

  1	 7.160	 Raspberry ketone	 C10H12O2	 164.20	 163.0765
  2	 8.254	 Methyl cinnamate	 C10H10O2	 162.19	 161.0608
  3	 8.420	 Syringaldehyde	 C9H10O4	 182.17	 181.0506
  4	 8.483	 2'‑β‑D‑glucopyranosyloxybenzyl‑6‑α‑L‑	 C29H36O16	 640.59	 639.1931
		  (4'‑O‑acetyl)‑rhamnopyranosyloxy‑2‑
		  hydroxy‑3‑methoxybenzoate 
  5	 9.567	 (2S)‑2,3‑dihydroxypropyl‑1,6,8‑	 C19H16O9	 388.32	 387.0722
		  tridihydroxy‑3‑methyl‑9,10‑
		  dioxoanthracene‑2‑carboxylate
  6	 10.096	 Neoechinulin A	 C19H21N3O2	 323.39	 322.1561
  7	 10.698	 3‑Hydroxy‑1‑(4‑hydroxy‑3,5‑	 C11H14O5	 226.22	 225.0768
		  dimethoxyphenyl)‑1‑propanone
  8	 10.912	 Mycophenolic acid	 C17H20O6	 320.33	 319.1187
  9	 11.138	 2‑Hydroxybenzyl alcohol	 C7H8O2	 124.13	 123.0461
10	 11.301	 Glansreginic acid	 C12H18O5	 242.27	 241.1081
11	 12.288	 Nodakenetin	 C14H14O4	 246.26	 245.0819
12	 13.060	 Neoglabrazoide	 C21H22O9	 418.39	 417.1191
13	 14.146	 Icariol A2	 C22H28O9	 436.45	 435.1661
14	 16.673	 Mangiferin	 C22H22O9	 430.40	 429.1191
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Figure 2. DPF inhibits proliferation, invasion, colony formation and migration and induces membrane-damaging cytotoxicity in NSCLC cells. (A and B) Real‑time 
cell analysis curves showing the cell index of (A) A549 and (B) H1299 cells treated with DPF at the indicated concentrations over 25 h. (C) Representative 
images of Transwell invasion assays in A549 and H1299 cells following treatment with different concentrations of DPF (magnification, x10; scale bar, 200 µm). 
(D and E) Quantification of invaded (D) A549 and (E) H1299 cells after DPF treatment. (F) Representative fluorescence images of Hoechst/PI staining in 
A549 and H1299 cells treated with increasing concentrations of DPF. Nuclei were stained with Hoechst and PI‑positive cells indicate membrane‑compromised 
dead cells (scale bar, 200 µm). (G and H) Quantification of PI‑positive cell death in (G) A549 and (H) H1299 cells after DPF treatment, expressed as the 
percentage of PI‑positive cells relative to Hoechst‑stained cells. (I and J) LDH release assay showing membrane‑damaging cytotoxicity in (I) A549 and (J) 
H1299 cells following DPF treatment. (K and L) Representative colony formation images of (K) A549 and (L) H1299 cells treated with DPF at the indicated 
concentrations or Gefi. (M) Quantification of the remaining wound area in A549 cells following DPF exposure. (N and O) Representative wound‑healing 
images showing the migration of (N) A549 and (O) H1299 cells at 0 and 24 h after DPF treatment (magnification, x10; scale bar, 200 µm). (P) Quantification 
of the remaining wound area in H1299 cells. Statistical significance is denoted as *P<0.05, **P<0.01 and ***P<0.001. Data are presented as the mean ± SD of 
three independent experiments. DPF, Disporum cantoniense petroleum ether fraction; NSCLC, non‑small cell lung cancer; Gefi, gefitinib; Ctrl, vehicle; LDH, 
lactate dehydrogenase; PI, propidium iodide.
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Figure 3. Transcriptomic profiling and pathway enrichment analysis of DPF‑treated A549 cells. (A) PCA of transcriptomic data comparing Ctrl and DPF‑treated 
A549 cells. PC1, PC2 and PC3 explain 68.34, 18.17 and 5.84% of the variance, respectively. (B) Volcano plot showing DEGs between Ctrl and DPF‑treated 
A549 cells. Red points indicate significantly upregulated genes, while blue points indicate significantly downregulated genes, with 971 upregulated and 
767 downregulated genes (adjusted P<0.05). (C) Heatmap illustrating the expression levels of DEGs between Ctrl and DPF‑treated A549 cells. Genes are 
represented by rows and samples are represented by columns, with color intensity indicating gene expression levels. (D) GO enrichment analysis of DEGs 
comparing Ctrl and DPF‑treated A549 cells. The analysis highlights significant biological processes, including ‘apoptotic signaling pathway’, ‘negative 
regulation of cell migration’ and ‘negative regulation of growth’. (E) KEGG pathway enrichment analysis of DEGs between Ctrl and DPF‑treated A549 
cells. Pathways associated with cell signaling, metabolism and diseases are significantly enriched in the DPF‑treated group. (F) KEGG pathway enrichment 
analysis highlighting the most enriched pathways in DPF‑treated A549 cells. Notable pathways include the ‘MAPK signaling pathway’, the ‘mTOR signaling 
pathway’ and pathways in cancer. DPF, Disporum cantoniense petroleum ether fraction; PCA, principal component analysis; Ctrl, vehicle; DEGs, differentially 
expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; FC, fold change.
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Figure 4. (A) Western blotting analysis of LC3-II/LC3-I ratios in A549 cells treated with DPF at the indicated concentrations, with Rap serving as a positive 
control. (B) Quantification of LC3-II/LC3-I ratios in A549 cells following DPF treatment. (C) Western blotting analysis of LC3-II/LC3-I ratios in H1299 cells 
treated with DPF at the indicated concentrations, with Rap serving as a positive control. (D) Quantification of LC3-II/LC3-I ratios in H1299 cells following 
DPF treatment. (E‑H) Representative fluorescence images of GFP‑LC3‑expressing (E) A549 and (G) H1299 cells, and tandem monomeric RFP‑GFP‑LC3 
reporter‑expressing (F) A549 and (H) H1299 cells treated with DPF or Rap; nuclei were stained with Hoechst 33342 (magnification, x63; scale bars, 20 µm). 
(I and J) Quantification of GFP‑LC3 puncta per cell in (I) A549 and (J) H1299 cells. (K and L) Quantification of RFP/GFP ratios in (K) A549 and (L) H1299 
cells, indicating changes in autophagic flux. Statistical significance is denoted as *P<0.05, **P<0.01 and ***P<0.001. Data are presented as the mean ± SD of three 
independent experiments. DPF, Disporum cantoniense petroleum ether fraction; NSCLC, non‑small cell lung cancer; Rap, rapamycin; GFP, green fluorescent 
protein; RFP, red fluorescent protein; Ctrl, vehicle.
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flux. Given that autophagy initiation is tightly controlled by 
upstream kinase signaling, the present study next examined 
whether DPF affects key pathways involved in autophagy regu‑
lation. Western blotting analysis showed that DPF significantly 
increased AMPK phosphorylation at 200 µg/ml in both A549 
and H1299 cells (P<0.05) and significantly decreased mTOR 
phosphorylation at 200 µg/ml in both A549 and H1299 cell 
lines (P<0.05) (Fig. 5A‑H). DPF also significantly increased 
ULK1 phosphorylation at Ser555 in A549 cells at 200 µg/ml 
(P<0.05). In addition, ULK1 phosphorylation at Ser757 was 
significantly decreased in A549 cells at 200 µg/ml (P<0.05) 
and in H1299 cells at 100 µg/ml (P<0.05) and 200 µg/ml 
(P<0.001) (Fig. 5A‑J). These results suggest that DPF activates 
the AMPK/mTOR/ULK1 signaling pathway.

