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Abstract

Purpose Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide. Targeted therapies hold
promise for HCC treatment, and understanding the molecular mechanisms of action is crucial for developing novel
therapeutic strategies. Polyphyllin |, a natural compound with known antitumor activity, represents a potential thera-
peutic candidate.

Methods This study employed a network pharmacology approach to investigate the anti-HCC effects of Polyphyllin | and
its underlying mechanisms. Drug and disease related targets were identified and intersected to construct Components-
Gene Symbols-Disease and Protein—Protein Interaction networks. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were performed. Molecular docking simulations were conducted
to explore the interactions between Polyphyllin | and key pathway proteins (VEGF-C and B-catenin). Finally, in vitro and
in vivo experiments validated the anti-HCC effects and underlying mechanisms of Polyphyllin I.

Results Network pharmacology analysis revealed that Polyphyllin | targets multiple genes and pathways implicated in
HCC development and progression. GO and KEGG analyses identified significant enrichment of pathways related to cell
proliferation, apoptosis and angiogenesis, including VEGF and the Wnt/3-catenin signaling pathways. Molecular docking
simulations demonstrated strong binding affinities between Polyphyllin | and VEGF-C and 3-catenin. In vitro and in vivo
experiments confirmed that Polyphyllin | effectively inhibits HCC cell proliferation, induces apoptosis, and suppresses
angiogenesis, potentially by modulating the VEGF-C and Wnt/(3-catenin signaling pathways.

Conclusions The study provides compelling evidence for the antitumor activity of Polyphyllin | in HCC and elucidates
its possible molecular mechanisms, suggesting that Polyphyllin | holds great potential as a therapeutic agent for HCC.

Keywords Hepatocellular carcinoma - Network pharmacology - Molecular docking - Polyphyllin | - VEGF-C - Wnt/B-
catenin signaling pathway
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Fig. 1 Flow chart of network pharmacology, molecular docking and experimental studies on the anti-hepatocellular carcinoma effect of »
Polyphyllin I. The process is mainly divided into two parts, the first part is the network pharmacology and molecular docking, and the sec-
ond part is the in vivo and in vitro experimental verification

1 Introduction

Primary liver cancer was the sixth most frequently diagnosed cancer and the third leading cause of cancer-related
mortality globally in 2020 [1, 2]. Hepatocellular carcinoma (HCC) is the predominant subtype of primary liver cancer
worldwide, representing approximately 75-85% of all clinical cases [2]. Despite the availability of multiple treat-
ment options, including liver transplantation, surgical resection, radiotherapy, chemotherapy, and immunotherapy,
conventional therapies often face limitations such as high recurrence rates, severe side effects, and reduced efficacy
in advanced disease [3, 4]. Although the FDA has approved several targeted therapies for hepatocellular carcinoma,
such as sorafenib, lenvatinib, regorafenib, cabozantinib, and ramucirumab, these therapies have limitations, includ-
ing insignificant efficacy, severe side effects, and the emergence of drug resistance [5-8]. These challenges highlight
the urgent need for new, safer, and more targeted treatment strategies for HCC.

Traditional Chinese medicine (TCM), with its holistic approach and emphasis on individualized treatment, has
long been used as a complementary and alternative approach for cancer treatment [9]. Numerous TCM herbs and
formulations have shown promising anti-tumor activities with potentially fewer side effects compared to conven-
tional therapies [10]. Paris polyphylla (Chinese name: Chonglou), a traditional Chinese medicine with a history of use
for millennia in treating a range of conditions including bleeding, traumatic injuries, sores, and snake bites [11], has
gained increasing attention for its potent anti-cancer properties [12]. Polyphyllin | (PPI), a key active ingredient of
Paris polyphylla, has demonstrated promising antitumor activity in various cancers [11, 12], and a growing body of
evidence supports its potential as a therapeutic agent for HCC.

Several studies have shown that PPl inhibits the growth of HCC in vivo and in vitro, induces apoptosis, and sup-
presses stem cell-like properties [13, 14]. Furthermore, research suggests that the in vivo therapeutic effect of a PPI
dose of 8 mg/kg is comparable to that of a Sorafenib dose of 30 mg/kg, and that PPl may enhance the efficacy of
existing HCC therapies (such as sorafenib) through synergistic mechanisms [13]. Notably, PPI has also demonstrated
minimal host toxicity in preclinical studies [14]. While these preclinical studies provide a foundation for understand-
ing PPI's anti-HCC effects, the precise molecular mechanisms by which it exerts these effects remain incompletely
understood. Recent studies have highlighted various potential mechanisms, including inducing ferroptosis [15],
modulating autophagy [16], affecting signaling pathways such as PPARy/RXRa [14], AKT/GSK-33/3-catenin [13], and
VEGF-A [17]. However, a comprehensive understanding of these mechanisms and their interconnections is still lack-
ing. Therefore, it is essential to further elucidate the specific mechanisms by which PPI exerts its anti-HCC effects.

