
Molecular Medicine REPORTS  33:  30,  2026

Abstract. Medicinal plants host a variety of endophytic 
fungi, which produce numerous secondary metabolites with 
diverse biological activities. The present study identified ten 
natural compounds isolated from the endophytic fungal strain 
Alternaria semiverrucosa, derived from Taxus wallichiana 
var. mairei. The cytotoxicity of all isolated compounds was 
evaluated against six tumor cell lines. Dihydroalterperylenol 
(compound 1) exhibited the highest cytotoxicity against HeLa 
cells (IC50=6.43±3.0 µM). Cells were treated with 0.1% DMSO 
and 6.0 µmol/l for 24 h, after which total RNA was extracted 
for transcriptome library construction and sequencing 
analysis. Transcriptome analysis identified 140 differentially 
expressed genes (DEGs), including 99 upregulated and 41 
downregulated genes. Kyoto Encyclopedia of Genes and 
Genomes pathway analysis revealed significant enrichment 
of these DEGs in the TGFβ signaling pathway and Hippo 
signaling pathway. Gene ontology analysis indicated that the 
DEGs were predominantly involved in the regulation of cell 
proliferation. Notably, reverse transcription‑quantitative PCR 
validation confirmed the upregulation of three genes (TGIF2, 
ID1 and BMP2) which was consistent with the transcriptome 
sequencing results. Additionally, molecular docking and 
molecular dynamics simulations were employed to explore the 

molecular mechanisms underlying the antitumor activity of 
compound 1. The results suggest that compound 1 exerts its 
anticancer effects in cervical cancer by regulating the expres‑
sion of genes TGIF2, ID1 and BMP2.

Introduction

Cervical cancer is one of the most common types of gyne‑
cological cancer and ranks as the fourth leading cause of 
cancer‑related mortality among women, and 14th overall 
among all types of cancer (1,2). According to the GLOBOCAN 
2022 report, ~660,000 new cases of cervical cancer were diag‑
nosed, with ~340,000 mortalities attributed to the disease (3). 
Extensive evidence suggests that cervical cancer is primarily 
caused by human papillomavirus infection, with additional 
contributing factors associated with social factors (such as 
income, education and region) and individual behaviors (such 
as age, sex, smoking status, nutrition, activity level)  (4,5). 
This is exemplified by the obvious regional differences in 
the incidence and mortality of cervical cancer within China. 
Surveillance data from the Chinese cancer registry shows that 
incidence and mortality rates in rural areas are consistently 
higher than those in urban areas. This disparity is attributed to 
inequalities in health education, access to HPV screening, and 
availability of vaccination programs. Furthermore, it is esti‑
mated that among younger women, this gap in incidence rates 
between urban and rural populations is likely to widen further, 
highlighting the critical role of socioeconomic factors in 
disease outcomes (4). Excessive cell division and proliferation 
are central to the development of cervical cancer (6,7), making 
the inhibition of cancer cell proliferation and the induction of 
apoptosis key therapeutic strategies.

Endophytic fungi, which reside within the tissues of 
medicinal plants and co‑evolve with their hosts (8), produce 
a diverse array of natural products  (9,10). These products 
exhibit a range of biological activities, including antioxidant, 
anti‑inflammatory, antibacterial, antiviral and anticancer 
properties  (11). Anti‑tumor natural products have been 
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classified into several structural groups, such as alkaloids (12), 
terpenoids (13), steroids (14), quinones (15) and esters (10).

Taxus wallichiana var. mairei, a rare and endangered plant 
native to southern China, is well‑known for producing the 
anti‑cancer drug paclitaxel (16). Fungal endophytes isolated 
from Taxus wallichiana var. mairei include species such 
as Phoma medicaginis  (17), Diaporthe phaseolorum  (18) 
and Nigrospora oryzae  (19). The genus Alternaria (family 
Dematiaceae) consists of globally distributed filamentous 
fungi and plant pathogens  (20,21), known for producing a 
variety of secondary metabolites (22).

Dihydroalterperylenol (DAP) is a perylenequinone 
metabolite characterized by a highly conjugated pentacyclic 
core. A previous study has reported that DAP does not exhibit 
cytotoxicity (23). The present study demonstrated the potent 
cytotoxic activity of DAP isolated from the plant endophytic 
fungus Alternaria semiverrucosa in HeLa cells and explored 
its apoptosis‑inducing mechanism through transcriptome 
analysis, molecular docking and molecular dynamics (MD) 
simulations studies.

Materials and methods

Materials and instruments for chemical separation. 
Silica gel (200‑300  mesh; Qingdao Haiyang Chemical 
Co. Ltd.), Sephadex LH‑20 gel (Shanghai Yuanye 
Bio‑Technology Co. Ltd.), Octadecylsilyl‑bonded (ODS) 
silica gel (cat.  no. R P‑18; Merck KGaA) and organic 
solvents (methanol, CAS No: 67‑56‑1; dichloromethane, 
CAS No: 75‑09‑2; petroleum ether, CAS No: 8032‑32‑4; 
ethyl acetate, CAS No: 141‑78‑6; All the aforementioned 
reagents are analytical grade; Tianjin Fuyu Fine Chemical 
Co. Ltd.) were used for column chromatography. Thin‑layer 
chromatography was monitored using silica gel plates (type 
H; Qingdao Dingkang Silicone Co. Ltd.). One‑dimensional 
nuclear magnetic resonance (NMR) spectra were recorded 
using Bruker Avance‑500 and 600 spectrometers (Beijing 
Obel Scientific Instrument Co., Ltd.).

Fungal material and fermentation. All specimens of Taxus 
chinensis var. mairei were obtained through artificial propa‑
gation and exclusively sourced from the Wanshun Seedling 
Farm Guiyang, China. Voucher specimens of the host plant 
have been deposited at the Engineering Research Center for 
Utilization of Characteristic Bio‑Pharmaceutical Resources in 
Southwest China, Ministry of Education, Guizhou University, 
with the accession number ZZ‑HJ‑13. The endophytic fungus 
Alternaria semiverrucosa was isolated from the healthy 
branches of Taxus chinensis var. mairei. The fungal isolate 
Alternaria semiverrucosa was preserved at the Guizhou 
Academy of Agricultural Sciences under strain code (dried 
culture; holotype no. GZAAS 22‑2029; ex‑type living culture, 
no. GZCC 22‑2029). The fungus was cultured on potato 
dextrose agar plates for 10 days. The mycelia were then sliced 
and incubated in 300 ml Yeast extract‑Peptone‑Starch (YPS) 
medium (glucose 20.0 g, peptone 10.0 g, yeast extract 5.0 g, 
KH2PO4 1.0 g, MgSO4 1.0 g and 1 l distilled water) for 3 days 
at 28˚C. A 15 ml aliquot of the seed culture was transferred to 
400 x 1 l Erlenmeyer flasks, each containing 300 ml of YPS 
culture medium. The flasks were shaken on a rotary shaker 

(140 rpm) at 28˚C for 3 days, followed by static cultivation for 
30 days.