To further verify the involvement of ULK1 in DPF‑induced 
autophagy, cells were co‑treated with the ULK1 inhibitor 
ULK101. As shown in Fig. S3, co‑treatment with ULK101 
significantly attenuated the DPF‑induced increase in LC3‑II 
levels and significantly reduced the LC3‑II/LC3‑I ratio 
compared with DPF treatment alone in both A549 and H1299 
cells (both P<0.05), further demonstrating that ULK1 activation 
is required for the autophagic response triggered by DPF. Given 
that previous studies have implicated the MEK/ERK pathway 
in the regulation of autophagy, the present study next examined 
whether this pathway was activated in response to DPF treat‑
ment. As shown in Fig. 5K‑P, DPF significantly increased ERK 
phosphorylation in A549 cells at 50, 100 and 200 µg/ml (all 
P<0.05) and in H1299 cells at 200 µg/ml (P<0.05). MEK phos‑
phorylation was significantly increased at 200 µg/ml in both 
A549 and H1299 cells (both P<0.01), indicating activation of the 
MEK/ERK signaling pathway. Finally, to determine whether 
these signaling events contribute functionally to DPF‑induced 
autophagy, GFP‑LC3 puncta formation was examined in the 
presence of specific pharmacological inhibitors. Co‑treatment 
with the AMPK inhibitor CC, the ULK1 inhibitor ULK101, 
or the ERK inhibitor SCH significantly reduced DPF‑induced 
GFP‑LC3 puncta formation in A549 cells compared with 
DPF treatment alone (Fig. 5Q and R). These findings indicate 
that AMPK, ULK1, and ERK signaling are implicated in the 
autophagic response triggered by DPF. Notably, molecular 
docking analysis of BBG‑D, a chemical constituent of DPF, 
provided additional support for the involvement of upstream 
kinase targets. As shown in Fig. S4, BBG‑D could be stably 
accommodated within the binding pockets of AMPK and 
MEK, forming favorable interactions with key amino acid resi‑
dues. These in silico results are consistent with the experimental 
findings showing activation of the AMPK/mTOR/ULK1 and 
MEK/ERK pathways by DPF and suggest that BBG‑D may 
contribute, at least in part, to the autophagy‑inducing activity 
of DPF. Collectively, these results demonstrate that DPF acti‑
vates autophagy and promotes autophagic flux in NSCLC cells 
through coordinated regulation of the AMPK/mTOR/ULK1 
and MEK/ERK signaling pathways.