Network pharmacology is an emerging field that integrates network analysis, systems biology, and computational
chemistry to identify the mechanisms of action of drugs and their targets at a system level [18]. Unlike traditional
drug discovery approaches, which focus on the identification of individual drug-target interactions, network phar-
macology aims to understand the complex interactions between drugs, targets, pathways, and diseases in a holistic
manner [19]. This approach can help to identify novel drug targets and therapeutic strategies, as well as to predict
potential adverse effects and drug-drug interactions. In recent years, network pharmacology has been applied to
the discovery and development of drugs for various diseases, including cancer [20]. By constructing and analyzing
drug-target networks, researchers can identify the key nodes and pathways that are involved in the development and
progression of cancer, as well as the mechanisms of action of anti-cancer drugs. In particular, network pharmacol-
ogy can help to identify multi-target drugs that can modulate multiple signaling pathways simultaneously, thereby
increasing their therapeutic efficacy and reducing the risk of drug resistance [21].

In this study, we used network pharmacology to explore the potential molecular mechanisms and pathways of
PPl on HCC through visual analysis, utilizing various databases and computational tools. To further validate the pre-
diction results obtained from the analysis, we performed molecular docking experiments on the predicted results.
In addition, we conducted experiments in vitro and in vivo to verify the effects and potential mechanisms of PPl on
HCC. It is expected that our research may help to clarify the mechanism and targets of PPl in the treatment of HCC.
A schematic representation pertaining to the methodology employed in this research is illustrated in Fig. 1.
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2 Materials and methods
2.1 Collection of drug/disease-related targets

The structure of PPl was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). The structure of PPI
was uploaded to multiple databases to obtain their potential targets, including SwissTargetPrediction (http://www.swiss
targetprediction.ch/), PharmMapper (http://lilab-ecust.cn/pharmmapper/submitfile.html), STITCH (https://stitch.embl.
de/) [22-25]. Then, the term “Hepatocellular carcinoma” was searched in multiple databases, including GeneCards (http://
www.genecards.org/), OMIM (http:/ www.omim.org/), and PharmGKB (https://www.pharmgkb.org/) [26-28]. A correla-
tion score threshold > 10 was used to filter the extensive target information obtained from GeneCards for subsequent
research. All targets were “Homo sapiens”and calibrated to uniform names through the Uniprot database (https://www.
uniprot.org/) [29]. After removing the duplicated genes, related genes were returned. The intersection of the targets
related to the drug and disease was obtained and drawn into a Venn diagram, which were the potential gene targets of
PPI for the treatment of HCC.

2.2 Construction of pharmacology network and protein-protein interaction network

After extracting intersection targets, a Components-Gene Symbols-Disease(C-G-D) information network graph was con-
structed based on the interactions of drug components, gene targets and diseases. And the C-G-D network was visualized
by Cytoscape 3.9.1 software [30]. Subsequently, the Gene Symbols for both HCC and PPI were entered into the STRING
database (https://string-db.org/) to construct the Protein—Protein Interaction network [31]. To ensure the reliability of
the results, the search was limited to Homo sapiens and a confidence score threshold of > 0.4 was set.

2.3 Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment
analyses

To prepare for the GO and KEGG enrichment analyses, Gene Symbols obtained from the previous step were converted
into Entrez IDs using a Perl language script. The Bioconductor package (R) v3.16 (http://bioconductor.org/) was utilized
for the GO analysis, which provides a comprehensive set of functional annotation tools to elucidate the biological sig-
nificance behind a large number of genes [32]. KEGG analysis was conducted on the OmicShare website (https://www.
omicshare.com/). A P-value of < 0.05 indicated statistical significance of the degree of enrichment. The results were then
presented as bubble plots and bar graphs using the R language.

2.4 Molecular docking

Molecular docking was conducted to explore the interactions between the PPl and the potential targets. The 3D struc-
tures of VEGF-C and 3-catenin were obtained from the RCSB-PDB database (https://www.rcsb.org/) in PDB format. The
receptors were prepared by dehydration and hydrogenation in Discovery Studio 2019 software (V19.1), and subsequently,
the PPl was subjected to molecular docking studies with the VEGF-C and B-catenin, respectively, using Discovery Studio
software. Select Dock Ligands (LibDock) under Dock Ligands in Receptor-Ligand Interactions as the docking program.
In the parameters, only change Max Hits to Save in Docking Preferences to 10, select Input Ligands as the PPI structure
obtained from the PubChem website, and keep the other default values. Select Calculate Binding Energies under Dock
Ligands in Receptor-Ligand Interactions as the docking free energy program, select PPl as Input Ligands in the param-
eters, and select In Situ Ligand Minimization and Ligand Conformational Entropy as True. Save the results after running.
Finally, data analysis and mapping were carried out using Discovery Studio.

