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Abstract: Hupehenine (HUP) is an alkaloid isolated from Fritillaria hupehensis. However, its role in cancer and the 
associated molecular pathways are unclear. The purpose of this study was to investigate the inhibitory effects of 
HUP on hepatocellular carcinoma (HCC) and the molecular mechanisms underlying these effects. Experiments were 
conducted using HCC cell lines, BALB/c mouse HepG2 xenograft models, and bioinformatics analyses. HUP exerted 
a pronounced effect on 12 traditional cell lines that represent the four most deadly types of cancer, with HCC cells 
showing a particularly strong killing effect. Nonetheless, healthy cells showed no apparent toxicity. Furthermore, 
HUP induced cell death, suppressed cell cycle progression, and inhibited cell migration in association with reduced 
epidermal growth factor receptor (EGFR) phosphorylation, intracellular reactive oxygen species (ROS) accumulation, 
and phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT) signaling suppression. The relevance of these signal-
ing processes in HUP’s effects was further supported by pharmacological interventions based on an EGFR agonist 
and inhibitor, a ROS scavenger, and an AKT inhibitor. In vivo experiments demonstrated that HUP inhibited xenograft 
growth in a dose-responsive manner and prevented tumor progression in mouse models. The underlying molecular 
mechanism of HUP was further confirmed by immunohistochemical analysis, which demonstrated that HUP mark-
edly reduced the levels of critical signaling molecules, including p-EGFR, p-PI3K, and p-AKT. Importantly, HUP did 
not damage major organs, suggesting short-term tolerability under the tested conditions. In summary, HUP exerts 
anti-HCC effects associated with EGFR signaling suppression, ROS accumulation, and inhibition of the PI3K-AKT 
pathway, providing experimental evidence for its pharmacological mechanism and supporting further preclinical 
investigation.
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Introduction

According to the Global Cancer Epidemiology 
Report, lung, colorectal, liver, and breast can-
cers are the four primary causes of cancer-
related mortality [1]. Among these, hepatocel-
lular carcinoma (HCC) poses a major hazard to 
human health owing to its insidious onset, 
rapid progression, and dismal prognosis [2]. 
Despite the continuous advancements in sur-
gery, chemotherapy, targeted therapy, and 

immunotherapy, their efficacy is severely limit-
ed by drug resistance, toxic adverse effects, 
and high rates of postoperative recurrence. 
Therefore, identifying safe and efficient anti-
HCC drugs from natural small-molecule com-
pounds and clarifying their molecular mecha-
nisms is warranted.

Natural compounds derived from Chinese 
medicinal herbs have the benefits of a diverse 
range of pharmacological activities and low tox-
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icity [3-5]. Fritillaria hupehensis has been used 
in Traditional Chinese Medicine for over 2,000 
years, primarily because its bulbs are rich in 
active alkaloid compounds that help relieve 
coughs and remove mucus [6]. Fritillaria hupe-
hensis bulbs are the source of hupehenine 
(HUP), a natural active alkaloid component [7, 
8]. However, its anticancer activity has not yet 
been systematically investigated, and the 
underlying mechanisms remain unclear.

The human body uses apoptosis clearance to 
eliminate malignant tumor cells, which is 
essential for maintaining tissue homeostasis 
[9-13]. This reaction is regulated by many sig-
naling molecules, such as Bcl-2 family proteins, 
caspase-3, and PARP [14-16]. Reactive oxygen 
species (ROS) spike in response to external 
stimuli, causing oxidative damage that acti-
vates downstream apoptotic pathways and 
induces tumor cell death [17]. The aberrant 
activation of signaling pathways by ROS is piv-
otal in the onset and development of HCC [18, 
19], establishing it as a key research area for 
targeted therapeutic approaches to HCC [20].

Metastasis enables cancer cells to dissemi-
nate to remote organs, leading to most cancer-
related fatalities [21-23]. Epithelial-mesenchy- 
mal transition (EMT) may influence various 
physiological processes and may be regulat- 
ed by the glycogen synthase kinase 3 beta 
(GSK-3β)/β-catenin/Snail family transcriptional 
repressor 1 (SNAI1) axis [24, 25]. Upon GSK-3β 
activity inhibition, β-catenin accumulates and 
translocates to the nucleus, triggering the 
downstream transcription of SNAI1. This pro-
motes the migration of tumor cells by down- 
regulating the epithelial marker E-cadherin  
and upregulating the mesenchymal marker 
N-cadherin [26]. The epidermal growth fac- 
tor receptor (EGFR)-phosphoinositide 3-kinase 
(PI3K)-protein kinase B (AKT) pathway is a cru-
cial upstream regulatory node that can posi-
tively activate this axis, further promoting EMT 
activation and tumor metastasis [27, 28].

This research aimed to investigate the impact 
of HUP on cell viability across 12 cell lines rep-
resenting four cancer types and established 
cell models for subsequent experiments. The 
potential HUP targets and pathways in HCC 
were predicted through a bioinformatics analy-
sis. Potential interactions between HUP and 
candidate proteins were further explored using 

molecular docking. This study examined the 
regulatory implications of HUP on apoptosis, 
cell cycle arrest, and migration within HCC cells, 
along with the underlying mechanisms. The 
antitumor effects and safety profile of HUP 
were assessed in vivo using a nude mouse 
xenograft model, providing experimental evi-
dence to support further preclinical investiga-
tion of HUP.

Materials and methods

Drugs and reagents

HUP and 5-fluorouracil (5-FU) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Two 
compounds were solubilized in dimethyl sul- 
foxide (DMSO, Solarbio, Beijing, China) to pre-
pare a stock solution (20 mM). At the maximum 
HUP concentration of 80 μM used in the con-
centration-response assay, the final DMSO con-
centration was 0.4% (v/v), and it remained 
below 0.1% (v/v) in all subsequent mechanistic 
experiments. N-acetylcysteine (NAC), EGFR 
agonist NSC228155, and the EGFR tyrosine 
kinase inhibitor gefitinib were purchased from 
Solarbio. The AKT inhibitor (HY10249) was  
purchased from MedChemExpress (Princeton, 
USA). The remaining chemical reagents were all 
of analytical grade.

Cell lines and cell culture

This study used various human tumor and 
healthy cell lines. The lung cancer cell lines 
A549, NCI-H82, and NCI-H460, colon cancer 
cell lines HCT116, SW480, and HT-29, liver can-
cer cell lines Huh-7, HepG2, and Hep3B, breast 
cancer cell lines MDA-MB-231, MCF-7, and 
T47D, and the human normal embryonic lung 
fibroblast cell line IMR-90 were all purchased 
from the American Type Culture Collection 
(ATCC, Virginia, USA). The human embryonic 
kidney cell line 293T was purchased from  
Sage Biotechnology (Shanghai, China), and the 
human healthy liver cell line MIHA was obtained 
from Otwo Biotech (Shenzhen, China). Each cell 
line was exposed to a high-glucose medium 
enriched with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin (Gibco, MA, 
USA).