Extraction and isolation. After cultivation, the broth and 
mycelia were separated by gauze. The broth was extracted 
with ethyl acetate (EtOAc) three times. The EtOAc extract 
was collected and concentrated under vacuum to yield 
120.0 g of extract, while the mycelia were extracted with 
methanol to obtain a 250.0 g extract after evaporation under 
reduced pressure. Both the EtOAc and methanol extracts were 
subjected to silica gel column chromatography with a step 
gradient of CH2Cl2‑MeOH (1:0 → 0:1 v/v), yielding 28 frac‑
tions (Fr.1‑Fr.28) from the EtOAc extract and 22 fractions 
(Fr.A‑Fr.V) from the methanol extract. Fr.11 was separated 
on an ODS column, eluting with a CH3OH/H2O gradient, 
yielding five subfractions (Fr.11.1‑Fr.11.5). Fr.11.2 was further 
purified using a silica gel column, resulting in compound 1 
(11.9  mg). Fr.11.3 was purified by Sephadex LH‑20 and 
silica gel column chromatography to yield compound 4 (27.9 
mg). Fr.16 was separated on an ODS column, eluted with a 
methanol‑water gradient (10‑100%), yielding six subfractions 
(Fr.16.1‑Fr.16.6). Fr.16.3 was further purified on silica gel and 
Sephadex LH‑20 to obtain compound 2 (9.8 mg) and Fr.16.6 
was chromatographed on an ODS column to yield compound 3 
(7.2 mg). Fr.13 was purified by ODS column chromatography, 
followed by repeated silica gel column purification, yielding 
compounds  5 (27.9  mg) and 6 (18.4  mg). Compound  7 
(21.8 mg) was obtained by repeated Sephadex LH‑20 and silica 
gel column chromatography. Fr.8 was separated on an RP‑C18 
column using a methanol‑water gradient to yield six subfrac‑
tions (Fr.8.1‑Fr.8.6). Fr.8.1 was purified by repeated Sephadex 
LH‑20 chromatography to yield compound 8 (18.9 mg). Fr.I 
was separated by RP‑C18 column chromatography with a 
methanol‑water gradient (20‑80%), yielding five subfractions 
(Fr.I.1‑Fr.I.5). Fr.I.2 was further purified by Sephadex LH‑20, 
resulting in compound 9 (18.8 mg). Fr.I.3 was purified by silica 
gel column chromatography to yield compound 10 (31.5 mg).

Cell culture and cytotoxicity assay. A total of six human cancer 
cell lines (PC3 cat. no. CRL‑1435; LNCaP, cat. no. CRL‑1740; 
HeLa, cat.  no. CCL ‑2; SiHa, cat.  no.  HTB‑35; K562, 
cat. no. CCL‑243; and HEL, cat. no. TIB‑180) were purchased 
from Typical Cultures Depository of the United States of 
America and are currently maintained in the Key Laboratory 
of Chemistry for Natural Products of Guizhou, Chinese 
Academy of Sciences in Guiyang, China. Human gingival 
fibroblasts (HGF‑1) were provided by Guiyang Stomatological 
Hospital in Guiyang, China. The inhibitory effects of the 
compounds on tumor cells were assessed using the MTT 
assay, as described in a previous study (24). A volume of 20 µl 
5 mg/ml 3‑(4,5‑dimethylthiazolyl‑2)‑2,5‑diphenyltetrazolium 
bromide (MTT; M158055, Aladdin) solution was added to 
each well and incubated for 4 h at 37˚C. After centrifuga‑
tion at 20 x g for 10 min at room temperature to remove the 
supernatant, 150 µl DMSO was added, followed by shaking 
on a shaker for 15 min. Absorbance at 490 nm was measured 
using a microplate reader to calculate the cell proliferation 
inhibition rate. Inhibition rate of the proliferation=1-(Average 
optical density of experimental group/Average optical density 
of control group) x100%. The cells were cultured in RPMI 
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1640 medium (cat. no. A‑CSH807‑500ml; Biogradetech, Inc.) 
supplemented with 10% fetal bovine serum (cat. no. C0230; 
Beyotime Institute of Biotechnology) and 1% penicillin‑strep‑
tomycin solution, in an incubator for 24 h at 37˚C under 5% 
CO2 atmosphere. Cell viability was calculated as a percentage 
relative to control wells. The half‑maximal inhibitory concen‑
tration (IC50) values were determined using MTT viability 
curves, and the data were analyzed with GraphPad Prism 8.0 
(Dotmatics). Doxorubicin (cat. no. D1515; Merck KGaA) was 
used as a positive control and was applied at concentrations 
of 0.0, 0.5, 1.0, 2.0, and 4.0 µM. Cells were treated for 24 h 
at 37˚C under 5% CO2 atmosphere, consistent with standard 
protocols for cytotoxicity assessment.

Flow cytometric analysis of cell cycle and apoptosis. Cell 
cycle progression was analyzed using the BD Cycletest Plus 
DNA Reagent Kit (cat. no. 340242; Becton, Dickinson and 
Company), and apoptosis was assessed with the BD Annexin 
V‑FITC Apoptosis Detection Kit I (cat. no. 556547; Becton, 
Dickinson and Company). Cells were seeded into 6‑well plates 
at a density of 3x105/well. After 24 h, the cells were treated 
with 0.1% DMSO (negative control), compound 1 (3.0, 6.0 
and 9.0 µM) for 48 h at 37˚C. The cells were washed twice 
with cold PBS and then resuspended in 100 µl of binding 
buffer. Annexin V PE (5 µl) and 7‑AAD (5 µl) were added, 
and the mixture was incubated in the dark at 37˚C for 15 min. 
Apoptosis and cell cycle distribution were analyzed using flow 
cytometry (NovoCyte 2040R; ACEA Biosciences, Inc.) (24).