2.5 Invivo experiment in orthotopic xenograft model
Six-week-old male athymic BALB/c nude mice were procured from Beijing Vital River Laboratory Animal Technology

Co., Ltd. (Beijing, China). The animals were housed in the animal house of Shanghai University of Medicine & Health Sci-
ences under controlled conditions of temperature (20 £ 2 °C), humidity (60 + 5%), and a 12-h light/dark cycle. MHCC-97H
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luciferase cells (4 x 10°) resuspended in 40 pL PBS/Matrigel (1:1) were inoculated under the left liver lobe envelope of the
mice. After a week of tumor cells implantation (Day 0), the in situ transplanted tumor-bearing mice were randomly divided
into two groups: PPl administration group (n=5, intraperitoneal injection of 10 mg/kg/d, dissolved in 5% DMSO +40%
PEG300 + 5% Tween 80 + 50% deionized water), as described previously [17, 33], and model control group (n=5, admin-
istered with an equal volume of vehicle). After anesthetizing the mice with isoflurane, tumor formation was monitored
using the Xenogen In Vivo Imaging System (IVIS) (Caliper Life Sciences, Hopkinton, USA). After 14 days of treatment, mice
were injected intraperitoneally with 4 mg of fluorescein (Gold Biotech) for 10 min. Then the mice were anesthetized with
isoflurane, and the formation of metastasis and progression of tumor formation were monitored using the Xenogen
IVIS. After euthanizing the mice through overdose of isoflurane inhalation, the livers were resected, photographed and
weighed. Then all tumor nodules were carefully dissected from the liver and weighed, as previously described [34, 35].
Relative liver weight was calculated using the following formula:

Relative liver weight = (liver weight/body weight) x 100%.

The experimental procedures were approved by the Institutional Animal Care and Use Committee of Shanghai University
of Medicine & Health Sciences.

2.6 Cell culture and reagents

The MHCC-97H human HCC cell line was acquired from the Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 1% penicil-
lin-streptomycin and 10% Fetal Bovine Serum (FBS) in a cell culture incubator (Thermo Fisher; USA) at 37°C and 5%
CO,. The complete DMEM was replaced every other day. PPl was obtained from Selleck Chemicals (Shanghai, China)
dissolved in DMSO for all cell assays. The DMEM, FBS, penicillin-streptomycin and Phosphate Buffered Saline (PBS) were
purchased from Gibco (Carlsbad, CA, USA). Other reagents were purchased from Sigma-Aldrich (Shanghai, China) unless
otherwise specified.

2.7 Cell viability assay

The CCK8 Kit (Dojindo Co. Ltd; Shanghai, China) was utilized to evaluate cell viability. Well-grown MHCC-97H cells were
counted and seeded in a 96-well plate at a density of 2000 cells per well in 100 pL of cell suspension. Then the adherent
cells were divided into six groups including blank, control, and PPI-treated groups with a series of concentrations (2.5, 5,
10, and 20 pM). After culturing for 24 h, the cells were incubated with 100 pL of DMEM containing 10% CCK8 detection
solution for an additional 4 h. Finally, the OD value was determined at a wavelength of 450 nm using the microplate
reader (Potenov; Beijing, China). The cell viability percentage was calculated using the following formula: Cell viability
(%) =(OD of treatment - OD of blank) / (OD of control — OD of blank) x 100%.

2.8 Cell apoptosis assay

Well-grown MHCC-97H cells were seeded at 5x 10*/mL per well in 6-well plates. The adherent cells were then divided
into 0, 1 and 2.5 uM PPI drug-treated groups. After 24 h of incubation, the cells were incubated with 10 uL Annexin
V-FITC complex (Dojindo Co. Ltd; Shanghai, China) and PPl mixture for another 15 min at room temperature and in the
dark. Finally, the apoptotic percentage of cells was analyzed by the flow cytometer (BD Biosciences; USA) and quantified
using FlowJo 10.4 software.

2.9 Transwell assay

The matrigel coated transwell plates (354,480; Corning; USA) were used to detect the ability of invasion in MHCC-97H
cells. Serum-free medium (200 pL) containing PPI solution at concentrations of 0, 1 and 2.5 uM was added to the upper
chamber with 2 x 10° cells, and 600 pL DMEM was added to each well of the lower chamber. After incubating for 24 h, the
cells on the bottom surface of the upper chamber were fixed for 20 min and then stained with 0.1% crystalline violet for
20 min. Finally, the cells were photographed and counted in 5 random fields under a 100 x inverted microscope (Leica
Microsystems; Germany).
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2.10 Wound healing scratch test

Ibidi culture inserts (Ibidi; Germany) were set onto 6-well plates. Then the MHCC-97H cells (9 x 10%/mL) were inoculated
into the well of Ibidi isolation chambers. After the cells had adhered to the wall and grown to 100% confluence, the
Ibidi insert was gently removed, leaving an approximately 500 um wide gap. Subsequently, the control and PPI-treated
groups were treated by 0, 1, 2.5 uM PPI for 48 h. Finally, the images were taken after 0, 24 and 48 h incubation using the
100 x inverted microscope, and the rate of wound closure was measured by Image J software.