Cell viability and cytotoxicity

The impact of HUP on cell viability was assessed 
by the Cell Counting Kit-8 (CCK-8) assay. A549, 
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NCI-H82, NCI-H460, HCT116, SW480, HT-29, 
Huh-7, HepG2, Hep3B, MDA-MB-231, MCF-7, 
T47D, MIHA, IMR-90, and 293T cells were seed-
ed in 96-well plates at a density of 1 × 104 
cells/well. After 24 h of cultivation, these cells 
were treated with HUP or 5-FU at concentra-
tions of 2.5, 5, 10, 20, 40, and 80 μM for 6, 12, 
18, 24, and 30 h. 5-FU served as a positive 
control for comparing antitumor efficacy. After 
incubation with the CCK-8 reagent, the optical 
density was measured at 450 nm using a 
microplate reader (Tecan, Maennedorf, Swit- 
zerland). HepG2 cells were cultivated for 24 h 
at a density of 1 × 105 cells/well in six-well 
plates. These cells were exposed to HUP (10.38 
μM) or 5-FU for 6, 12, and 24 h. The pellets 
were combined with an equivalent volume of 
0.4% trypan blue solution and stained for 3 
min. Finally, the stained cells were visualized 
under an inverted microscope (Mingmei Op- 
toelectronics, Guangzhou, China).

Hoechst/PI double staining

To determine whether HUP had a cytotoxic 
effect on HepG2 cells, apoptotic morphology 
was detected by Hoechst/PI double staining. 
HepG2 cells were cultured in six-well plates for 
24 h and treated with HUP (10.38 μM) or 5-FU 
for 6, 12, and 24 h. After staining with Hoechst 
33342 and propidium iodide (PI) solution 
(Solarbio) for 15 min, a fluorescence micro-
scope (EVOS FL, Thermo Fisher Scientific, MA, 
USA) was used to analyze changes in cell 
morphology.

Bioinformatics

The bioinformatics analysis aimed to predict 
the potential targets and associated pathways 
of HUP. The 2D and 3D structures of HUP were 
downloaded from the PubChem database 
(https://pubchem.ncbi.nlm.nih.gov). Then, the 
Swiss Target Prediction platform (http://swis-
stargetprediction.ch) was used to identify the 
drug targets. HCC-related targets were sourced 
from the GeneCards database (https://www.
genecards.org/). The common targets of drugs 
and diseases were analyzed using the STRING 
database (https://string-db.org), and the pro-
tein-protein interaction (PPI) network was visu-
alized using Cytoscape 3.8.2. The functional 
annotation analyses of Gene Ontology (GO) and 
the enrichment of Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways for the shared 

targets were conducted using the DAVID data-
base (https://david.ncifcrf.gov/).

Molecular docking

Molecular docking was conducted to predict 
potential binding interactions between HUP 
and candidate proteins. Structures of key tar-
get proteins were downloaded from the RCSB 
PDB database (https://www.rcsb.org/). The 
ligands and proteins underwent pre-treatment 
using AutoDockTools-1.5.6. Docking was con-
ducted using AutoDock 4.2; Supplementary 
Table 1 contains the target-specific grid param-
eters. Each target underwent 10 independent 
docking runs, and the lowest-energy conforma-
tion was selected for analysis and PyMOL 
visualization.

Apoptosis

The apoptotic rate of HUP-treated HepG2 cells 
was assessed using Annexin V-FITC/PI fluores-
cent double staining along with flow cytometry. 
HepG2 cells were cultured in six-well plates for 
24 h and treated with HUP (10.38 μM) or 5-FU 
for 6, 12, and 24 h. They were harvested and 
subjected to staining with Annexin V-FITC and 
PI solutions (Solarbio) for 20 min in a dark envi-
ronment. Fluorescence microscopy was used 
to observe the stained cells, and a flow cytom-
eter (Sysmex, Kobe, Japan) was used to mea-
sure the percentage of apoptotic cells.

Mitochondrial membrane potential

In HUP-treated HepG2 cells, the mitochondrial 
membrane potential was assessed using JC-1 
staining. HepG2 cells were cultured in six-well 
plates for 24 h and treated with HUP (10.38 
μM) or 5-FU for 6, 12, and 24 h. They were col-
lected and treated with 500 μL of JC-1 staining 
solution (Solarbio) for 30 min. After centrifuga-
tion, the supernatant was discarded, and the 
cells were resuspended in 500 μL of JC-1 buf-
fer, followed by another round of centrifugation. 
Finally, the fluorescence intensity was mea-
sured using flow cytometry.

Intracellular ROS levels

The 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA) fluorescent probe was used to 
detect intracellular ROS levels in HUP-treated 
HepG2 cells. HepG2 cells were cultured in six-
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well plates for 24 h and treated with HUP (10.38 
μM) or 5-FU for 6, 12, and 24 h. After collecting 
the cells, they were treated with 10 μM DCFH-
DA (Solarbio) in a 37°C water bath for 30 min in 
the dark. Fluorescence microscopy was used to 
observe changes in ROS levels, and flow cytom-
etry was used to quantify them. In the scaven-
ger experiment, cells were pre-treated with 10 
mM NAC for 1 h, followed by co-treatment with 
HUP for 24 h. Next, they were analyzed for ROS 
levels. The NAC concentration was selected 
based on an initial cytotoxicity assessment, 
which showed no significant effect on HepG2 
cell viability (data not shown). In the EGFR inhib-
itor experiment, cells were pretreated with 10 
μM gefitinib for 1 h, followed by co-treatment 
with HUP for 24 h. Finally, intracellular ROS lev-
els were measured by flow cytometry. For the 
concentration-response experiment, HepG2 
cells were treated with HUP at 2.5, 5, or 10 μM 
for 6 h, followed by DCFH-DA-based flow cyto-
metric analysis.

Cell cycle distribution

HUP-treated HepG2 cells were analyzed for the 
Ki67-positive cell percentage and cell cycle dis-
tribution using Ki67 and PI staining. After cul-
turing for 12 h, HepG2 cells were treated with 
HUP (10.38 μM) or 5-FU for 6, 12, and 24 h. 
After fixation and permeabilization, the cells 
were treated with a Ki67 antibody (Solarbio), 
and the proportion of Ki67-positive cells was 
assessed using a fluorescence microscope. 
After fixing the cells with 70% ethanol over-
night, they were incubated with 100 μL of 
RNase A (10 μg/mL) and 400 μL of PI staining 
solution (10 μg/mL) for 30 min. The DNA con-
tent was measured using flow cytometry.