DPF induces apoptosis in NSCLC cells. To determine whether 
DPF‑mediated growth suppression involves apoptotic cell 
death, the present study evaluated apoptosis in NSCLC cells 
using flow cytometry, apoptotic protein analysis and caspase‑3 
activation assays. Annexin V‑FITC/PI staining showed that 
DPF significantly increased the proportion of apoptotic cells 

in both A549 and H1299 cells in a concentration‑dependent 
manner (Fig. 6A‑C). To further assess the contribution of apop‑
tosis to DPF‑induced cytotoxicity, A549 cells were co‑treated 
with the pan‑caspase inhibitor ZVF. As shown in Fig. S5, 
co‑treatment with the apoptosis inhibitor ZVF significantly 
increased cell viability compared with DPF treatment alone 
(P<0.01), indicating that apoptosis contributes, at least in part, 
to the growth‑inhibitory effect of DPF. To examine the depen‑
dence on pro‑apoptotic regulators, DPF was further tested in 
Bax‑Bak DKO and WT MEF cells. The knockout efficiency of 
Bax was determined through western blotting (Fig. S6). DPF 
significantly decreased cell viability in WT MEF cells at 100 
and 200 µg/ml (both P<0.001), whereas a significant reduction 
in cell viability in Bax‑Bak DKO MEF cells was observed 
only at 200 µg/ml (P<0.001) (Fig. 6D and E). This differential 
response suggests that Bax‑Bak DKO MEF cells are less sensi‑
tive to DPF‑induced cytotoxicity, supporting the involvement 
of Bax/Bak‑dependent apoptotic signaling in DPF‑induced 
cell death. In addition, western blotting analysis showed that 
DPF significantly decreased the Bcl‑2/Bax ratio in A549 
cells at 100 µg/ml (P<0.05) and 200 µg/ml (P<0.01), whereas 
a significant decrease in H1299 cells was observed only at 
200 µg/ml (P<0.05). The cleaved caspase‑3/caspase‑3 ratio was 
significantly increased in A549 cells at 50 and 100 µg/ml (both 
P<0.05) and in H1299 cells at 50 µg/ml (P<0.05), 100 µg/ml 
(P<0.01) and 200 µg/ml (P<0.05) (Fig. 6F‑K). Furthermore, 
fluorescence staining of caspase‑3 determined that DPF 
significantly increased caspase‑3 fluorescence intensity in 
A549 cells in a dose‑dependent manner (Fig. 6L and M). 
Collectively, these results demonstrate that DPF induces apop‑
tosis in NSCLC cells, and that its cytotoxic effect is at least 
partially mediated through a caspase‑dependent apoptotic 
pathway.

DPF exacerbates autophagy to induce apoptosis in A549 
cells. To determine whether autophagy contributes to the cyto‑
toxic effect of DPF, A549 cell viability was first assessed in the 
presence of pharmacological inhibitors targeting autophagy 
and its upstream regulatory pathways. Co‑treatment with 
the autophagy inhibitor 3‑MA significantly increased cell 
viability compared with DPF treatment alone at 1.3  mM 
(P<0.05), 2.5 mM (P<0.01), and 5 mM (P<0.05) (Fig. 7A). A 
similar protective effect was observed after chloroquine (CQ) 
co‑treatment (Fig. S7), indicating that blockade of autophagy 
attenuates DPF‑induced cytotoxicity. These results suggest that 
autophagy is functionally involved in the growth‑inhibitory 
effect of DPF rather than serving as a protective response. To 
further investigate whether the signaling pathways activated 
by DPF participate in this process, cells were co‑treated with 
inhibitors of AMPK, ULK1, or ERK. Inhibition of AMPK 
with CC significantly restored cell viability in DPF‑treated 
A549 cells at 1.3 µM (P<0.01), 2.5 µM (P<0.001) and 5 µM 
(P<0.001). Similarly, inhibition of ULK1 with ULK101 
significantly increased cell viability at 2.5  µM (P<0.05), 
5 µM (P<0.05) and 10 µM (P<0.001), whereas inhibition of 
ERK with SCH significantly increased cell viability at 10 µM 
(P<0.05) and 20  µM (P<0.01)  (Fig.  7B‑D). Thus, activa‑
tion of the AMPK/mTOR/ULK1 and MEK/ERK signaling 
pathways contributes to DPF‑induced cytotoxicity through 
autophagy regulation. The present study next examined 