2.11 RT-qPCR assay

After treating MHCC-97H cells with PPl at 0 and 2.5 uM for 24 h, total RNA was extracted using a kit (TOYOBO Co., Ltd.,
Shanghai, China) according to the manufacturer’s instructions. The total RNA concentrations were determined by using
an ultra-micro spectrophotometer (DeNovix DS11, DE, USA). After the quality and concentrations of RNA were deter-
mined, cDNA was synthesized with the ReverTra Ace qPCR RT Kit (TOYOBO Co., Ltd., Shanghai, China) by following the
protocol described by the manufacturer. After mixing 20 pL PCR reaction system, the PCR reaction was performed using
ABI Prism TM 7500 Real-Time qPCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 3-actin was used as a
housekeeping gene to normalize the expression level of the test genes, and the relative gene expression level was ana-
lyzed using the 2 ~22°T method. All samples were analyzed in triplicate. Primers were synthesized by GENEWIZ (Suzhou,
China). The primer sequences are listed below: B-actin: forward: 5'-GGGAAATCGTGCGTGACATTAAG-3; reverse: 5'-TGTGTT
GGCGTACAGGTCTTTG-3'; VEGF-C: forward: 5-GCAGAATCATCACGAAGTGGT-3; reverse: 5'-CCAGGGTCTCGATTGGATGG-3';
B-catenin: forward: 5'-GAAACAGCTCGTTGTACCGC-3; reverse: 5'-ATCCACTGGTGAACCAAGCA-3',

2.12 Western blot assay

MHCC-97H cells treated with PPl at 0 and 2.5 uM for 24 h were collected, lysed in RIPA lysis solution for 45 min in an ice
bath at 12,000 r/min and centrifuged for 15 min at 4 °C. The protein concentration was determined by BCA with the super-
natant protein lysis solution, added to 1 x loading buffer and boiled for 10 min in a metal water bath at 100 °C to denature
the protein. After SDS-PAGE electrophoresis, the membranes were transferred to PYDF membranes and blocked by 5%
BSA. The membranes were then incubated with primary antibodies: rabbit monoclonal antibodies against 3-catenin,
VEGF-C, GAPDH (diluted 1:1000; ABclonal Co., Ltd., Shanghai, China) in TBST containing 5% BSA at 4 °C overnight. The
PVDF membrane was washed with TBST (Shanghai Epizyme Biomedical Technology Co., Ltd., Shanghai, China) and the
HRP-conjugated anti-rabbit secondary antibody (diluted 1:10,000; ABclonal Co., Ltd., Shanghai, China) was incubated at
room temperature for 2 h. The bands were detected using the enhanced chemiluminescence (ECL) system. Finally, the
band intensity of proteins was quantified by using ImageJ software and the relative expression of protein was normal-
ized by expression of GAPDH.

2.13 Statistical analysis
All measured data were presented as means + SEM. Differences were assessed by using Student’s t-test with 95% confi-
dence level in two independent samples. Comparisons for more than two groups were evaluated using one-way ANOVA

followed by POST HOC LSD. GraphPad Prism 8 was used for graphing. All statistical analyses were performed using SPSS
26.0 software. The statistical significance was defined as P <0.05.

3 Results
3.1 The potential targets of PPl against HCC
Targets of PPl were obtained from three database websites. Firstly, “Polyphyllin 1” was searched on the PubChem

database website, and its Canonical SMILES and 2D structure were obtained (Fig. 2A). The 2D structure was uploaded
to the PharmMapper database website to obtain 299 targets. A total of 13 targets were obtained by selecting targets
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A B

Fig.2 PPI structures and intersection targets. A Chemical structure of PPl. B Number of HCC and PPI targets and the overlap between them.
There are 1206 disease targets depicted in red on the left. The blue section on the right represents drug targets, amounting to 293 in total.
There is an intersection of 90 targets between these two categories

with a Probability greater than 0 in Swiss Target Prediction.Only three targets were collected in the STITCH data-
base and were duplicates of those found in the two previous databases. After removing duplicate genes, a total of
293 targets for PPl were obtained (Supplementary Table S1).