RNA‑Sequencing (RNA‑seq) and data analysis. HeLa cells 
were pretreated with compound 1 at 6.0 µM for 24 h at 37˚C 
and then cells were washed with PBS and subsequently lysed 
directly in the culture dish using 1.5 ml of Trizol™ reagent 
(cat. no. 15596026CN; Invitrogen; Thermo Fisher Scientific, 
Inc.). The lysis process was allowed to proceed for 10 min at 
room temperature. Following lysis, the lysate was transferred 
to a 2.0 ml sterile centrifuge tube and stored at ‑80˚C for 
subsequent RNA extraction. Total RNA was extracted using 
Trizol™ reagent following the manufacturer's protocol. 
RNA concentration was measured using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Inc.) and RNA 
integrity was assessed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.). RNA libraries were constructed 
and the sequencing was performed using the NovaSeq 6000 
S4 Reagent Kit (300 cycles; cat.  no.  20028315; Illumina, 
Inc.) and sequences using the Illumina HiSeq platform 
(New England Biolabs, Inc.). The library loading concentra‑
tion was 0.5 nM, and quantification was conducted using 
qPCR. Paired‑end sequencing with a read length of 150 bp 
(PE150) was carried out. The mRNA reads were mapped to 
the reference genome using HISAT2 software (version 2.2.1; 
https://ccb.jhu.edu/software/hisat/index.shtml). Gene expres‑
sion was quantified as fragments per kilobase of exon model 
per million mapped reads, based on the number of uniquely 
mapped reads. Differential expression analysis was carried out 
using edgeR software (version 3.32.1; parameters: P<0.05; fold 
change ≥1.5). The results were visualized using a volcano plot, 
revealing differentially expressed metabolism‑related genes 
and lncRNAs in cervical cancer and adjacent samples. Gene 
ontology (GO) enrichment and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway enrichment analyses were 
conducted using the clusterProfiler R package and the iDEP 1.1 
web tool (https://bioinformatics.sdstate.edu/idep96/)  (25). 
Heatmap analysis was performed using TBtools 2.200 (26), 
red represents upregulated gene expression.

Reverse transcription‑quantitative PCR (RT‑qPCR) for tran‑
scriptomics. HeLa cells were seeded in 12‑well plates overnight 
and pretreated with compound 1 at different concentrations 
(3.0, 6.0 and 9.0 µM) at 37˚C for 24 h. Total RNA was extracted 
from the cells using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and cDNA was synthesized using the 
HiScript cDNA Synthesis Mix kit (Jiangsu CoWin Biotech 
Co., Ltd.). RT‑qPCR was carried out using the UltraSYBR 
Mixture (With ROX) kit (Jiangsu CoWin Biotech Co., Ltd.). 
GAPDH was used as the internal reference gene. The primer 
sequences for TGIF2, ID1 and BMP2 were obtained from 
previous publications (Table SⅠ). The PCR reaction mixture 
contained 2.0 µl cDNA template, 21.0 µl DNase‑free ddH2O, 
1.0 µl forward and reverse primers, and 25.0 µl Ultra SYBR 
Mixture. The relative mRNA expression levels were measured 
using the Real‑Time PCR Detection System (CFX Connect; 
Bio‑Rad Laboratories, Inc.). qPCR was performed using the 
following thermocycling protocol: Initial pre‑denaturation at 
95˚C for 5 min; 35 cycles consisting of denaturation at 95˚C 
for 45 sec, annealing at 56˚C for 50 sec, and extension at 72˚C 
for 40 sec; followed by a final extension step at 72˚C for 5 min. 
The relative expression ratio was using the 2‑ΔΔCq method (27).

Molecular docking studies. Crystal structures of TGIF2 
[Protein Data Bank (PDB) code, 2dmn], ID1 (PDB code, 
6mgn) and BMP2 (PDB code, 1rew) were obtained from the 
Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (https://www.rcsb.org/). The docking param‑
eters were calculated using PyMOL  2.2.0 (https://github.
com/schrodinger/pymol‑open‑source; center and size for 
the docking box were defined as follows, TGIF2: Center_x, 
‑3.094; center_y, ‑3.281; center_z, 3.948 with size_x, 65.45; 
size_y, 65.45; size_z, 65.45; ID1: Center_x, 18.573; center_y, 
14.631; center_z, 12.395 with size_x, 46.55; size_y, 46.55; 
size_z, 46.55; BMP2: Center_x, ‑28.157; center_y, 67.095; 
center_z, 21.448 with size_x, 65.45; size_y, 65.45; size_z, 
65.45). Molecular docking studies were carried out to 
explore the binding modes of compound  1 with TGIF2, 
ID1 and BMP2 using AutoDock Vina 1.2.3 (https://github.
com/ccsb‑scripps/AutoDock‑Vina/releases/tag/v1.2.3). The 
best‑scoring docking poses were selected based on the Vina 
docking scores and further analyzed visually using PyMOL 2.2.0 
and Discovery Studio 2021 software (Version 21.1.0.20298; 
https://www.3ds.com/products‑services/biovia/products/molecular‑ 
modeling‑simulation/biovia‑discovery‑studio/).

Molecular dynamics simulation. MD simulations were 
carried out using the Amber24 software suite (version 
2024; https://ambermd.org/) (28), applying the ff19SB force 
field (29,30) and the OPC water model (31). The complex was 
placed in a cubic water box, with electrostatic and van der Waals 
interactions having cut off distances set to 1.0 nm. A time step 
of 2 fs was used for the integration and long‑range electro‑
static interactions were handled using the Particle Mesh Ewald 

https://www.spandidos-publications.com/10.3892/mmr.2025.13740


YANG et al:  EFFECTS OF DIHYDROALTERPERYLENOL FROM Alternaria semiverrucosa ON CERVICAL CANCER4

method (32). The system was maintained at a temperature of 
300 K and a pressure of 1 bar. Initial energy minimization 
was carried out (33), followed by 200 ps of constant number 
of particles, volume, and energy equilibration and 100 ps of 
constant number of particles, pressure, and temperature equili‑
bration dynamics. Temperature control was achieved using the 
V‑rescale method (34), while pressure control was applied 
using the Parrinello‑Rahman approach (35). Following the 
equilibration, 200 ns of production dynamics were carried out. 
Key metrics such as root mean square deviation (RMSD), root 
mean square fluctuation (RMSF), radius of gyration (Rg) and 
hydrogen bond counts were calculated using Amber's built‑in 
Cpptraj tool.

Statistical analysis. Data analysis was carried out using 
SPSS Statistics 21.0 (IBM Corp.) and GraphPad Prism 7.0 
(Dotmatics). Results are presented as the mean ± SD of three 
independent experiments. Statistical analysis was conducted 
using the unpaired Student's t‑test or the one‑way or two‑way 
ANOVA, followed by Šídák's multiple comparisons test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Compounds from Alternaria semiverrucosa and cytotoxic 
activity assay. Structures of the ten known compounds 
were identified (Fig. S1) as i) DAP (Figs. 1A, S2 and B) (36), 
ii) Fonsecinone A (Fig. S3A and iii)  (37), Aurasperone A 
(Fig. S4A‑B) (38), iv) 3β,5α,9α‑trihydroxy‑(22E,24R)‑ergosta‑
7,22‑diene‑6‑one (Fig. S5A and B) (30), v) Gargalol B (Fig. S6A 
and B) (39), vi) (22E,24R)‑ergosta‑7,22‑dien‑3β,5α,6β,9α‑te
traol (Fig. S7A and B) (40), vii) 11‑[(6‑Deoxy‑α‑L‑mannopy
ranosyl)oxy]‑3‑hydroxyhexadecanoic acid (Fig. S8A and B), 
viii) Penisochroman A (Fig. S9A and B) (41), viiii) β‑adenosine 
(Fig. S10A and B) (42) and x) uridine (Fig. S11A and B) (43), by 
comparing their 1H, 13C NMR (Data S1) and mass spectrom‑
etry data with those in the literature.