INTERNATIONAL JOURNAL OF ONCOLOGY  69:  137,  2026 13

whether autophagy activation was associated with apoptosis 
in DPF‑treated cells. Caspase‑3 fluorescence staining showed 
that DPF significantly increased caspase‑3 activation compared 

with the control group (P<0.001). By contrast, co‑treatment 
with 3‑MA, CC, ULK101 or SCH significantly attenuated 
caspase‑3 activation compared with DPF treatment alone (all 

Figure 5. DPF activates autophagy in NSCLC cells through AMPK/mTOR/ULK1 and MEK/ERK pathways. (A and B) Western blotting analysis of phosphor‑
ylated and total AMPK, mTOR and ULK1 proteins in (A) A549 and (B) H1299 cells treated with DPF at the indicated concentrations, with Rap serving as a 
positive control. (C‑J) Quantification of (C and G) p‑AMPK/AMPK, (D and H) p‑mTOR/mTOR, (E and J) p-ULK1(S555)/ULK1 and (F and I) p-ULK1(S757)/
ULK1 in A549 and H1299 cells. (K and L) Western blotting analysis of phosphorylated and total MEK and ERK in (K) A549 and (L) H1299 cells treated 
with DPF. (M‑P) Quantification of (M and N) p‑ERK/ERK and (O and P) p‑MEK/MEK in A549 and H1299 cells. (Q) Representative fluorescence images of 
GFP‑LC3 puncta in A549 cells treated under the following conditions: Ctrl, DPF alone, CC, ULK101, SCH and their combinations with DPF. Hoechst was used 
to stain nuclei (magnification, x63; scale bar, 20 µm). (R) Quantification of GFP‑LC3 puncta per cell in A549 cells under the indicated treatments. Statistical 
significance is denoted as *P<0.05, **P<0.01 and ***P<0.001. Data are presented as the mean ± SD of three independent experiments. DPF, Disporum cantoni‑
ense petroleum ether fraction; NSCLC, non‑small cell lung cancer; Rap, rapamycin; GFP, green fluorescent protein; p‑, phosphorylated; Ctrl, vehicle; CC, 
compound C; SCH, SCH772984; ULK1, unc‑51 like autophagy activating kinase 1.
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Figure 6. DPF induces apoptosis in NSCLC cells. (A) Representative flow cytometry plots showing Annexin V‑FITC/PI staining in A549 and H1299 cells 
treated with increasing concentrations of DPF. (B and C) Quantification of total apoptotic cells in (B) A549 and (C) H1299 cells after DPF treatment. Total 
apoptotic cells were calculated as the sum of early and late apoptotic populations. (D and E) Cell viability of (D) Bax‑Bak DKO and (E) WT MEF cells treated 
with DPF at the indicated concentrations. (F and G) Western blotting analysis of Bcl‑2, Bax and caspase‑3 in (F) A549 and (G) H1299 cells following DPF 
treatment. GAPDH was used as the loading control. (H and I) Quantification of the Bcl‑2/Bax ratio in (H) A549 and (I) H1299 cells. (J and K) Quantification 
of c‑caspase‑3/caspase‑3 levels in (J) A549 and (K) H1299 cells. (L) Representative fluorescence images of caspase‑3 activation in A549 cells treated with 
different concentrations of DPF. Nuclei were counterstained with Hoechst (scale bar, 200 µm). (M) Quantification of caspase‑3 activation (%) in A549 
cells. Statistical significance is denoted as *P<0.05, **P<0.01 and ***P<0.001. Data are presented as the mean ± SD of three independent experiments. DPF, 
Disporum cantoniense petroleum ether fraction; NSCLC, non‑small cell lung cancer; DKO, double knockout; WT, wild type; MEF, mouse embryonic 
fibroblast; PI, propidium iodide; Ctrl, vehicle; c‑caspase, cleaved caspase.
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Figure 7. DPF‑induced autophagy promotes apoptotic cell death. (A‑D) Cell viability of A549 cells treated with DPF alone or in combination with (A) the 
autophagy inhibitor 3‑MA, (B) AMPK inhibitor CC, (C) ULK1 inhibitor ULK101 or (D) ERK inhibitor SCH at the indicated concentrations. (E) Representative 
fluorescence images of caspase‑3 activation in A549 cells treated with DPF, 3‑MA or their combination. Nuclei were counterstained with Hoechst (scale bar, 
200 µm). (F‑I) Quantification of caspase‑3 activation (%) in A549 cells corresponding to panels E and J. (J) Representative fluorescence images of caspase‑3 
activation in A549 cells treated with DPF alone or in combination with CC, ULK101 or SCH (scale bar, 200 µm). (K) Representative Hoechst/PI staining images 
of Atg7+/+ and Atg7‑/‑ MEF cells treated with different concentrations of DPF (scale bar, 200 µm). (L) Quantification of PI‑positive cell death in Atg7+/+ and 
Atg7‑/‑ MEF cells after DPF treatment. (M) Cell viability of Atg7+/+ and Atg7‑/‑ MEF cells treated with DPF at the indicated concentrations. (N) Representative 
fluorescence images of caspase‑3 activation in Atg7+/+ and Atg7‑/‑ MEF cells treated with DPF. Nuclei were counterstained with Hoechst (scale bar, 200 µm). 
(O) Quantification of caspase‑3 activation (%) in Atg7+/+ and Atg7‑/‑ MEF cells. Statistical significance is denoted as *P<0.05, **P<0.01 and ***P<0.001. Data are 
presented as the means ± SD of three independent experiments. DPF, Disporum cantoniense petroleum ether fraction; 3‑MA, 3‑methyladenine; CC, compound 
C; ULK1, unc‑51 like autophagy activating kinase 1; SCH, SCH772984; MEF, mouse embryonic fibroblast; PI, propidium iodide; Ctrl, vehicle.
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P<0.001) (Fig. 7E‑J). These findings indicate that inhibition 
of autophagy or its upstream regulatory pathways weakens 
DPF‑induced apoptotic signaling.