Targets related to HCC were obtained from three database websites. The GeneCards, OMIM, and PharmGKB data-
base websites were searched for HCC, and 10,339, 49, and 14 targets related to HCC were obtained, respectively.
In GeneCards, targets were selected with Relevance scores greater than 10, resulting in 1201 targets satisfying
the condition. After removing duplicate genes, a total of 1206 HCC-related targets were obtained (Supplementary
Table S2).To analyse the targets of PPl against HCC, we took the intersection of 1,206 HCC-associated targets and 293
PPl-associated targets, and obtained a total of 90 overlapping targets, as shown in Fig. 2B (Supplementary Table S3).

3.2 Analysis of effective components—gene symbols—disease network

Traditional Chinese medicines are known for their ability to act on numerous molecular targets. To investigate the
potential mechanisms of PPl against HCC, we constructed a C-G-D network using Cytoscape software (Fig. 3). Among
the 90 potential targets of PPI, there are targets related to cell proliferation, cell invasion and metastasis, such as
EGFR, STAT3, MMP3, and apoptosis-related targets, such as CASP3 and CASP7. This network analysis suggests that
PPl may exert its anti-HCC effect by simultaneously targeting multiple pathways that are critical for tumor growth,
invasion and survival.

3.3 Protein-protein interaction network of PPI-related HCC targets

As shown in Fig. 4A, the Protein—Protein Interaction network consists of 95 nodes and 1194 edges (Supplementary
Table S4). The Protein-Protein Interaction network provides insight into the molecular interactions and pathways
involved in PPI-mediated HCC treatment. Nodes with higher scores in the Protein-Protein Interaction network may
be more important in the pharmacological process, and the top 30 proteins may contain key molecular targets in
PPI-mediated HCC, as illustrated in Fig. 4B. Specifically, JUN, IL6, PTGS2, FOS, EGF, MMP9, IL8, MAPK1, CASP3 and
IL1B are the top 10 key proteins, which are associated with the cell growth, apoptosis and migration of tumor cells
(Supplementary Table S5). It is suggested that PPl may inhibit tumor cell proliferation and migration and promote
tumor cell apoptosis.
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Fig.3 Components-Gene Symbols-Disease (C-G-D) network. Green nodes represent PP, red nodes indicate HCC, and blue nodes represent
the overlapping gene symbols of PPl and HCC, while the edges indicate possible interactions between the nodes

3.4 GO enrichment and KEGG pathway analysis

To further elucidate the functions and mechanisms of PPI, we performed GO enrichment and KEGG pathway analyses
on the 90 targets derived previously. As shown in Fig. 5A, GO enrichment analysis revealed that the most enriched terms
were related to "Protein Serine/Threonine Kinase Activity", "Protein Serine Kinase Activity RNA Polymerase II-Specific, and
"DNA-Binding Transcription Factor Binding" (Supplementary Table S6). These enriched GO terms highlight the potential
roles of PPl in regulating crucial cellular processes such as signal transduction, gene expression, and transcription, which
are often dysregulated in cancer. Subsequently, KEGG pathway analysis (Fig. 5B) identified the top enriched pathways as
"Pathways in Cancer", "PIK3-AKT signaling pathway" and "Proteoglycans in Cancer" (Supplementary Table S7). Notably,
"Pathways in Cancer" emerged as the most significantly enriched pathway, further emphasizing the potential anti-tumor
effects of PPI. Given the significant enrichment of the "Pathways in Cancer", we further investigated its sub-pathways
(Fig. 5C). This analysis revealed the involvement of several crucial signaling pathways, including the PPAR Signaling Path-
way, Wnt/(-catenin Signaling Pathway, and VEGF Signaling Pathway. The VEGF pathway is closely linked to tumorigenesis
and cancer stem cell function, playing a crucial role in the pathogenesis of many cancers [36]. Similarly, the Wnt/(3-catenin
signaling pathway is known to be critically involved in the development and progression of various cancers [37].
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Fig.4 PPl network and protein adjacency number bar graph. A Protein—protein interaction network. Blue represents interactions confirmed
in the database, purple represents interactions confirmed in experiments, green represents interactions predicted in gene neighborhoods,
red represents interactions predicted in gene fusions, dark blue represents interactions predicted in gene co-occurrence, yellow represents
interactions predicted through text mining, black represents interactions predicted through co-expression, and light purple represents pro-
tein homology-based interaction predictions. B The bar graph of protein interactions. X-axis indicates the number of neighboring proteins
of the target protein. Y-axis indicates the name of the target protein