The aforementioned compounds were tested for cytotoxicity 
in vitro against human tumor cell lines (PC3, LNCaP, HeLa, 
SiHa, K562, and HEL). As shown in Table SⅡ, compound 1 
exhibited an inhibition rate of 49.48% against HeLa cells, and 
demonstrated the most potent inhibitory effect. HeLa cells 
were exposed to varying concentrations of 2.5, 5.0, 10.0, 20.0 
and 40.0 µmol/l for 24, 48 and 72 h. As illustrated in Fig. 1B, 
within the same time frame, the inhibitory effect on cell prolif‑
eration became progressively more pronounced with increasing 
treatment concentration. However, when considering the dura‑
tion of exposure, the inhibitory effect diminished over time. 
Statistical analysis indicated IC50 values of 6.43±3.03 µmol/l 
at 24 h, 8.80±1.19 µmol/l at 48 h and 19.27±0.55 µmol/l at 
72 h (Fig. 1B). This was significantly higher when compared 
with the positive control (IC50=1.20±0.20 µM; Fig. 1C) at 24 h 
(P=0.0310).

Compound 1 was also tested in normal HGF‑1 cells as a 
reference, and exhibited a markedly reduced inhibitory effect 
when compared with the HeLa cells (P=0.0055), with an IC50 
value of 54.10±0.10 µmol/l (Fig. 1D), suggesting limited cyto‑
toxic activity. The safety profile of a drug is typically assessed 
using the selectivity index (SI), which is defined as: SI=IC50 

(normal cells)/IC50 (tumor cells), with a SI value of 8.41. An 
increased SI value indicates a broader therapeutic window 
and reduced cytotoxicity towards normal cells. Morphological 
changes in the cells became apparent after 24 h of treat‑
ment compared with the control group (Fig. 1E). As drug 
concentration increased, intercellular spaces widen, cellular 
morphology becomes more rounded, and the presence of cell 
debris becomes increasingly evident.

DAP induced apoptosis and cell cycle G1/S arrest in HeLa 
cancer cells. Compound 1 was subsequently evaluated for its 
effects on the cell cycle and apoptosis. As shown in Fig. 2A 
and B, these findings suggest that compound 1 induces apop‑
tosis in HeLa cells. Notably, the proportion of early apoptotic 
cells was reduced compared with that of late apoptotic cells 
after a 24 h treatment with compound 1 (P=0.0065), indicating 
that the majority of the cytotoxic effects of compound 1 on 
HeLa cells are due to the induction of late‑stage apoptotic cell 
death. The impact of compound 1 on cell cycle distribution 
was evaluated using flow cytometry. As illustrated in Fig. 2C, 
compared with the control group, alterations in the G1 and 
S phases were observed with increasing concentrations of 
compound 1. Statistical analysis (Fig. 2D) revealed that when 
the concentration of compound  1 reached 6.0 µmol/l, the 
proportion of HeLa cells in the G1 phase was significantly 
reduced compared with the control group (P=0.0126), with 
a significant decrease observed at 9.0 µmol/l (P=0.0090). 
By contrast, cell accumulation was evident in the S phase. A 
significant increase in the S phase population was detected 
at a concentration of 3.0 µmol/l (P=0.0280), which further 
increased markedly at 6.0 µmol/l (P=0.0043). No notable 
changes were observed in the G2/M phase. These findings 
suggest that the growth inhibitory effect of compound 1 on 
HeLa cells is associated with cell cycle arrest in the S phase.

Transcriptome analysis. To further investigate the molecular 
mechanisms underlying the effects of DAP, transcriptome 
sequencing (RNA‑seq) was carried out in HeLa cells. This 
analysis identified 140 differentially expressed genes (DEGs), 
including 99 upregulated and 41 downregulated genes (Fig. 3A 
and B). GO and KEGG enrichment analyses revealed significant 
enrichment in pathways associated with tumor cell prolif‑
eration, particularly the Hippo signaling and TGFβ signaling 
pathways (Fig. 3C) have been implicated in the regulation of 
cell apoptosis. Among the pathways enriched with a P<0.05 
(Fig. 3C), two apoptosis‑related signaling pathways, specifi‑
cally the TGF‑β signaling pathway and the Hippo signaling 
pathway, were identified. Within the TGF‑β signaling pathway, 
the differentially expressed genes were TGIF2, BMP2, and ID1; 
in contrast, the Hippo signaling pathway exhibited differential 
expression of TGIF2 and BMP2. Collectively, three distinct 
differentially expressed genes (TGIF2, BMP2, and ID1) were 
observed across both signaling pathways. GO analysis was 
conducted on DEGs to elucidate the molecular mechanisms 
underlying their regulation. In the cellular component category 
(Fig. 3D), significant enrichment was observed for postsynaptic 
density (P=0.00052), Golgi apparatus (P=0.00099), dendritic 
tree (P=0.00162), catalytic complex (P=0.00294) and dendritic 
spine (P=0.00392). In the biological process category (Fig. 3E), 
notable terms included ‘negative regulation of epithelial 
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cell proliferation’ (P=7.20x‑06), ‘single‑organism cellular 
process’ (P=1.90x‑05), ‘negative regulation of cell proliferation’ 
(P=2.50x‑05), ‘positive regulation of transcription from RNA 
polymerase II promoter’ (P=3.30x‑05) and ‘single‑organism 
process’ (P=0.00012). In the molecular function category 
(Fig.  3F), enriched terms were ‘protein kinase binding’ 
(P=0.00032), ‘identical protein binding’ (P=0.00125), ‘ATPase 
activity coupled to transmembrane movement of substances’ 
(P=0.00131), ‘protein binding, bridging’ (P=0.0042) and 
‘cysteine‑type peptidase activity’ (P=0.0043). The GO analysis 
indicated that the inhibitory effect of compound 1 on HeLa cell 
proliferation was primarily associated with the regulation of 
cellular proliferation processes.

mRNA expression of DAP in HeLa cells. To investigate 
the expression patterns of key genes in the TGFβ signaling 
pathway and Hippo signaling pathway, TGIF2, ID1 and 
BMP2 were selected. Heatmaps were generated using TBtool 
(https://gitee.com/an‑jiaxin/TBtools), revealing that all three 
genes exhibited significant upregulation compared with the 
control group (Fig. 4A). Additionally, RT‑qPCR analysis was 
conducted to evaluate the expression levels of these genes 
under treatment with different concentrations of compound 1. 
Compared with the control group, the expression levels of all 
three genes were increased. Specifically, the expression of 
TGIF2 and ID1 showed a significant increase at 9.0 µmol/l 
compound 1 (P=0.0006 and P=0.0215), while BMP2 

Figure 1. Effect of compound 1 on HeLa cells. (A) Chemical structure of compound 1; (B) IC50 values of compound 1 on HeLa cell proliferation at 24, 48 and 
72 h; (C) Comparison of the IC50 values of compound 1 and doxorubicin on HeLa cell proliferation; (D) Comparison of the compound 1 IC50 value between 
HGF‑1 and HeLa cells; (E) Morphological changes of HeLa cells. HGF‑1, human gingival fibroblasts. *P<0.05 vs. the doxorubicin group (n=3) , **P<0.01 vs. 
the HGF‑1 group (n=3).
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expression significantly increased at 3.0 µmol/l Compound 
1 (P=0.0035) (Fig. 4B). These results indicate that the gene 
expression trends observed in transcriptome sequencing are 
consistent with those obtained from RT‑qPCR analysis, veri‑
fying that the expression levels of TGIF2, ID1 and BMP2 are 
upregulated following compound 1 treatment.