Transwell migration and wound healing

Transwell and wound healing assays were  
used to assess the impact of HUP on the migra-
tory capacity of HepG2 cells. These cells were 
seeded in six-well plates at 1 × 105 cells/well. 
In the wound healing assay, a sterile 200 μL 
pipette tip was used to create scratches. 
Transwell migration (1% FBS upper/10% FBS 
lower) was conducted using HUP (10.38 μM) or 
5-FU for 6, 12, and 24 h. Cells that shifted  
to the underside were stained with 1% crystal 
violet and photographed using an inverted 
microscope.

Western blotting

Western blotting was used to measure the pro-
tein expression in HUP-treated HepG2 cells. 
HepG2 cells were seeded in six-well plates  
at 1 × 105 cells/well and cultured for 24 h.  
For the concentration-response experiment, 
HepG2 cells were treated with HUP at 2.5, 5, or 
10 μM for 6 h, and p-EGFR, EGFR, p-AKT, and 
AKT levels were examined by western blotting. 
For the EGFR agonist and AKT inhibitor experi-
ments, cells were pretreated with either 
NSC228155 (10 μM) or HY10249 (10 μM) for 2 
h. Then, they were co-treated with HUP for 24 h. 
To obtain the supernatant, after lysis, the cells 
were centrifuged at 12,000 rpm for 30 min. 
The protein concentration was determined, and 
40 μg of the total protein in each lane was sep-
arated by 8% to 12% SDS-PAGE and transferred 
onto 0.45 μm PVDF membranes. The mem-
branes were incubated with primary antibodies 
at 4°C overnight, followed by corresponding 
secondary antibodies. Quantitative analysis 
was conducted using Image J software.

The following antibodies were used: the inter-
nal reference β-actin, apoptosis-related pro-
teins (Bad, Bcl-2, Bax, Cyto C, cleaved-cas-
pase-3, pro-caspase-3, pro-PARP, and cleaved-
PARP), EGFR-PI3K-AKT pathway proteins (EGFR, 
p-EGFR, p-PI3K, PI3K, p-AKT, and AKT), nuclear 
factor kappa B (NF-κB) pathway proteins (NF-
κB, inhibitor of nuclear factor kappa B (I-κB)), 
Oxidative stress-related proteins (Nrf2, HO-1, 
SOD, CAT, and Gpx1), Cell cycle-related proteins 
(CDK2, CDK4, CDK6, cyclin D, cyclin E, p21, 
and p27), and EMT-related proteins (p-GSK3β, 
GSK3β, β-catenin, SNAI1, E-cadherin, and 
N-cadherin). Supplementary Table 2 contains 
the sources and catalog numbers of all primary 
antibodies.

BALB/c nude mouse model and experimental 
design

Five-week-old male BALB/c nude mice were 
acquired from Liaoning Changsheng Biotech- 
nology Co., Ltd. and housed under specific 
pathogen-free conditions to allow for a week of 
acclimatization before the experiment. The 
mice were injected into the lateral ribs with  
100 μL of HepG2 cell suspension (2 × 106 
cells/100 μL). Mice that failed to develop 
tumors within 7 days of inoculation were exclud-
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ed from subsequent grouping. No unexpected 
deaths occurred during treatment. Ten nude 
mice per group were randomly divided into 
healthy untreated, vehicle control (0.1% DMSO 
in normal saline), 5-FU (10 mg/kg), HUP (1 mg/
kg), HUP (10 mg/kg), and HUP (50 mg/kg) 
treatment groups. The vehicle control group 
received an equal volume of 0.1% DMSO in nor-
mal saline. The mentioned drugs were adminis-
tered intraperitoneally every 2 days for 16 days. 
At the end of treatment, mice were humanely 
killed by cervical dislocation. Tumor volume 
was calculated as given below: Tumor volume = 
(short diameter2 × long diameter)/2. Organ 
index (%) = [organ weight (g)/live body weight 
(g)] × 100%.

All animal experiments were approved by  
the Science and Technology Ethics Committee 
of Heilongjiang Bayi Agricultural University 
(SMKXJSXY2025045).

Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining was used 
to analyze pathological changes in tumor tis-
sues in the healthy, solvent control, and treat-
ment groups. The sections underwent H&E 
staining (xylene 2 × 10 min, 100% ethanol 2 × 
1 min, 80%/75%/50% ethanol 1 min each, H2O 
3 min; hematoxylin 5 min, 1% HCl-EtOH 2 s, H2O 
3 min, 0.8% ammonia 1 s, H2O 5 min; and eosin 
1 min, 95% ethanol 2 × 1 min, 100% ethanol 2 
× 1 min, xylene 2 × 1 min). The slides were 
mounted with neutral resin and observed under 
a light microscope. All reagents for H&E stain-
ing were purchased from Solarbio.

Immunohistochemistry

Correlated protein expression in tumor tissues 
was detected using immunohistochemistry. 
Briefly, 5-μm-thick tissue sections were depar-
affinized and rehydrated (xylene 2 × 10 min, 
100% ethanol 2 × 1 min, 80%/75%/50% etha-
nol 1 min each, H2O 3 min). Antigen retrieval 
was conducted in 10 mM sodium citrate buffer 
(pH 6.0) through microwave heating at 95°C  
for 20 min. Subsequently, endogenous peroxi-
dase was neutralized with H2O2 for 15 min, and 
blocking was conducted with FBS for 20 min. 
After incubation with both primary and second-
ary antibodies, the staining results were visual-
ized using the 3,3’-diaminobenzidine (DAB) 
staining method. After counterstaining with 

hematoxylin, the sections were dehydrated, 
mounted, and examined under a light micro-
scope. The primary antibodies used were 
p-EGFR (BOSTER, P00023-7, 1:50), p-PI3K 
(BOSTER, P00318-1, 1:50), p-AKT (Santa Cruz 
Biotechnology, sc-7985-R, 1:50), cleaved cas-
pase-3 (Santa Cruz Biotechnology, sc-271028, 
1:50), and cleaved PARP (BOSTER, M00122-2, 
1:50). Other reagents used for immunohisto-
chemistry were obtained from Solarbio.

Statistical analysis

Data were assessed for normality using the 
Shapiro-Wilk test and for homogeneity of vari-
ances using Levene’s test. All data met these 
assumptions; therefore, one-way or two-way 
ANOVA followed by Tukey’s or Dunnett’s multi-
ple comparisons test, as appropriate, was per-
formed. Two-way repeated-measures ANOVA 
with Greenhouse-Geisser correction was used 
to evaluate the longitudinal tumor volume and 
body weight data. Half-maximal inhibitory con-
centration (IC50) values were calculated by non-
linear regression using a log(inhibitor) versus 
normalized response (variable slope) model in 
GraphPad Prism 11.0. In vitro data are present-
ed as the mean ± SD, whereas the in vivo tumor 
volume and organ index data are presented as 
the mean ± SEM. P values indicate the statisti-
cal significance of the indicated pairwise com-
parisons. Different letters indicate significant 
differences between groups (P < 0.05).