3.5 Molecular docking

Molecular docking experiments were performed to investigate the interactions between PPl and key targets in HCC. Our
results showed that PPl had good docking activity with the target proteins VEGF-C (PDB: 2X1X) and 3-catenin (PDB: 35L9).
VEGF-Cis a crucial regulator of HCC, while 3-catenin is important for embryonic development, adult cell differentiation, and
growth factors. Our molecular docking analysis revealed that PPI binds to VEGF-C by forming hydrogen bonds with LYSR:
286, ASPE: 139, GLYE: 145, and PHEE: 152, and forms hydrocarbon bonds with LYSR: 286, ASPR: 276, GLYE: 141, LYSE: 142,
PROE: 155, and ASPE: 139 (Fig. 6A and B). Similarly, PPI binds to B-catenin by forming hydrocarbon bonds with ASNB: 204,
THRB: 205, and ASPB: 162, and hydrogen bonds with GLNA: 203 (Fig. 6C and D). Notably, when docked, PPl forms LYS278 and
ARG200 with VEGF-C and [3-catenin, respectively, which may cause changes in the structure of the proteins. It may affect the
function or expression of VEGF-C and (3-catenin (Fig. 6B and D). In general, a lower energy binding conformational stability
indicates a stronger interaction between the ligand and receptor pair. Our results showed that PPl has strong binding activ-
ity and reliable predictions when binding to both VEGF-C and 3-catenin, with a binding activity of less than -6.0 kcal/mol.
Detailed binding energy data are in Supplementary Table 8.

3.6 PPlinhibits tumor growth in a mouse orthotopic xenograft model

HCC can result in tumorous hepatomegaly, characterized by variations in size and shape compared to the normal liver, along
with the presence of abnormal proliferative tumor tissue. To examine the therapeutic impact of PPl on HCC, we established a
mouse orthotopic xenograft model. Two weeks after modeling, we observed that the liver volume of mice in the PP-treated
group was smaller compared to the control group. Additionally, PPl intervention significantly reduced the white tumor foci
on the surface of the mouse liver (Fig. 7A). It can be observed that the PPI treatment did not have a significant effect on the
body weight of the tumor-bearing mice but significantly reduced the liver weight (Fig. 7B-D). After removing the tumor tis-
sue, we also observed a significant decrease in tumor tissue weight in the PPI-treated group compared to the control group
(Fig. 7E). The emitted photons from the tumors in mice were detected using the Xenogen IVIS imaging system. Treatment
with PPl resulted in a decrease in the total photon flux in the liver (Fig. 7F and G). The results revealed that PPI can inhibit the
growth of HCC in vivo.
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Fig.5 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. A GO analysis was performed on
90 targets associated with HCC and PPI. X-axis indicates significant enrichment of measures for these terms. Y-axis shows the categories of
biological processes in GO for targets (p <0.01). B KEGG pathway enrichment analyses associated with HCC and PPI. The X-axis indicates the
number of targets in each pathway. the Y-axis indicates the major pathways. C All signaling pathways included in the cancer pathway associ-
ated with HCC and PPI

3.7 PPlinhibits cell proliferation and promotes apoptosis of MHCC-97H cells

To evaluate the effects of PPl on HCC cell proliferation and apoptosis, we conducted CCK8 and flow cytometry assays
on MHCC-97H cells. As shown in Fig. 8A and B, PPI significantly inhibited the survival of MHCC-97H cells in a dose-
dependent manner, with an IC50 value of 2.327 uM. As illustrated in Fig. 8C and D, 1 uM PPI treatment for 24 h had no
effect on cell apoptosis, whereas the treatment with 2.5 uM PPI for 24 h significantly induced apoptosis in MHCC-97H
cells. These results confirm the ability of PPI to inhibit HCC proliferation and promote apoptosis.

3.8 PPl inhibits MHCC-97H cell metastasis
To investigate the effects of PPl on the invasion and migration abilities of human HCC cells, we performed transwell

invasion and wound healing assays. The results of the transwell invasion assay showed that PPI treatment at 1 uM
and 2.5 uM for 24 h significantly inhibited the invasion of MHCC-97H cells (Fig. 9A and B). Additionally, the results of
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Fig. 6 The molecular docking models of interactions between PPI and its predicted protein targets. A PPl and VEGF-C (PBD: 2X1X). B 2D
binding site diagram of PPl and VEGF-C. C PPl and -catenin (PDB: 3SL9). D 2D binding site diagram of PPl and -catenin

the wound healing assay demonstrated that the percentage of wound closure in the groups treated with 1 uM and
2.5 uM PPI for 24 h and 48 h was significantly reduced compared to the control group (Fig. 9C and D). These results
confirm the ability of PPl to inhibit the cell metastasis of HCC cells.