To provide genetic evidence for the requirement of 
autophagy, the response to DPF in Atg7+/+ and Atg7‑/‑ MEF cells 
was further compared. The knockout efficiency of Atg7 was 
determined through western blotting (Fig. S8). DPF induced 
a concentration‑dependent increase in PI‑positive cell death 
in Atg7+/+ MEF cells, whereas this effect was significantly 
attenuated in Atg7‑/‑ MEF cells (Fig. 7K and L). Consistently, 
DPF reduced cell viability in both cell types, but Atg7‑/‑ MEF 
cells showed significantly lower sensitivity to DPF‑induced 
cytotoxicity compared with Atg7+/+ MEF cells (Fig. 7M). In 
addition, DPF significantly increased caspase‑3 activation in 
Atg7+/+ MEF cells compared with the corresponding control 
(P<0.001), whereas no significant increase in caspase‑3 
activation was observed in Atg7‑/‑ MEF cells following 
DPF treatment (Fig. 7N and O). Given that ATG7 is key in 
autophagosome formation, these genetic data indicate that an 
intact autophagy machinery is required for the full apoptotic 
response induced by DPF. Collectively, these pharmacological 
and genetic results demonstrate that DPF‑induced autophagy 
promotes apoptotic cell death.

DPF suppresses tumor growth in A549‑tumor‑bearing mice. To 
evaluate the antitumor activity of DPF in vivo, an A549 xenograft 
mouse model was established and treated with vehicle, Gefi, or 
different doses of DPF. Representative images of excised tumors 
show that DPF treatment markedly reduced tumor size compared 
with the vehicle group (Fig. 8A). Consistently, longitudinal moni‑
toring showed that DPF progressively suppressed tumor growth. 
Significant inhibition was observed in the 40 mg/kg DPF group 
on day 11 (P<0.01) and on days 13 and 15 (P<0.001), whereas the 
80 mg/kg DPF group showed significant inhibition on days 11, 13 
and 15 (all P<0.001). Gefi treatment also significantly inhibited 
tumor growth on days 11, 13 and 15 (all P<0.001) (Fig. 8B). At 
the end of the experiment, tumor weights were also found to 
be lower in the DPF‑treated groups compared with the vehicle 
group (Fig. 8C). These findings demonstrate that DPF effectively 
inhibits A549 xenograft growth in vivo.

To further assess the in vivo safety of DPF, body weight 
and major organ weights were examined during treatment. No 
significant differences in body weight were observed among 
the groups throughout the experimental period (Fig. 8D). In 
addition, the weights of major organs, including the heart, liver, 
spleen, lung and kidney, were not significantly altered by DPF 
treatment (Fig. 8E). These results suggest that DPF suppresses 
tumor growth without causing obvious systemic toxicity. 
Histopathological analysis was then performed to charac‑
terize treatment‑associated changes in tumor tissues. H&E 
staining revealed evident structural alterations in tumors from 
DPF‑treated mice compared with the vehicle group, indicating 
notable tissue damage after treatment. In addition, TUNEL 
staining exhibited a marked increase in apoptotic signals in 
DPF‑treated tumors (Fig. 8F), indicating that apoptosis contrib‑
utes to the antitumor effect of DPF in vivo. To further explore 
the underlying mechanism, immunohistochemical staining was 
performed for apoptosis‑ and autophagy‑associated markers. 
Compared with the vehicle group, DPF treatment signifi‑
cantly decreased mTOR expression at 40 mg/kg (P<0.05) and 

80 mg/kg (P<0.001). DPF also significantly increased ERK 
expression at 40 and 80 mg/kg (both P<0.001), LC3 expres‑
sion at 40 and 80 mg/kg (both P<0.001), and Bax expression 
at 40 mg/kg (P<0.05) and 80 mg/kg (P<0.001) (Fig. 8G‑K). 
These changes were broadly consistent with the in  vitro 
findings and suggest that DPF‑induced tumor suppression is 
associated with apoptosis‑ and autophagy‑associated signaling 
changes in vivo. Collectively, these results indicate that DPF 
exerts antitumor activity in A549 xenograft mice without 
evident systemic toxicity.