Docking studies of DAP with TGIF2, ID1 and BMP2. 
Molecular docking studies were conducted to explore the 
potential binding sites of compound 1 with TGIF2, ID1 and 
BMP2. The docking results revealed that the binding energies 
between compound 1 and TGIF2, ID1 and BMP2 were all 
<‑5.0 kcal/mol (Table SⅢ). Specifically, a hydrogen bond was 
formed between the 7‑OH group of compound 1 and Trp57 
of TGIF2 (Fig.  5A). Additionally, π‑Cation and π‑Sigma 
interactions were observed between the two benzene rings 
of compound 1 and Arg64 and Ile65. For ID1, a hydrogen 
bond was formed between the 7‑OH group of compound 
1 and Gln583, while the A‑ring of compound 1 interacted 
with Arg567 of ID1, with distances of 1.92 Å and 5.11 Å, 
respectively (Fig. 5B). As shown in Fig. 5C, a hydrogen bond 
interaction was observed between 7‑OH of compound 1 and 
the carbonyl group (C‑4) of BMP2, with distances of 3.43 Å 
and 2.53 Å, respectively. Furthermore, the benzene B‑ring of 
compound 1 interacted with Ile87 of BMP2 via a π‑σ bond.

RMSD. RMSD is a key indicator of protein conformational 
variability, providing insights into the stability of ligand‑target 
protein interactions. Higher RMSD values indicate greater 
structural alterations within the complex, while lower values 

suggest more stable binding configurations (44). As shown 
in Fig. 6A, the BMP2‑1rew complex exhibited notable fluc‑
tuations in RMSD during the initial phase of the simulation 
(0‑10 ns) before stabilizing between 10 and 200 ns. Similarly, 
the ID1‑6mgn complex displayed considerable RMSD varia‑
tions from 0 to 80 ns, followed by stabilization from 80 to 
200 ns. The TGIF2‑2dmn complex also experienced consid‑
erable RMSD fluctuations during the first 155 ns, ultimately 
stabilizing from 155 to 200 ns. These results indicate that all 
three complexes, BMP2‑1rew, ID1‑6mgn and TGIF2‑2dmn 
underwent substantial conformational changes early in the 
simulation before achieving stability at different time intervals.

RMSF. RMSF measures the flexibility of individual amino acid 
residues during MD simulations. Higher RMSF values indicate 
increased flexibility at specific residues  (45). As depicted 
in Fig. 6B, the BMP2‑1rew complex exhibited fluctuations 
at residues 58‑63, 83‑85 and 104. The ID1‑6mgn complex 
revealed marked mobility in residues 1‑4 and 48‑53, while the 
TGIF2‑2dmn complex demonstrated considerable movement in 
residues 1‑4 and 79‑84. Despite these localized fluctuations, the 
overall structural stability of all three complexes, BMP2‑1rew, 
ID1‑6mgn and TGIF2‑2dmn, remained relatively intact.

Radius of gyration (Rg). Rg radius is an important metric for 
evaluating the compactness of molecular structures. Higher 
Rg values suggest a more extended conformation, while lower 
values indicate a more condensed structure (46). As shown in 
Fig. 6C, after equilibration, the BMP2‑1rew complex exhibited 
minimal fluctuations and stabilized at ~1.86 nm. The ID1‑6mgn 

Figure 2. Apoptosis and cell cycle arrest efects of HeLa cells induced by compound 1. (A) Apoptosis was assessed by annexin V‑FITC/PI staining after treat‑
ment with compound 1 for 24 h, followed by flow cytometric analysis; (B) Statistical analysis of early and late apoptosis rates in HeLa cells; (C) Cell cycle 
distribution was evaluated by PI staining after treatment with compound 1 for 24 h and analyzed by flow cytometry; (D) Percentage of HeLa cells in each phase 
of the cell cycle. *P<0.05, **P<0.01 vs. the control group (n=3).
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Figure 3. mRNA transcriptomic analysis in HeLa cells treated with Dihydroalterperylenol. (A) Volcano map; (B) MA plot of differentially expressed genes; 
(C) Kyoto Encyclopedia of Genes and Genomes pathway enrichment; (D) cellular component; (E) biological process and (F) molecular function. MA, 
Minus‑versus‑Add.
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complex revealed limited variation, stabilizing at ~1.08 nm. 
Similarly, the TGIF2‑2dmn complex demonstrated minor 
fluctuations, stabilizing at ~1.52 nm. These results suggest that 
the BMP2‑1rew complex adopts a relatively extended confor‑
mation, indicative of weaker intermolecular interactions. 
By contrast, the ID1‑6mgn complex adopts a more compact 
structure, implying stronger intermolecular interactions. The 
TGIF2‑2dmn complex falls in between, revealing moderate 
intermolecular interactions.

Solvent‑accessible surface area (SASA). SASA quantifies the 
exposure of protein molecules to their surrounding water envi‑
ronment, reflecting changes in hydrophobic and hydrophilic 
properties (47). As shown in Fig. 6D, SASA values for the entire 
system remained relatively stable throughout the simulation. 
Among the three complexes, the ID1‑6mgn complex exhibited 
the most compact structure, followed by TGIF2‑2dmn, with 
BMP2‑1rew displaying the least compact conformation. These 
findings suggest that the ID1‑6mgn complex likely has the 
strongest intermolecular interactions, while the BMP2‑1rew 
complex likely exhibits the weakest.

Hydrogen bonds. Hydrogen bonds are among the strongest 
non‑covalent interactions and serve as important indica‑
tors of binding strength during molecular simulations (48). 
The frequency and number of hydrogen bonds observed in 
the simulations reflect the dynamic nature of protein‑ligand 

interactions. A higher number of hydrogen bonds typically 
correlates with greater binding stability (48). As shown in 
Fig. 6E, the BMP2‑1rew complex formed between 1 and 3 
hydrogen bonds, whereas both the ID1‑6mgn and TGIF2‑2dmn 
complexes formed between 1 and 4 hydrogen bonds. These 
findings suggest that the interactions within the ID1‑6mgn and 
TGIF2‑2dmn complexes are likely more robust compared with 
those observed in the BMP2‑1rew complex.