3.9 PPlinhibits the mRNA and protein levels of VEGF-C and B-catenin in MHCC-97H cells

We assessed VEGF-C and 3-catenin mRNA and protein expression in MHCC-97H cells following PPI treatment using RT-qPCR
and Western blot. After 24 h of treatment, VEGF-C and B-catenin mRNA levels in MHCC-97H cells significantly decreased
(Fig. 10A and B). Similarly, a marked reduction in VEGF-C and {3-catenin protein levels was observed in MHCC-97H cells of
the PPI group after 24 h of treatment compared to the control group (Fig. 10C-E). These findings indicate that PPl may exert
its therapeutic effects on HCC by inhibiting the VEGF-C and Wnt/B-catenin signaling pathways.
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Fig.7 PPI suppressed the tumor growth in MHCC-97H luciferase cell-xenografted animals. A Liver tissue. B Body weight. C Liver weight. D
Relative liver weight. E Tumor weight. F Representative images of luciferase expression obtained immediately before the treatment (Day 0)
and after treatment of PPI for 2 weeks (Day 14). G Quantification results of luciferase signal intensity of tumors in liver. The data are shown as
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4 Discussion

Natural medicines have attracted widespread attention due to their complex active ingredients and wide range of
pharmacological effects. The anti-cancer mechanism of active ingredients in natural medicines has attracted particu-
lar attention. As a promising natural medicine with anti-cancer properties, Paris polyphylla (Chinese name: Chonglou)
has shown significant therapeutic potential. PPI, a key active ingredient of Paris polyphylla, exhibits strong antitumor
activities in various cancers, including HCC [15, 38-411. Its anti-tumor effects are primarily manifested in inducing
cell apoptosis [42], promoting cancer cell ferroptosis [15, 39], autophagy [16, 42], and cell cycle arrest [43, 44], as
well as inhibiting cell migration and invasion [45]. Consistent with previous studies, our findings demonstrated that
PPI effectively suppressed the growth of xenograft tumors in mice and inhibited the viability of MHCC-97H cells,
highlighting its promising potential for HCC treatment.

Identifying drug targets and disease-related targets is crucial for drug discovery and development, as both drugs
and diseases involve the regulation of multiple targets [46-48]. In this study, we predicted 293 potential therapeutic
targets of PPI using SwissTargetPrediction, PharmMapper, and STITCH databases. Additionally, we identified 1206
HCC-related targets using the GeneCards, OMIM, and PharmGKB databases. The intersection of these two datasets
yielded 90 overlapping genes, representing potential targets of PPl in HCC treatment. Protein—protein interaction
network is essential for cellular activities and biological functions across all living organisms. Therefore, the pro-
tein—protein interaction network is a valuable tool for investigating the complexities of cellular processes and sign-
aling pathways [49]. We constructed a protein—protein interaction network using the 90 overlapping targets and
analyzed the network topology to identify key targets based on their connectivity. Our analysis revealed that 30
targets, including JUN, IL6, PTGS2, FOS, EGF, MMP9, IL8, MAPK1, and CASP3, exhibited high connectivity, suggesting
their crucial roles in PPI's anti-HCC effects. These targets are all associated with critical cellular processes involved in
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Fig.8 PPI inhibited MHCC-97H cells proliferation and induced cellular apoptosis. A The cell viability detected by CCK8 assay. B Cell sur-
vival curve with the IC50 values. C Apoptosis analysis by flow cytometry after Annexin V-FITC/ Pl staining. D The apoptosis rates. The data
are shown as the means+ SEM (n=3). CON: control group (0 uM PPI), PPI-1: 1 uM PPI treatment group, PPI-2: 2.5 uM PPI treatment group.
*P<0.05 PPl vs. CON

HCC development and progression, such as cell proliferation, apoptosis, and migration, supporting the notion that
PPl may exert its therapeutic effects through a multi-target mechanism.

GO and KEGG enrichment analyses of the 90 overlapping targets revealed that PPI targets are significantly enriched
in pathways related to cell proliferation, cell cycle regulation, cell migration and invasion, and apoptosis. This suggested
that PPl might exert its anti-HCC effects by modulating these key cellular processes. Further analysis of the "Pathways
in cancer" category, which ranked first in the KEGG pathway enrichment analysis, highlighted the involvement of the
VEGF and Wnt/-catenin signaling pathways. VEGF-C and Wnt/B-catenin signaling pathways play crucial roles in HCC
development and progression, affecting various hallmarks of cancer, including angiogenesis, cell proliferation, survival,
and metastasis [50, 51]. These findings suggested that the regulation of proliferation, apoptosis, migration, and inva-
sion might be one of the primary factors contributing to the therapeutic effects of PPl in HCC treatment. These results
provided valuable insights for our subsequent experimental validation focus and guided us to investigate the impact of
PPI on the VEGF-C and Wnt/B-catenin signaling pathways.