Discussion

NSCLC remains a predominant subtype of lung cancer and 
continues to account for a notable proportion of cancer‑asso‑
ciated mortality worldwide, despite marked advances in 
targeted therapy and immunotherapy (1). A key obstacle to 
durable therapeutic benefit is the persistence of aggressive 
cellular phenotypes, including sustained proliferation, migra‑
tion, invasion and resistance to cell death  (10,49). In this 
context, the identification of bioactive natural products that 
suppress multiple malignant traits at once remains of marked 
translational interest (21,50).

In the present study, Disporum cantoniense was identified 
as a natural source with preferential inhibitory activity against 
NSCLC cells, and its DPF was further shown to exert broad 
antitumor effects by reducing viability, proliferation, clono‑
genicity, migration and invasion, while displaying weaker 
cytotoxicity in BEAS-2B cells. This preferential activity toward 
malignant cells is noteworthy because the therapeutic value of 
natural product‑derived candidates depends not only on cyto‑
toxic potency but also on their ability to distinguish tumor cells 
from non‑malignant epithelial counterparts (21). In addition 
to suppressing cell viability, DPF increased LDH release and 
PI‑positive staining in NSCLC cells, indicating that the viability 
loss was accompanied by membrane‑damaging cytotoxicity 
rather than reflecting reduced metabolic activity. Previous 
phytochemical work regarding Disporum cantoniense has 
mainly focused on compound isolation and anti‑inflammatory 
activity, whereas its antitumor potential has remained largely 
unexplored (22). Therefore, the present findings extend the 
pharmacological effects of this medicinal plant and position 
DPF as the principal bioactive fraction.

Mechanistically, the present data support a model in which 
DPF suppresses NSCLC growth through coordinated induction 
of autophagy and apoptosis. This interpretation is consistent 
with the well‑established crosstalk between autophagy and 
apoptosis, two tightly coordinated stress‑response programs 
that shape the balance between tumor cell survival and death 
under cytotoxic conditions  (51‑53). In NSCLC, autophagy 
is considered a context‑dependent process that may either 
sustain tumor cell survival under stress or promote cell 
death when excessively activated or prolonged (54‑56). The 
present inhibitor experiments favor the latter interpretation, 
as blockade of autophagy with 3‑MA or CQ partially rescued 
viability and attenuated caspase‑3 activation. These findings 
indicate that DPF‑triggered autophagy is not merely an adap‑
tive response but instead functions as a pro‑death mechanism 
that amplifies apoptotic execution. Notably, this conclusion 
was further strengthened by genetic evidence using Atg7+/+ 
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and Atg7‑/‑ MEF cells. Compared with Atg7+/+ MEF cells, 
Atg7‑/‑ MEF cells exhibited reduced PI‑positive cell death, 
attenuated viability loss and lower caspase‑3 activation after 
DPF treatment. Given that ATG7 is required for autophago‑
some formation, the reduced response in Atg7‑deficient cells 
indicates that the autophagy machinery contributes function‑
ally to DPF‑induced apoptosis. These results aid in addressing 

the limitation of relying solely on pharmacological inhibitors 
and provide independent genetic support for autophagy‑depen‑
dent apoptosis. Therefore, distinguishing protective autophagy 
from pro‑death autophagy is key in interpreting the biological 
consequence of DPF‑induced autophagic flux. In the present 
study, a number of lines of evidence support the latter interpre‑
tation. First, DPF increased LC3‑II accumulation, GFP‑LC3 