Results

HUP inhibited the viability of HCC cells

HUP exhibited strong cytotoxic effects against 
12 cell lines from lung, colorectal, liver, and 
breast cancers. According to a comparison of 
the IC50 values, the killing effect was par- 
ticularly significant against HCC (Figure 1A). 
HUP decreased the viability of three HCC cell 
lines in a concentration-dependent manner 
(2.5-80 μM), with effects comparable to  
those observed with the positive control 5-FU 
(Figure 1B and 1C). Additionally, HUP did not 
exert any noticeable negative effects on the 
three healthy cell lines (Figure 1D and 1E). 
Figure 1A and 1B display the concentration-
response data for IC50 calculation. HepG2 cells 
were chosen for further research because they 
exhibited the lowest IC50 value (10.38 μM) of all 
the HCC cell lines.
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Trypan blue staining further confirmed an 
increase in the number of dead cells after HUP 
treatment (Figure 1F). Hoechst 33342/PI dou-
ble-staining assay showed a time-dependent 
increase in both blue and red fluorescence  
signals in HepG2 cells after HUP treatment, 
together with significant changes in nuclear 
morphology (Figure 1G). Trypan blue and Hoe- 
chst 33342/PI double staining were used to 
confirm the cytotoxic effect of HUP on HepG2 
cells, demonstrating greater efficacy than the 
5-FU control group. In summary, HUP selective-
ly inhibited the viability of HCC cells without sig-
nificantly affecting healthy cells. Furthermore, 
HepG2 cells may serve as an in vitro model in 
future studies.

HUP and HCC bioinformatics analysis and mo-
lecular docking

Figure 2A presents the 2D and 3D structural 
configurations of HUP. Overall, 34 overlapping 
targets were identified between HUP and HCC 
(Figure 2B). The STRING database was used  
to construct PPI networks for these core tar-
gets, and the networks were visualized using 
Cytoscape software. EGFR, AKT1, and Bcl-2 
emerged as significant hub genes (Figure 2C). 
GO functional enrichment evaluation showed 
that these targets predominantly regulated bio-
logical processes related to apoptosis and pro-
tein phosphorylation, as well as those related 
to cellular components and molecular func-
tions (Figure 2D). The KEGG pathway enrich-
ment analysis indicated that the core targets 
were significantly enriched in the PI3K-AKT, 
NF-κB, ROS, and apoptosis pathways (Figure 
2E). Figure 2F illustrates the distribution of 
core targets across the functional categories.

Molecular docking predicted favorable interac-
tions between HUP and EGFR (-8.23 kcal/mol), 
AKT1 (-7.86 kcal/mol), and Bcl-2 (-8.87 kcal/
mol). The predicted binding energies with SRC, 
TNF, and HSP90AA1 were -7.08, -7.22, and 
-6.61 kcal/mol, respectively (Figure 2G). These 
results suggest potential interactions between 
HUP and candidate proteins. Together with the 
bioinformatics analysis results, they support 
further investigation of the EGFR-PI3K-AKT and 
related pathways.

HUP induced mitochondrial apoptosis in 
HepG2 cells

Fluorescence microscopy showed that the  
fluorescence signals corresponding to green 
(Annexin V) and red (PI) exhibited a time-depen-
dent increase after HUP treatment at 6, 12, 
and 24 h. These findings indicate early and late 
apoptotic/necrotic cells, exhibiting a pattern 
similar to that observed in the positive control 
5-FU (Figure 3A). The apoptotic rate signifi- 
cantly increased in a time-dependent manner 
after HUP treatment, as confirmed by flow 
cytometry (Figure 3B). JC-1 staining was used 
to measure the decrease in mitochondrial 
membrane potential (ΔΨm). HUP treatment 
resulted in a progressive shift in JC-1 from its 
combined state, distinguished by red fluores-
cence, to its monomeric state, distinguished  
by green fluorescence. This shift indicates a 
decrease in the ΔΨm over time (Figure 3C).

According to Western blot analysis, HUP treat-
ment upregulated the pro-apoptotic proteins 
Bad and Bax, downregulated the anti-apoptotic 
protein Bcl-2, promoted Cyto C release, and 
activated caspase-3 and PARP in a time-depen-

Figure 1. Hupehenine (HUP) selectively inhibited hepatocellular carcinoma (HCC) cell proliferation. (A) Viability of 
lung cancer (A549, NCI-H82, NCI-H460), colorectal cancer (HCT116, SW480, HT-29), HCC (Huh-7, HepG2, Hep3B), 
and breast cancer (MDA-MB-231, MCF-7, T47D) cells after treatment with different concentrations (2.5, 5, 10, 20, 
40, and 80 μM) of HUP for 24 h, as measured using the Cell Counting Kit-8 (CCK-8) assay. (B) Viability of three HCC 
cell types (HepG2, Huh-7, and Hep3B) after treatment with different concentrations (2.5, 5, 10, 20, 40, and 80 μM) 
of HUP and 5-fluorouracil (5-FU) for 24 h, as measured using the CCK-8 assay. (C) Viability of three types of HCC 
cells (HepG2, Huh-7, and Hep3B) after treatment with HUP and 5-FU for different durations (6, 12, 18, 24, and 30 
h), as measured using the CCK-8 assay. (D) Viability of three types of normal cells (MIHA, IMR-90, and 293T) after 
treatment with different concentrations (2.5, 5, 10, 20, 40, and 80 μM) of HUP and 5-FU for 24 h, as measured us-
ing the CCK-8 assay. (E) Viability of three types of normal cells (MIHA, IMR-90, and 293T) after treatment with HUP 
and 5-FU for different durations (6, 12, 18, 24, and 30 h), as measured by the CCK-8 assay. (F) Trypan blue staining 
to observe morphological changes in HepG2 cells after treatment with HUP and 5-FU for different durations (6, 12, 
and 24 h). Scale bar: 50 µm. (G) Hoechst 33342/propidium iodide (PI) double staining to detect changes in the 
apoptotic morphology of HepG2 cells under a fluorescence microscope after treatment with HUP and 5-FU for differ-
ent durations (6, 12, and 24 h). Scale bar: 50 µm. In (A), different lowercase letters indicate significant differences 
among HUP concentrations within each cell line. In (B-E), uppercase and lowercase letters indicate differences 
within the 5-FU and HUP groups, respectively; exact p values indicate comparisons between 5-FU and HUP at the 
same concentration or time point. n = 3. magnification: 400×.
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Figure 2. Mechanism prediction results based on network pharmacology and molecular docking. A. 2D and 3D chemical structures of HUP. B. Analysis of the inter-
section targets between HUP and HCC disease targets identified 34 common targets. C. protein-protein interaction (PPI) network analysis of the 34 common targets, 
yielding the key hub genes. D. Gene Ontology (GO) enrichment analysis of the common targets, including biological process, cellular component, and molecular 
function categories. E. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the common targets. F. Venn diagram of the distribution 
of core targets in different functional categories. G. Predicted molecular docking interactions of HUP with selected candidate proteins.
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Figure 3. Mechanism of HUP-induced apoptosis in HepG2 cells. A. Annexin V-Fluorescein Isothiocyanate (FITC)/PI double-fluorescence staining was used to observe 
morphological changes in HepG2 cell apoptosis after treatment with HUP or 5-FU at different time points (6, 12, and 24 h). Scale bar: 50 µm. B. Flow cytometry 
combined with Annexin V-FITC/PI double fluorescence staining was used to quantitatively detect changes in the apoptosis rate of HepG2 cells after treatment with 
HUP or 5-FU at different time points (6, 12, and 24 h). C. Flow cytometry with JC-1 staining was used to detect changes in the mitochondrial membrane potential 
of HepG2 cells after treatment with HUP or 5-FU at different time points (6, 12, and 24 h). D. Expression levels of apoptosis-related proteins (Bad, Bcl-2, Bax, cyto-
chrome c, pro-caspase-3, cleaved-caspase-3, pro-PARP, and cleaved-PARP) in HepG2 cells after treatment with HUP at different time points (6, 12, and 24 h) were 
measured by western blotting. E. Western blotting was used to detect changes in the expression levels of pathway-related proteins (p-epidermal growth factor recep-
tor (EGFR), EGFR, p-phosphoinositide 3-kinase (PI3K), PI3K, p-protein kinase B (AKT), AKT, nuclear factor kappa B (NF-κB), and inhibitor of nuclear factor kappa 
B (I-κB)) in HepG2 cells after treatment with HUP at different time points (6, 12, and 24 h). F. Western blotting was performed to investigate the reversal effect of 
HUP on the expression of apoptosis-related proteins in HepG2 cells pre-treated with the EGFR agonist NSC228155. G. Western blot analysis was used to detect the 
reversal effect of HUP on the expression of EGFR-PI3K-AKT and NF-κB pathway-related proteins in HepG2 cells pre-treated with the EGFR agonist NSC228155. P 
value indicate the statistical significance of the indicated pairwise comparisons. n = 3. magnification: 400×.
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dent manner (Figure 3D). Furthermore, HUP 
treatment decreased the phosphorylation lev-
els of EGFR, PI3K, and AKT, without changing 
their total protein levels (Figure 3E). The EGFR 
agonist NSC228155 was used to determine 
whether this pathway facilitates HUP-induced 
apoptosis. Co-treatment with NSC228155 par-
tially reversed HUP-induced alterations in apop-
totic protein expression, and it reinstated the 
phosphorylation levels of EGFR, PI3K, and AKT 
(Figure 3F and 3G). Collectively, HUP induces 
mitochondrial apoptosis in HepG2 cells in asso-
ciation with inhibition of the EGFR-PI3K-AKT 
pathway.