Combination free energy. Molecular mechanics generalized 
born surface area is a method (49) that is widely employed 
post‑simulation to estimate the binding free energy of 
molecular complexes, providing insights into their stability. 
A lower binding free energy value suggests a stronger 
binding affinity (49). As shown in Fig. 7A, the key residues 
contributing to the binding free energy of the BMP2‑1rew 
complex include ARG‑5, HIE‑28, PHE‑30, TYR‑27, VAL‑96, 
ILE‑76, ALA‑29, TYR‑9, PRO‑7 and PRO‑24 from the 
protein. The binding free energy for this complex is calcu‑
lated at ‑19.74 kcal/mol, with contributions from van der 
Waals interactions (‑18.04 kcal/mol), electrostatic potential 
energy (‑30.87  kcal/mol) and non‑polar solvation effects 
(‑1.63 kcal/mol; Fig. 7B).

For the ID1‑6mgn complex (Fig. 7C), the binding free 
energy primarily involves residues ALA‑25, GLN‑17, ARG‑10, 
GLN‑26, PHE‑9, ASN‑6, ILE‑31, ARG‑14, LYS‑24 and 
GLY‑13. The calculated binding free energy is ‑22.04 kcal/mol, 
with van der Waals forces contributing ‑23.73  kcal/mol, 
electrostatic potential energy contributing ‑28.32 kcal/mol 
and non‑polar solvation energy contributing ‑2.31 kcal/mol 
(Fig. 7D).

For the TGIF2‑2dmn complex (Fig.  7E), the binding 
free energy involves residues ARG‑64, TRP‑57, LEU‑14, 
ALA‑61, ASN‑60, ILE‑65, ASN‑13, VAL‑19, LEU‑22 and 
ASN‑56, with the overall binding free energy calculated 
as ‑21.43 kcal/mol (Fig. 7F). The contributions include van 
der Waals forces (‑29.43 kcal/mol), electrostatic potential 
energy (‑21.26  kcal/mol) and non‑polar solvation energy 
(‑2.26 kcal/mol).

These results indicate that DAP exhibits strong binding 
affinities with TGIF2, ID1 and BMP2, with van der Waals 
and electrostatic interactions carrying out the most significant 
roles, while non‑polar solvation energy contributes to a lesser 
extent. Polar solvation energy appears to have a less favorable 
effect on these interactions.

Free energy landscape (FEL). FEL provides a detailed 
characterization of the free energy changes experienced by 
a molecular system during simulations. By analyzing the 
FEL, the characteristic conformations of a complex can 
be identified and examined, which serves as an indicator 
of conformational stability during the simulation  (50,51). 
As illustrated in Fig. 8, the BMP2‑1rew complex predomi‑
nantly adopts a stable conformation within an RMSD range 
of 0.10‑0.30 Å and an Rg range of 1.77‑1.90 nm (Fig. 8A). 
For the ID1‑6mgn complex, the most stable conformation 
is observed within an RMSD range of 0.0‑0.7 Å and an Rg 
range of 1.0‑1.4 nm (Fig. 8B). The TGIF2‑2dmn complex 
demonstrates two distinct regions of dominant stability: One 
with an RMSD of 0.0‑1.2 Å and Rg of 1.3‑1.8 nm, and another 

Figure 4. Thermogram of differential gene expression in Hela cells treated 
with compound 1 and reverse transcription‑quantitative PCR analysis at 
different concentrations (3.0, 6.0 and 9.0 µM). (A) Differential expression 
heatmap of BMP2, TGIF‑2 and ID1 genes; (B) Relative mRNA expression 
levels of BMP2, TGIF‑2 and ID1 genes. *P<0.05; **P<0.01; ***P<0.001 vs. 
control (DMSO; n=3).
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with an RMSD of 0.8‑1.0 Å and Rg of 1.45‑1.55 nm (Fig. 8C). 
These findings indicate that the BMP2‑1rew, ID1‑6mgn and 
TGIF2‑2dmn complexes each exhibit stable conformations 
within specific RMSD and Rg ranges, which can be utilized 
as a basis for understanding the characteristic conformations 
and stability of these complexes.

Discussion

Treatment of cervical cancer currently relies on a combi‑
nation of surgery, radiotherapy, chemotherapy and 
immunotherapy (52). Early‑stage cervical cancer can often be 
managed with either radical surgery or radiation therapy (53). 

Figure 5. Docking interaction between compound 1 and (A) TGIF2, (B) ID1 and (C) BMP2.

https://www.spandidos-publications.com/10.3892/mmr.2025.13740
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However, both methods suffer from a lack of specificity for 
cancer cells, leading to notable side effects despite their 
clinical efficacy. Traditional chemotherapy agents for cervical 

cancer, such as nedaplatin, paclitaxel and bleomycin, are 
associated with harmful side effects (54,55). Consequently, 
there is a need for more effective and safer anticancer drugs. 

Figure 6. Results of molecular dynamics simulation. (A) RMSD variation curve; (B) fluctuation of amino acid residues; (C) Rg curve; (D) SASA fluctuation 
curve; (E) Number of H bonds. RMSD, root mean square deviation; RMSF, root mean square fluctuation; Rg, gyration; SASA, solvent‑accessible surface area; 
H‑bonds, hydrogen bonds.
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Figure 7. Molecular dynamics simulation energy analysis. (A) Energy contribution of each amino acid residue in the protein‑ligand complex (BMP2‑1rew); 
(B) Total binding energy of the protein‑ligand complex (BMP2‑1rew); (C) Energy contribution of each amino acid residue in the protein‑ligand complex 
(ID1‑6mgn); (D) Total binding energy of the protein‑ligand complex (ID1‑6mgn); (E) Energy contribution of each amino acid residue in the protein‑ligand 
complex (TGIF2‑2dmn); (F) Total binding energy of the protein‑ligand complex (TGIF2‑2dmn).
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Natural products, known for their low toxicity and ability to 
target multiple biological pathways, have gained attention as 
promising alternatives to chemical drugs due to their supe‑
rior biocompatibility (56). As a result, natural products have 
become a key source of novel antitumor agents (57).