Figure 8. DPF suppresses tumor growth in A549 xenograft mice. (A) Representative images of excised tumors from mice treated with vehicle, Gefi (20 mg/kg) 
or DPF (40 and 80 mg/kg). (B) Tumor growth curves of A549 xenograft mice in different treatment groups. (C) Final tumor weights in mice treated with 
vehicle, Gefi or DPF at the indicated doses. (D) Body weight changes of mice during the treatment period. (E) Organ weights of the heart, liver, spleen, lung 
and kidney in each group. (F) Representative H&E and TUNEL staining images of tumor tissues from mice treated with vehicle, DPF (40 or 80 mg/kg) or Gefi 
(magnification, x10; scale bar, 200 µm). (G) Representative immunohistochemical staining images of mTOR, ERK, LC3 and Bax in tumor tissues from each 
group (magnification, x10; scale bar, 200 µm). (H‑K) Quantitative analysis of (H) mTOR, (I) ERK, (J) LC3 and (K) Bax expression based on immunohisto‑
chemical staining. Statistical significance is indicated as *P<0.05, **P<0.01 and ***P<0.001. Data are presented as the mean ± SD. n=6 mice per group for tumor 
growth, tumor weight, body weight and organ weight analyses. DPF, Disporum cantoniense petroleum ether fraction; Gefi, gefitinib.
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puncta formation and tandem mRFP‑GFP‑LC3 flux signals, 
indicating that DPF did not just block autophagosome degra‑
dation but promoted autophagic flux. Second, inhibition of 
autophagy with 3‑MA or CQ partially restored cell viability 
and attenuated caspase‑3 activation in DPF‑treated cells. If 
DPF‑induced autophagy primarily served as a cytoprotective 
response, autophagy blockade would be expected to aggravate, 
rather than alleviate, DPF‑induced cytotoxicity. Third, inhi‑
bition of upstream autophagy regulators, including AMPK, 
ULK1 and ERK, also reduced DPF‑induced cytotoxicity and 
caspase‑3 activation. These findings indicate that autophagy is 
functionally required for the full apoptotic response induced by 
DPF, which is consistent with the concept of autophagy‑depen‑
dent or autophagy‑mediated cell death (57,58).

Furthermore, the present study suggests that this cytotoxic 
autophagic program is mediated, at least in part, through the 
AMPK/mTOR/ULK1 axis. The observed increase in AMPK 
phosphorylation, decrease in mTOR phosphorylation, elevation 
of ULK1 Ser555 phosphorylation and reduction in ULK1 Ser757 
phosphorylation are consistent with a canonical autophagy‑acti‑
vating state. Foundational work established that AMPK and 
mTOR converge on ULK1 to regulate autophagy initiation, with 
mTOR‑dependent phosphorylation of ULK1 at Ser757 disrupting 
AMPK/ULK1 interaction, whereas AMPK‑dependent phos‑
phorylation activates the autophagic machinery (56,59). Despite 
subsequent work having revealed context‑dependent complexity 
in AMPK/ULK1 regulation  (60,61), the signaling pattern 

observed in the present study, together with the reversal by CC 
and ULK101, supports the conclusion that DPF engages an 
upstream kinase network that favors autophagy initiation.

In addition to AMPK/mTOR/ULK1 signaling, the present 
data indicate that MEK/ERK acts as another upstream regula‑
tory branch involved in DPF‑induced autophagy‑dependent 
apoptosis. ERK signaling is classically associated with prolifera‑
tion and survival in lung cancer but sustained or context‑specific 
ERK activation can also contribute to apoptosis, autophagy, 
senescence or growth suppression (62‑64). In the present study, 
DPF increased MEK and ERK phosphorylation, whereas 
pharmacological ERK inhibition reduced GFP‑LC3 puncta 
formation, restored cell viability and weakened caspase‑3 
activation. These findings suggest that MEK/ERK signaling is 
not just a parallel stress response but functionally participates 
in the autophagic and apoptotic effects of DPF. Therefore, 
AMPK/mTOR/ULK1 and MEK/ERK may represent two 
coordinated upstream signaling branches that converge on 
autophagy induction. The AMPK/mTOR/ULK1 axis primarily 
supports autophagy initiation, while MEK/ERK signaling may 
further amplify or sustain the autophagic response under DPF 
treatment. The attenuation of caspase‑3 activation by inhibitors 
targeting either branch places apoptosis downstream, at least in 
part, of DPF‑induced autophagy.

The present apoptosis data are also consistent with activa‑
tion of the intrinsic mitochondrial pathway. DPF increased 
Annexin V positivity, elevated cleaved caspase‑3, increased 