HUP-induced ROS accumulation contributes to 
PI3K-AKT regulation downstream of EGFR

HUP treatment resulted in a time-dependent 
rise in ROS production in HepG2 cells using 
fluorescence microscopy and flow cytometry 
(Figure 4A and 4C). The ROS formation was 
successfully inhibited by NAC pre-treatment 
(Figure 4B and 4D). Results of Annexin V-FITC/
PI staining indicated that NAC substantially 
counteracted HUP-induced apoptosis (Figure 
4E). DCFH-DA-based flow cytometry further 
showed that gefitinib increased intracellular 
ROS levels (Figure 4F).

Western blot analysis showed that HUP down-
regulated Nrf2 and its downstream antioxidant 
enzymes, HO-1, SOD, CAT, and Gpx1, suggest-
ing suppression of the endogenous antioxidant 
defense system (Figure 4G). NAC pretreatment 
partially restored protein expression, suggest-
ing a strong association between HUP-induced 
ROS accumulation and disruption of the Nrf2-
related antioxidant defense system (Figure 
4H). Consistently, NAC pre-treatment attenuat-
ed the HUP-mediated changes in apoptosis-
related proteins, such as the upregulation of 
Bad and Bax, downregulation of Bcl-2, Cyto C 
release, and activation of caspase-3 and PARP 
(Figure 4I). Moreover, NAC pretreatment par-
tially restored PI3K and AKT phosphorylation 
but did not reverse the HUP-induced decrease 
in EGFR phosphorylation (Figure 4J). The EGFR 
inhibitor gefitinib was used to further clarify the 
relationship between EGFR and ROS. Western 
blotting further showed that gefitinib reduced 
EGFR phosphorylation without affecting total 
EGFR expression (Figure 4K). These results 
corroborate the role of ROS in regulating PI3K/

AKT signaling downstream of EGFR. To further 
examine the concentration-related effects of 
HUP at an early time point, HepG2 cells were 
treated with 2.5, 5, or 10 μM HUP for 6 h. HUP 
at 2.5 μM did not significantly reduce cell viabil-
ity, whereas intracellular ROS signals increased 
and EGFR and AKT phosphorylation decreased 
across the concentration range. Notably, AKT 
phosphorylation was significantly reduced at 
2.5 μM (Supplementary Figure 1).

HUP arrested HepG2 cells in G0/G1 phase

A time-dependent decrease in the percentage 
of Ki67-positive cells was observed at 6, 12, 
and 24 h after HUP, suggesting an inhibition of 
cell proliferation (Figure 5A). According to flow 
cytometry analysis, HUP treatment substantial-
ly increased the percentage of cells within the 
G0/G1 phase, but decreased the S and G2/M 
phases over time (Figure 5B). The restoration 
of cell cycle distribution indicates that pre-
treatment with the ROS scavenger NAC partially 
reversed HUP-induced G0/G1 arrest (Figure 
5C).

Western blot analysis results indicated that 
HUP treatment decreased the levels of CDK2, 
CDK4, CDK6, cyclin D, and cyclin E in a time-
dependent manner, concurrently increasing in 
the presentation of p21 and p27 (Figure 5D). 
NAC pre-treatment partially reversed the HUP-
mediated changes in the cell cycle-related pro-
teins (Figure 5E). Furthermore, treatment with 
the AKT inhibitor HY10249 showed changes in 
the expression of related proteins, indicating 
that these cell cycle regulators are downstream 
targets of the AKT pathway (Figure 5F). Collec- 
tively, HUP promotes G0/G1 phase detention 
within HepG2 cells through an ROS-dependent 
mechanism, indicating the involvement of the 
AKT pathway.