DAP also known as Altertoxin I, is a quinone‑type myco‑
toxin first isolated from Alternaria species. A previous study 
reveal that DAP has an ID50 value of 20 µg/ml against HeLa 
cells (58). DAP has been evaluated for cytotoxicity in A549, 
HeLa, U2OS and HepG2 cell lines, and the results revealed 
that DAP exhibited minimal cytotoxicity at 20 µM in these 
cell lines (43). DAP has demonstrated selective cytotoxicity 
against human colon cancer cells (HCT‑8) with an IC50 of 
1.78 µM (59), highlighting its potential in cancer therapy. 
Chemotherapy, a mainstay treatment, is frequently hampered 
by drug resistance and dose‑limiting toxicities (60). Cisplatin 
remains the preferred drug for the chemotherapeutic treat‑
ment of cervical cancer, however, several factors, including 
its low selectivity, high toxicity, adverse side effects, tumor 
multidrug resistance and propensity for recurrence, ultimately 
contribute to treatment failure (61). Chemotherapy failure is 
primarily caused by drug resistance mechanisms, such as 
P‑glycoprotein‑mediated efflux of chemotherapeutic agents 
from tumor cells. Furthermore, chemotherapy is constrained 
by dose‑limiting toxicities that adversely affect healthy 
tissues and compromise the quality of life of patients (62). 
Additionally, targeted therapies encounter obstacles due to 
tumor heterogeneity and the development of resistance through 
compensatory signaling pathways (63). Natural products such 
as DAP offer a promising strategy to address these issues. 
Its structural complexity enables multi‑target mechanisms, 
potentially overcoming resistance while minimizing off‑target 
effects. In the present study, DAP exhibited potent activity 
against HeLa cells (IC50±6.43 µM) and transcriptome analysis 
revealed that DAP induces apoptosis via the Hippo and TGFβ 
pathways. This dual effect may circumvent common drug 
resistance mechanisms. Notably, DAP exhibited minimal 
inhibitory activity against HGF‑1 after 24 h of exposure, with 
an SI value of 8.41. The safety profile of the drug was evaluated 
using the SI value, where a higher SI value indicates a broader 
therapeutic window and reduced cytotoxicity towards normal 
cells. A previous study has demonstrated that an SI value >1 is 
indicative of selective antitumor activity (64).

The findings of the present study demonstrated that the 
IC50 of DAP exhibits a time‑dependent increase, indicating 

that prolonged exposure to drug treatment may enhance the 
fitness of a cell population. According to existing research 
findings (65), the fitness of a cell population can be improved 
through gradual exposure to stress, as cells epigenetically 
adapt and fine‑tune their stress regulatory networks, thereby 
establishing stable adaptive states. Initially, drug‑sensitive cells 
accumulate transcriptional and epigenetic changes in response 
to stress, resulting in more robust responses upon subsequent 
stimulation. We hypothesize that a comparable process occurs 
when DAP is applied to HeLa cells spanning an extended 
period, leading to an increase in IC50 from 6.43 µM at 24 h to 
19.27 µM at 72 h.

DAP was applied to HeLa cells at concentrations of 3.0, 
6.0 and 9.0 µmol/l for 24 h, inducing apoptosis and cell cycle 
arrest in a concentration‑dependent manner. At the highest 
concentration of 9.0 µmol/l, the apoptosis rate reached 24.13%, 
with cell cycle arrest occurring predominantly in the S phase. 
These findings suggest that the inhibitory effects of DAP on 
HeLa cells are associated with apoptosis induction and cell 
cycle arrest. To further elucidate the molecular mechanisms 
underlying DAP‑induced apoptosis, transcriptome sequencing 
was conducted on HeLa cells treated with 6.0 µmol/l DAP for 
24 h, identifying 140 DEGs. Bioinformatics analysis using 
KEGG and GO revealed that significantly enriched path‑
ways were associated with apoptosis, while GO annotations 
highlighted terms associated with the regulation of cell prolif‑
eration. Specifically, the TGFβ signaling pathway and Hippo 
signaling pathway, both implicated in apoptosis and enriched 
in KEGG, were analyzed in detail. Three genes (TGIF2, ID1 
and BMP2) were identified as key mediates in these pathways. 
Subsequent RT‑qPCR analysis confirmed that the expression 
trends of these three genes were consistent with the results 
from transcriptome sequencing. This consistency indicates 
that the inhibitory effects of DAP on HeLa cells are likely 
mediated through the upregulation of TGIF2, ID1 and BMP2.

TGIF2, an important member of the TGIF family, encodes 
a DNA‑binding transcription factor that carries out a key role in 
tumor regulation through multiple mechanisms. The study has 
demonstrated that long non‑coding RNA SNHG7 upregulates 
TGIF2 expression by modulating miR‑449a, thereby promoting 
proliferation, migration, invasion and epithelial‑mesenchymal 
transition in non‑small cell lung cancer (66). Additionally, 
non‑coding RNA MALAT1 upregulates TGIF2 expression by 
negatively regulating miR‑129, leading to enhanced prolifera‑
tion, migration and invasion in human osteosarcoma MG63 

Figure 8. Free energy landscape of molecular dynamics simulation. (A) BMP2‑1rew; (B) ID1‑6mgn and (C) TGIF2‑2dmn. RMSD, root mean square deviation
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cells (67). In osteosarcoma, TGIF2 serves as a target gene of 
miR‑34; its upregulation inhibits osteosarcoma tumor growth 
in nude mice and promotes apoptosis (68), these findings are 
consistent with the upregulation of TGIF2 expression observed 
in cervical cancer HeLa cells in the present study.

ID1 is a member of the helix‑loop‑helix (HLH) family 
of transcription factors. ID1 exerts its oncogenic effects by 
inhibiting the activity of basic HLH transcription factors, 
thereby participating in tumor initiation, progression, cell 
cycle regulation and metastasis. It is closely associated with 
angiogenesis, tumor differentiation and drug resistance in 
various types of cancer (69,70). As a negative regulator of 
cell differentiation, ID1 promotes tumorigenesis by acti‑
vating the MAPK signaling pathway and inactivating the 
p16(INK4a)/pRB tumor suppressor pathway, thus facilitating 
the growth and proliferation of prostate cancer cells (71,72). 
A study has confirmed that ID1 is highly expressed in ovarian 
cancer tissues and its expression associates with the degree of 
tumor differentiation, carrying out a key role in ovarian cancer 
development (73). Compared with control cells, SKOV3 cells 
depleted of ID1 exhibited a notable reduction in prolifera‑
tion and invasion capabilities, while apoptosis was markedly 
increased (74). The increase in ROS levels following ID1 over‑
expression aligns with prior studies revealing ROS inhibits 
dendritic cell differentiation and myeloid‑derived suppressor 
cell expansion in tumor‑bearing mice (75), These findings are 
consistent with the results of the present study. We hypothesize 
that DAP upregulates ID1 expression, increasing ROS levels 
and inhibiting cervical cancer cells.