Figure 9. Schematic summary of the anti‑NSCLC effects and underlying mechanism of DPF derived from Disporum cantoniense. DPF, the active fraction 
isolated from Disporum cantoniense, suppresses NSCLC cell proliferation, migration, invasion and colony formation and induces membrane‑damaging cyto‑
toxicity. Mechanistically, DPF activates AMPK/mTOR/ULK1 and MEK/ERK signaling to promote pro‑death autophagic flux, which subsequently facilitates 
Bax/Bak‑ and caspase‑3‑dependent apoptosis. In vivo, DPF inhibits xenograft tumor growth without evident systemic toxicity. DE, Disporum cantoniense 
extract; DEF, Disporum cantoniense ethyl acetate fraction; DNF, Disporum cantoniense n‑butanol fraction; DPF, Disporum cantoniense petroleum ether 
fraction; DWF, Disporum cantoniense aqueous fraction; NSCLC, non‑small cell lung cancer; ULK1, unc‑51 like autophagy activating kinase 1; c‑caspase, 
cleaved caspase.
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Bax expression and reduced Bcl‑2 expression, while Bax‑Bak 
deficiency markedly blunted cytotoxicity. These observations 
support a mechanism in which DPF shifts the Bcl‑2 family 
balance toward mitochondrial outer membrane permeabiliza‑
tion and caspase‑dependent apoptosis. Notably, the attenuation 
of caspase‑3 activation by autophagy and pathway inhibitors 
places apoptosis downstream, at least in part, of the autophagic 
response (51,55,65). Thus, DPF‑induced autophagy and apop‑
tosis should not be viewed as two independent events. Instead, 
the present data support a mechanistic sequence in which DPF 
activates AMPK/mTOR/ULK1 and MEK/ERK signaling, 
promotes pro‑death autophagic flux and subsequently facili‑
tates Bax/Bak‑ and caspase‑3‑dependent apoptotic execution.

Beyond growth inhibition, DPF also impaired migra‑
tion and invasion, which are clinically relevant features 
because metastatic dissemination remains a primary cause of 
cancer‑associated mortality. The transcriptomic enrichment of 
pathways associated with apoptotic signaling, growth regula‑
tion, MAPK signaling and migration is therefore well aligned 
with the phenotypic data. Despite the present study having not 
dissected epithelial‑mesenchymal transition or extracellular 
matrix remodeling in detail, the increased remaining wound 
area in wound‑healing assays and the reduced Transwell inva‑
sion together suggest that DPF affects a broader malignant‑state 
program rather than only inducing acute cytotoxicity. This is 
important because agents capable of simultaneously restraining 
survival and invasive behavior may exhibit greater therapeutic 
value than compounds acting on proliferation alone (50,66).

The present xenograft data further substantiate the in vivo 
relevance of these findings. DPF markedly reduced tumor 
volume and weight, increased TUNEL positivity, enhanced 
Bax and LC3 expression and decreased mTOR levels in tumor 
tissues, without evident effects on body weight or major organ 
weights. These changes were broadly consistent with the in vitro 
findings and suggest that DPF‑induced tumor suppression is 
associated with apoptosis‑ and autophagy‑associated signaling 
changes in vivo. Despite this, the safety profile should be inter‑
preted with caution. Although no overt systemic toxicity was 
observed during the treatment period, these data are insuf‑
ficient to define long‑term safety, pharmacokinetic behavior 
or therapeutic index at the level of the active constituents. 
More comprehensive toxicological studies, plasma exposure 
assessments and histopathological analyses will be required to 
support future translational development (21,49,56).

A number of limitations should also be acknowledged. 
First, the active components characterized in the present study 
were fractions rather than purified single compounds. Despite 
UHPLC‑Q/TOF‑MS/MS having annotated 14 constituents 
and molecular docking having suggested that BBG‑D may 
interact with AMPK and MEK, these in silico observations 
were hypothesis‑generating rather than definitive evidence 
of target engagement. Future work should isolate the major 
constituents, determine which compound or combination is 
required for activity and further validate direct binding using 
biochemical or biophysical approaches. Second, the majority 
of mechanistic experiments were performed in A549 and 
H1299 cells; broader validation across genetically diverse 
NSCLC models, including EGFR‑mutant, KRAS‑mutant, and 
therapy‑resistant settings, would clarify the range of respon‑
siveness (10,49). Third, although the Atg7+/+ and Atg7‑/‑ MEF 

experiments provided genetic evidence that ATG7‑dependent 
autophagy contributes to DPF‑induced apoptosis, these 
experiments were performed in MEF cells rather than NSCLC 
cells. Therefore, future studies using NSCLC‑specific genetic 
approaches, including ATG7, ATG5 or ULK1 knockdown or 
knockout in A549 and H1299 cells, would further strengthen 
the mechanistic conclusion (55,56,59). Finally, whether DPF 
can synergize with current NSCLC therapies such as EGFR 
inhibitors, chemotherapy or immunotherapy remains unknown 
and deserves investigation, particularly given the ongoing need 
to overcome resistance in advanced disease.

In conclusion, the present study identified DPF, the petro‑
leum ether fraction of Disporum cantoniense, as a selective 
inhibitor of NSCLC progression that acts through coordinated 
activation of autophagy and apoptosis. The present data support 
that DPF regulates AMPK/mTOR/ULK1 and MEK/ERK 
signaling to drive autophagic flux, which in turn promotes 
Bax/Bak‑ and caspase‑3‑dependent apoptosis and suppresses 
tumor growth both in vitro and in vivo (Fig. 9). Conceptually, 
these findings identify Disporum cantoniense as a medicinal 
plant with anti‑NSCLC potential and further support cytotoxic 
autophagy as a targetable vulnerability in lung cancer.
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