HUP suppressed the migration of HepG2 cells

HUP inhibits cell migration in a time-dependent 
manner (Figure 6A). Likewise, the wound heal-
ing assay indicated that HUP treatment pro-
gressively decreased in the wound closure  
rate (Figure 6C). Transwell and wound healing 
experiments showed that the administration of 
the ROS scavenger NAC before treatment par-
tially mitigated the inhibitory effects of HUP on 
cell migration. Thus, ROS are involved in the 
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Figure 4. Mechanism of reactive oxygen species (ROS)-Mediated oxidative stress and apoptosis in HepG2 cells. A. Changes in intracellular ROS levels in HepG2 
cells treated with HUP or 5-FU for various durations (6, 12, and 24 h) were observed using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining. Scale 
bar: 50 µm. B. Effect of the ROS scavenger N-acetylcysteine (NAC) on HUP-induced ROS production in HepG2 cells, as determined by DCFH-DA staining. Scale bar: 
50 µm. C. Quantitative analysis of changes in intracellular ROS levels in HepG2 cells treated with HUP or 5-FU for various durations (6, 12, and 24 h) using flow 
cytometry combined with DCFH-DA staining. D. Quantitative analysis of the effect of the ROS scavenger NAC on HUP-induced ROS production in HepG2 cells using 
flow cytometry combined with DCFH-DA staining. E. Quantitative analysis of the effect of the ROS scavenger NAC on HUP-induced apoptosis in HepG2 cells using 
flow cytometry combined with Annexin V-FITC/PI double staining. F. DCFH-DA-based flow cytometric analysis of intracellular ROS levels in HepG2 cells treated with 
HUP and/or the EGFR tyrosine kinase inhibitor gefitinib. G. Changes in the expression of antioxidant-related proteins (Nrf2, HO-1, SOD, CAT, and Gpx1) in HepG2 
cells after HUP treatment for various durations (6, 12, and 24 h) were detected using western blotting. H. Western blot analysis of the effects of NAC pretreatment 
on HUP-induced changes in antioxidant-related proteins. I. Western blot analysis of the effects of NAC pretreatment on HUP-induced changes in apoptosis-related 
proteins. J. Western blot analysis of the effects of NAC pretreatment on HUP-induced changes in EGFR-PI3K-AKT and NF-κB pathway-related proteins. K. Western 
blot analysis of p-EGFR and total EGFR levels in HepG2 cells treated with HUP and/or gefitinib. P value indicate the statistical significance of the indicated pairwise 
comparisons. n = 3. magnification: 400×.
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Figure 5. Mechanism of HUP-induced G0/G1 cell cycle arrest in HepG2 cells. A. Ki67/4’,6-diamidino-2-phenylindole (DAPI) immunofluorescence staining was used 
to observe changes in the proliferative activity of HepG2 cells after treatment with HUP or 5-FU for different durations (6, 12, and 24 h). Scale bar: 50 µm. B. Flow 
cytometry analysis of changes in the cell cycle distribution of HepG2 cells after HUP or 5-FU treatment at different time points (6, 12, and 24 h). C. Flow cytometry 
was used to assess the reversal effect of the ROS scavenger NAC on HUP-induced cell cycle arrest in HepG2 cells. D. Western blotting was performed to detect 
changes in the expression levels of cell cycle-related proteins (CDK2, CDK4, CDK6, cyclin D, cyclin E, p21, and p27) in HepG2 cells after HUP treatment for various 
durations (6, 12, and 24 h). E. Western blotting was used to analyze the effect of NAC pre-treatment on the expression of cell cycle-related proteins regulated by 
HUP, verifying the upstream regulatory role of ROS in HUP-induced G0/G1 phase arrest. F. Western blot analysis of the effect of the AKT inhibitor HY10249 on the 
expression of cell cycle-related proteins in HepG2 cells verified the mechanism by which HUP regulates the cell cycle by inhibiting the AKT pathway. P value indicate 
the statistical significance of the indicated pairwise comparisons. n = 3. magnification: 400×.
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HUP-induced migratory decrease (Figure 6B 
and 6D).

Western blotting was conducted to analyze the 
proteins associated with EMT. HUP treatment 

decreased p-GSK-3β, β-catenin, SNAI1, and 
N-cadherin levels in a time-dependent manner, 
while increasing E-cadherin expression (Figure 
6E). NAC pre-treatment partially reversed the 
HUP-induced changes in EMT-related protein 

Figure 6. Mechanism of HUP inhibition of HepG2 cell migration via AKT-GSK-3β-β-catenin pathway. A. Transwell 
assay to detect changes in the in vitro migration ability of HepG2 cells after HUP or 5-FU treatment for different 
durations (0, 6, 12, and 24 h). Scale bar: 100 µm. B. Transwell assay examining the reversal effect of the ROS scav-
enger NAC on HUP-induced inhibition of HepG2 cell migration. Scale bar: 100 µm. C. Scratch wound healing assay 
to assess changes in the migratory ability of HepG2 cells after HUP or 5-FU treatment for different durations (6, 
12, and 24 h). Scale bar: 100 µm. D. Scratch wound healing assay to examine the reversal effect of NAC on HUP-
induced inhibition of HepG2 cell migration. Scale bar: 100 µm. E. Western blot analysis of epithelial-mesenchymal 
transition (EMT)-related protein expression (p-glycogen synthase kinase 3 beta (GSK-3β), GSK3β, β-catenin, Snail 
family transcriptional repressor 1 (SNAI1), E-cadherin, and N-cadherin) in HepG2 cells after HUP treatment for dif-
ferent durations (6, 12, and 24 h). F. Western blot analysis to detect the reversal effect of NAC pre-treatment on 
HUP-regulated EMT-related and pathway proteins, verifying the upstream role of ROS in HUP-mediated regulation of 
EMT. G. Western blot analysis was performed to examine the effect of the AKT inhibitor HY10249 on the expression 
of EMT-related proteins and pathway proteins in HepG2 cells, verifying the mechanism by which HUP regulates EMT 
by inhibiting the AKT/GSK3β pathway. P value indicate the statistical significance of the indicated pairwise compari-
sons. n = 3. magnification: 100×.
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expression (Figure 6F). Furthermore, treatment 
with the AKT inhibitor mirrored the effects of 
HUP on EMT-related proteins, indicating that 
HUP inhibits EMT via the AKT/GSK-3β path- 
way (Figure 6G). Collectively, HUP suppresses 
HepG2 cell migration by inhibiting EMT in an 
ROS-dependent manner through the AKT/GSK-
3β pathway.

HUP inhibits xenograft tumor growth

Figure 7A displays the modeling and adminis-
tration protocols. After the completion of mod-
eling, nude mice received HUP for 16 days and 
were humanely killed. The representative nude 
mice from the experimental group were com-
pared with the tumor (Figure 7B). HUP treat-
ment reduced tumor growth in a dose-depen-
dent manner, with the HUP 50 mg/kg group 
showing the smallest tumor volume at the end 
of the treatment period. The tumor volume 
(496 mm3) and weight (1.25 g) in the vehicle 
group were approximately 1.5 times and 2.0 
times those in the 5-FU group (320 mm3, 0.62 
g), whereas approximately 3.1 times and 7.8 
times those of the HUP 50 mg/kg treatment 
group (159 mm3, 0.16 g), respectively (Figure 
7C and 7D). Nude mice showed normal body 
weight with transplanted tumors, complete five 
main organs, and smooth surfaces without vis-
ible pathological changes (Figure 7E and 7F). In 
comparison to the Normal group, the Vehicle 
model group exhibited significantly increased 
indices for the liver, kidney, and spleen. HUP 
treatment reduced the abnormal increases in 
these organ indices (Figure 7G-I).