BMP2 is a highly expressed secreted protein in various 
types of cancer (76). As a member of the TGFβ superfamily, 
BMP2 participates in multiple biological processes, including 
normal cell growth and development, apoptosis, migra‑
tion, invasion, bone formation and cancer progression (77). 
Research (78) indicates that BMP2 carries out a key role in 
the proliferation, migration and differentiation of neural crest 
cells. Compared with normal tissues, BMP2 is considerably 
upregulated in various cancer tissues, suggesting its potential 
as a key biomarker for targeted cancer therapy. Literature 
studies have revealed that BMP2 exhibits both pro‑cancer 
and anti‑cancer functions in cancer tissues. For instance, 
Du  et  al  (79) demonstrated that promoter methylation of 
the BMP2 gene in the breast cancer cell line MCF‑7 down‑
regulates BMP2 expression, enhancing drug resistance and 
promoting cancer progression. Conversely, other studies have 
revealed that treating the human and mouse breast cancer cell, 
MCF‑7, with BMP2 inhibits cell migration and proliferation, 
revealing its anti‑cancer effects (80,81).

In nasopharyngeal carcinoma, the BMP2 promoter 
enhances its expression by binding to SOX9, thereby activating 
the BMP2‑induced mTOR signaling pathway and promoting 
the proliferation, migration and invasion of nasopharyn‑
geal carcinoma cells  (77,82). Research reveals that BMP2 
suppresses gastric cancer cell proliferation by arresting the 
cell cycle via a non‑SMAD BMP pathway that downregulates 
EZH2 (83), consistent with the findings of the present study. 
The present study indicates that DAP induces the upregulation 
of BMP2 expression, which subsequently influences cell prolif‑
eration. This effect may be attributed to the ability of BMP2 
upregulation to activate AMPK, leading to the inhibition of 

the mTOR signaling pathway. Specifically, the activation of 
AMPK suppresses the activity of the mTORC1 complex via 
phosphorylation, thereby disrupting protein synthesis and 
metabolic processes essential for cell proliferation (84).

The limited number of DEGs identified at 24  h post-
treatment suggests an early drug response phase rather than 
transcriptomic reprogramming. Similar results were seen in 
other studies: Only 357 and 455 DEGs were found in two 
sweet corn varieties under low‑temperature stress (85) and 551 
DEGs were detected after vascular hepatocyte differentiation 
in pigs (86). The limited number of DEGs observed in this 
study may be attributed to three potential factors: Inadequate 
drug exposure or low concentrations preventing a significant 
transcriptional response, cellular heterogeneity causing varied 
drug sensitivities and diluting signals, and the phenotypic lag 
effect (87) where drugs act through early gene activity and 
protein interactions. Future work will assess DAP's effects on 
cervical cancer HeLa cells by extending treatment time and 
testing more concentration levels.

Following DAP treatment, cells exhibited signs of apoptosis. 
Transcriptome analysis and RT‑qPCR validation confirmed 
that this apoptotic response was associated with the upregu‑
lation of three genes: TGIF2, ID1 and BMP2. This finding 
raises the question of whether DAP interacts directly with the 
corresponding proteins encoded by these genes. To investigate 
potential protein‑level interactions between DAP and the 
TGIF2, ID1 and BMP2 proteins, the present study employed 
molecular docking technology to evaluate their binding affini‑
ties. Molecular docking is based on the lock‑and‑key principle, 
examining how the spatial structure and electrostatic char‑
acteristics of small molecules match the active sites of their 
target proteins. The lower the binding energy between a small 
molecule and its target protein, the stronger their interaction. 
Typically, a binding energy <‑4.25 kcal/mol indicates some 
degree of binding activity; <‑5.0  kcal/mol suggests good 
binding activity; and <‑7.0 kcal/mol indicates strong binding 
activity (88).

While this study elucidated the potential binding modes 
of DAP with TGIF2, ID1 and BMP2 proteins using molecular 
docking, it is important to acknowledge the intrinsic limita‑
tions of static docking models. Molecular docking generally 
relies on rigid or semi‑flexible receptor models, which may 
fail to adequately capture the conformational dynamics of 
protein‑ligand complexes under physiological conditions (89). 
To address these limitations, the present study incorporated 
MD simulations for dynamic validation. To further elucidate 
the molecular interactions underlying the anticancer poten‑
tial of DAP, MD simulations were carried out to evaluate 
its binding stability with key regulatory proteins involved 
in cervical cancer progression. The simulations analyzed 
ligand‑protein interactions with TGIF2, ID1 and BMP2 over 
a 200‑nanosecond trajectory. RMSD analysis revealed that all 
three complexes exhibited initial structural fluctuations before 
achieving stable conformations, suggesting successful ligand 
binding. Similarly, RMSF analysis identified key residues 
exhibiting flexibility within each protein‑ligand complex, 
further supporting their dynamic interactions. These compu‑
tational findings provide valuable insights into the structural 
basis of the biological activity of DAP, reinforcing its potential 
as a novel therapeutic candidate for cervical cancer.
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The present study provides insights into the inhibitory 
mechanisms of DAP on cervical cancer cells but is limited 
by using only the HeLa cell line. Initial screening (Table SII) 
revealed DAP has notable activity against HeLa and SiHa 
cells, however, only 11.9 mg of purified DAP was avail‑
able. Due to this limitation, mechanistic studies focused on 
HeLa cells. Using a single cell line restricts the generaliz‑
ability of the findings, as cervical cancer is heterogeneous 
and responses vary across cell lines. Thus, results obtained 
with HeLa cells may not fully represent other subtypes. The 
proposed mechanisms require further validation for broader 
applicability.

Future work will validate key experiments in additional 
cell lines such as CaSki and SiHa and, where feasible, use 
patient‑derived cells or organoids for clinically relevant 
models. Simultaneously, this study will establish subcutaneous 
xenograft cervical cancer models in immunodeficient nude 
mice through the injection of cervical cancer cells. DAP will 
be administered subcutaneously at low, medium and high doses 
to these models. This study will utilize the untreated models 
as the control group, and paclitaxel‑treated models as the posi‑
tive control. In vivo experiments will evaluate the efficacy of 
DAP by analyzing tumor growth, final tumor size, pathological 
changes and marker protein expression across all groups. Acute 
or subchronic toxicity studies using healthy mice will assess 
behavioral changes, body weight, food/water intake, blood 
profiles, biochemical parameters and organ histopathology 
(liver, kidney, spleen, lung, heart and intestine). These analyses 
will aim to identify toxic target organs, determine the maximum 
tolerated dose and establish a safety margin. Together, these 
experiments will provide preclinical data to assess the clinical 
potential of DAP and guide its development as a therapy.

Collectively, a novel endophytic fungal species, 
Alternaria semiverrucosa, was isolated from Taxus 
chinensis var. marei collected in Guiyang, China. DAP was 
subsequently obtained from the fermentation metabolites of 
Alternaria semiverrucosa. The inhibitory effects of DAP 
on cervical cancer HeLa cells suggest that it exhibits high 
efficacy and low toxicity, making it a promising candidate for 
further investigation, and warranting further investigation 
into its underlying molecular mechanisms and therapeutic 
potential. Future studies integrating experimental validation 
of these molecular interactions will be key to confirming 
efficacy and clinical applicability of DAP.
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