H&E staining further confirmed that HUP treat-
ment did not cause significant histopathologi-
cal damage in the major organs of nude mice, 
indicating tolerable safety (Figure 7J). Immu- 
nohistochemical analysis of tumor tissues was 
conducted to clarify the underlying in vivo 
mechanisms. HUP treatment led to a dose-
dependent decrease in the presentation of 
p-EGFR, p-PI3K, and p-AKT. Concurrently, in- 
creased levels of cleaved caspase-3 and 
cleaved PARP indicated the activation of apop-
totic signaling in tumor tissues (Figure 7K). 
Thus, HUP effectively restricts the growth  
of HepG2 xenografts by inhibiting the EGFR-
PI3K-AKT pathway while triggering apoptosis. 
Additionally, it has a safe profile without notice-
able adverse effects on major organs.

Discussion

High intra- and inter-tumor heterogeneity 
results in increased rates of chemotherapy 
resistance [29]. Although the pharmacological 
efficacy of Traditional Chinese medicine is 
recorded in ancient literature, comprehensive 
verification of its mechanism of action is lack-
ing [30]. HUP, a natural isosteroidal alkaloid,  
is extracted from Fritillaria hupehensis [31]. 
Owing to their extensive use in both traditional 
and modern medicine, alkaloids, a class of nat-
ural compounds with a wide range of pharma-
cological activities, are ideal for drug discovery 
[32, 33].

For the first time, this research shows that HUP 
exhibits significant anti-HCC efficacy in both in 
vitro and in vivo settings. HUP exhibited com- 
parable or superior activity to other anti-HCC 
natural products. For instance, the well-known 
alkaloid berberine demonstrated antitumor 
activity by triggering apoptosis and stopping 
the cell cycle in HepG2 cells, with IC50 values 
ranging from 25.01 μM to 39.99 μM. However, 
HUP had an IC50 value of 10.38 μM for HepG2 
cells [34]. This suggests that HUP warrants fur-
ther pharmacological investigation.

Notably, 5,6-anhydrohupehenine, a new iso-
steroidal alkaloid isolated from Fritillaria hupe-
hensis, had an IC50 of 12.21 μM against HepG2 
cells, and its activity was marginally lower than 
that of HUP. Nevertheless, its key derivative  
9s exhibited the strongest inhibitory activity 
against HepG2 cells, with an IC50 of 1.27 μM 
[35]. Therefore, there is sufficient room for 
structural optimization in the intrinsically more 
active HUP skeleton, and future chemical modi-
fications may be further investigated.

Instead of using 5-FU as a mechanistic com-
parator, this study used it as a positive control 
to compare antitumor efficacy. 5-FU is a classi-
cal fluoropyrimidine antimetabolite that primar-
ily inhibits thymidylate synthase and incorpo-
rates its metabolites into RNA and DNA to pro-
duce anticancer effects [36]. In contrast, the 
present results suggest that HUP exerts anti-
HCC effects through EGFR signaling suppres-
sion, ROS accumulation, downstream inhibition 
of PI3K/AKT signaling, mitochondrial apopto-
sis, cell-cycle arrest, and cell migration inhibi-
tion. Despite these mechanistic differences, 
HUP exhibited antitumor activity comparable to 
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or higher than that of 5-FU. Moreover, HUP 
exerted minimal effects on the healthy cell 
lines, suggesting a favorable selectivity profile.

At the mechanistic level, HUP-induced apo- 
ptosis was characterized by the loss of mito-
chondrial membrane potential, changes in 
Bcl-2 family protein expression, cytochrome c 
release, and activation of caspase-3 and PARP, 
which corroborate the induction of mitochon-
drial apoptosis [37]. HUP increased ROS levels 
in HepG2 cells and decreased the expression 
of Nrf2 and its downstream antioxidant-related 
proteins, such as HO-1, SOD, CAT, and Gpx1. 
Therefore, the disruption of the Nrf2-related 
antioxidant defense system may contribute to 
oxidative stress. Nonetheless, the precise tem-
poral and causal relationship remains to be 
clarified. Isosteroidal alkaloids from Fritillaria 
hupehensis protect macrophages from oxida-
tive stress damage by triggering the Nrf2/HO-1 
pathway [38, 39]. In contrast, HUP suppresses 
this axis in HepG2 cells to promote ROS-
mediated apoptosis. This differential regulation 
suggests that the impact of HUP on redox sig-
naling may depend on the cell type, providing a 
mechanistic explanation for its selective cyto-
toxicity toward HCC cells.

To further clarify the relationship between 
EGFR and ROS, NAC and gefitinib intervention 
experiments were conducted. NAC did not 
restore HUP-induced EGFR phosphorylation, 
whereas gefitinib-mediated EGFR inhibition 
increased intracellular ROS. Thus, ROS acts 
downstream of EGFR and contributes to PI3K/
AKT regulation. HUP decreased CDK2/4/6 and 
cyclin D/E levels while increasing p21/p27 lev-
els, leading to the arrest of HepG2 cells in the 

G0/G1 phase. Berberine induces G0/G1 arrest 
in HCC cells through AKT inhibition. However, 
the downstream mechanism involves the AKT/
FoxO3a/Skp2 axis [40]. Both HUP and berber-
ine can induce cell cycle arrest through the 
AKT/p21/p27 pathway; however, HUP affects 
the upstream pathways, highlighting the differ-
ences between these alkaloids during signal 
transduction.

In vivo xenograft tumor experiments further 
evaluated the antitumor activity and short-term 
tolerability of HUP. HUP did not cause signifi-
cant weight loss or damage to the heart, liver, 
spleen, lungs, or kidneys. H&E staining and 
immunohistochemistry further confirmed that 
HUP reduced p-EGFR, p-PI3K, and p-AKT 
expression while upregulating cleaved cas-
pase-3 and cleaved PARP in vivo. This finding 
supports its mechanism of inducing apoptosis 
in HepG2 cells through the EGFR-PI3K-AKT 
pathway. In summary, HUP exerted consistent 
regulatory effects on EGFR-PI3K-AKT signaling 
and short-term tolerability in vivo, supporting 
further investigation of the anti-HCC potential 
of HUP.

Although molecular docking predicted potential 
interactions between HUP and EGFR or AKT1, 
direct physical binding was not experimentally 
established. The pharmacological intervention 
experiments support the involvement of EGFR 
signaling in the cellular response to HUP, 
whereas direct target engagement remains to 
be further validated using biophysical or target-
engagement approaches. Accordingly, EGFR is 
interpreted here as a pharmacologically impli-
cated signaling node rather than an experi- 
mentally established direct molecular target of 

Figure 7. HUP suppresses HepG2 tumor growth and demonstrates favorable safety in a nude mouse xenograft 
model. (A) Schematic representation of the establishment of a subcutaneous HepG2 xenograft tumor model in 
nude mice and experimental drug administration. (B) Photographs of representative nude mice and excised subcu-
taneous xenograft tumors from each group. (C) Statistical analysis of tumor weights in each group of nude mice. (D) 
Growth curves of tumor volume over time in each group of nude mice. (E) Observation of major organs (heart, liver, 
spleen, lung, and kidney) in each group of nude mice. Scale bar: 10 mm. (F) Curve analysis of body weight changes 
in nude mice during the modeling process in each group. (G-I) Liver, kidney, and spleen index analysis of nude mice 
in each experimental group. P-values between the indicated two groups were marked above the corresponding 
column bars. (J) Histopathological observation of major organs in each group of nude mice by HE staining. Scale 
bar: 50 µm. (K) Immunohistochemical detection of protein expression levels of p-EGFR, p-PI3K, p-AKT, cleaved cas-
pase-3, and cleaved PARP in tumor tissues of each group of nude mice. Scale bar: 50 µm. P value in (C) and (G-I) 
indicate the statistical significance of the indicated pairwise comparisons. Different lowercase letters in (D) and (F) 
indicate significant differences between groups at the final time point (P < 0.05). Tumor volume and organ index 
data are presented as mean ± SEM. Tumor volume (D) and body weight (F) were analyzed using two-way repeated-
measures ANOVA with Greenhouse-Geisser correction. n = 10/group. magnification: 400×.
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HUP. Additional concentration-response experi-
ments at 6 h showed concentration-related 
changes in ROS, EGFR phosphorylation, and 
AKT phosphorylation. Notably, AKT phosphory-
lation was reduced at 2.5 μM HUP, a concen- 
tration that did not significantly affect cell via-
bility, reducing the possibility that these sig- 
naling changes were solely secondary to ex- 
tensive cell death. Additionally, pharmacokinet-
ic parameters, including plasma and tumor 
exposure, metabolic stability, clearance, and 
PK/PD relationships, were not investigated. 
Moreover, its long-term safety and efficacy in 
immunocompetent animal models are unclear. 
Nevertheless, the in vitro and in vivo findings 
support the anti-HCC activity of HUP, necessi-
tating additional mechanistic and pharmaco-
logical investigation. Future studies should fur-
ther characterize the pharmacological proper-
ties of HUP and validate its direct molecular 
targets.

Conclusions

HUP exhibited strong anti-HCC activity associ-
ated with the suppression of EGFR signaling, 
ROS accumulation, and downstream inhibition 
of PI3K-AKT signaling. These changes were 
accompanied by mitochondrial apoptotic res- 
ponses, G0/G1 cell-cycle arrest, and the inhibi-
tion of HepG2 cell migration. In vivo investiga-
tions have substantiated its antitumor effec-
tiveness and short-term tolerability under the 
tested conditions. Thus, these findings support 
further preclinical investigation of HUP in HCC 
(Figure 8).
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Supplementary Table 1. Molecular docking parameters of HUP with candidate target proteins
Target PDB ID Grid center (x, y, z), Å Grid points (x×y×z) Spacing (Å) GA runs
AKT1 1H10 18.057, 14.703, 10.033 126×112×126 0.425 10
Bcl-2 1G5M 1.344, -4.153, 2.012 112×126×92 0.4417 10
EGFR 1M14 8.207, 9.731, 40.378 126×102×126 0.8139 10
HSP90AA1 1BYQ 34.109, -48.789, 53.742 96×112×120 1.000 10
SRC 1A07 33.935, 10.168, 30.427 126×68×104 0.6639 10
TNF 1A8M 20.205, 44.849, 39.736 70×110×96 0.9194 10

Supplementary Table 2. Detailed information of primary antibodies used in Western blot analysis
Target Protein Manufacturer Catalog Number Working Dilution
β-actin Santa Cruz Biotechnology sc-47778 1:1000
Bad Santa Cruz Biotechnology sc-8044 1:1000
Bcl-2 Santa Cruz Biotechnology sc-7382 1:1000
Bax Santa Cruz Biotechnology sc-493 1:1000
Cyto-C Santa Cruz Biotechnology sc-13156 1:1000
pro-caspase-3 Santa Cruz Biotechnology sc-7148 1:1000
cle-caspase-3 Santa Cruz Biotechnology sc-271028 1:1000
pro-PARP Santa Cruz Biotechnology sc-8007 1:1000
cle-PARP Beyotime AF-1567 1:1000
p-EGFR Beyotime AF-1429 1:1000
EGFR Beyotime AF-1330 1:1000
p-PI3K Beyotime AF-5905 1:1000
PI3K Beyotime AF-7742 1:1000
p-AKT Santa Cruz Biotechnology sc-7985-R 1:1000
AKT Santa Cruz Biotechnology sc-8312 1:1000
NF-κB Santa Cruz Biotechnology sc-8008 1:1000
I-κB Santa Cruz Biotechnology sc-1643 1:1000
Nrf2 Beyotime AF-7623 1:1000
HO-1 Beyotime AF-1333 1:1000
SOD Beyotime AF-8028 1:1000
CAT Beyotime AF-0084 1:1000
Gpx1 Beyotime AF-7017 1:1000
CDK2 Santa Cruz Biotechnology sc-163 1:1000
CDK4 Santa Cruz Biotechnology sc-260 1:1000
CDK6 Santa Cruz Biotechnology sc-177 1:1000
Cyclin D Santa Cruz Biotechnology sc-753 1:1000
Cyclin E Santa Cruz Biotechnology sc-182 1:1000
p21 Santa Cruz Biotechnology sc-397 1:1000
p27 Santa Cruz Biotechnology sc-528 1:1000
p-GSK3β Santa Cruz Biotechnology sc-373800 1:1000
GSK3β Santa Cruz Biotechnology sc-377213 1:1000
β-catenin Santa Cruz Biotechnology sc-7963 1:1000
SNAI1 Santa Cruz Biotechnology sc-271977 1:1000
E-cadherin Santa Cruz Biotechnology sc-8426 1:1000
N-cadherin Santa Cruz Biotechnology sc-59987 1:1000
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Supplementary Figure 1. Early concentration-related effects of HUP on cell viability and EGFR/ROS/AKT signaling in 
HepG2 cells. HepG2 cells were treated with HUP at 0, 2.5, 5, and 10 μM for 6 h. A. Cell viability was assessed using 
the CCK-8 assay. B. Representative western blot images of p-EGFR, EGFR, p-AKT, AKT, and β-actin, with quantitative 
analyses of p-EGFR/EGFR and p-AKT/AKT. C. Representative DCFH-DA flow cytometric histograms and overlay plots 
showing intracellular ROS levels. Data are presented as mean ± SD from three independent experiments. Compari-
sons with the untreated control were performed using Dunnett’s multiple comparisons test.