The binding site of a drug to its therapeutic target plays a crucial role in the stability of the drug-target complex
[46-48]. Therefore, identifying the binding site is generally considered essential for drug discovery and develop-
ment. Based on the KEGG analysis, we found that the VEGF and Wnt/f3-catenin signaling pathways play critical roles
in HCC, prompting us to analyze the binding sites and binding potential of PPl with targets in these pathways using
molecular docking. Our results showed that PPl exhibited binding energies of less than -6 kcal/mol with VEGF-C and
-catenin, indicating a high binding affinity. The binding force of VEGF-C and -catenin for PPl primarily originated
from hydrogen bonds, which contribute to the stability of their binding modes. Further analysis of the binding mode
of PPl to VEGF-C and (3-catenin revealed that PPl can also produce residues Lys:278 (VEGF-C) and Arg:200 (3-catenin)
with them, which may induce protein structural rearrangement of VEGF-C and B-catenin. Specifically, the positively
charged side chains of Lys278 (VEGF-C) and Arg200 (B-catenin) can distort the local structural motifs through salt
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bridges or hydrogen bonds. This interference may change the signal transduction ability mediated by VEGF-C or
[-catenin, thereby inhibiting the VEGF-C and Wnt/B-catenin signaling pathways.

The results in vivo demonstrated that PPl treatment significantly reduced tumor weight, volume, and photon flux
in a mouse orthotopic xenograft model. This finding was consistent with previous studies using subcutaneous HCC
xenograft models, who demonstrated that PPl suppresses HCC progression through ferroptosis induction [15]. How-
ever, our study utilized an orthotopic xenograft model, which more closely mimics the tumor microenvironment and
metastatic potential of HCC in humans compared to subcutaneous models. This approach provided a more accurate
assessment of PPI's therapeutic efficacy in a clinically relevant setting. In vitro studies using MHCC-97H cells con-
firmed anti-HCC effects of PPI, demonstrating significant inhibition of cell proliferation, migration, and invasion, as
well as induction of apoptosis. These observations aligned with previous in vitro studies using various HCC cell lines,
including HepG2, SMMC-7721, and Huh7, which have reported similar inhibitory effects of PPl on cell proliferation,
migration, and invasion [13, 16, 45]. Additionally, we observed a significant downregulation of VEGF-C and f3-catenin
expression at both mRNA and protein levels in PPI-treated HCC cells, supporting the involvement of these pathways
in the anti-HCC effects of PPI. This also further validated our result of network pharmacology pathway prediction
and provided strong evidence for the potential of PPl in HCC treatment.
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VEGF-C, a member of the VEGF family, is a potent driver of lymphangiogenesis, contributing to tumor cell dissemina-
tion and metastasis [52, 53]. Elevated VEGF-C expression in HCC is associated with advanced tumor stage, lymph node
metastasis, and poor prognosis [54]. Previous studies have shown that PPI can inhibit HCC cell proliferation and metastasis
by inducing ferroptosis through the Nrf2/HO-1/GPX4 axis [15] or targeting the ZBTB16/PPARy/RXRa axis in HCC cells
[14]. PPI can also exert anti-sorafenib-resistant HCC activity both in vitro and in vivo by modulating GRP78 activity [45].
Although previous reports have demonstrated that PPl has therapeutic effects on HCC primarily by targeting VEGF-A [55],
the impact of PPl on VEGF-C (a key driver of lymphangiogenesis) remain underexplored. Unlike previous studies, our find-
ings highlighted that PPl may exert antitumor activity in HCC by targeting VEGF-C. Moreover, our molecular docking and
KEGG pathway analysis results suggested that PPl might directly inhibit VEGF-C signaling by binding to VEGFR2, thereby
reducing HCC metastasis and proliferation (Fig. 11). There have been reports of other compounds, such as oxyresvera-
trol and resveratrol, targeting VEGF-C/VEGFR3 to inhibit HCC angiogenesis and lymphatic metastasis [56]. Compared to
these, the concentrations of PPl used in our study (2.5 uM in vitro, 10 mg/kg in vivo) were lower. In addition to inhibiting
tumor growth and metastasis, we also found that PPl can promote apoptosis, demonstrating a broader range of effects.

The Wnt/B-catenin pathway, composed of Wnt proteins, Wnt protein ligands and regulatory proteins, maintains cell
homeostasis by regulating cell proliferation, differentiation, movement and apoptosis [57]. Previous studies have dem-
onstrated that PPI can inhibit HCC cell proliferation and promote apoptosis by acting on the AKT/GSK-3(3/f3-catenin
signaling pathway [13]. Consistent with these findings, our network pharmacology and molecular docking analyses
suggested that PPl may target Wnt/p-catenin pathway-related targets, such as GSK3B, AKT1 and MAPKT, to exert its
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therapeutic effects in HCC (Fig. 11). In contrast to other reported compounds that may target 3-catenin-related pathways
to exert anti-HCC activity, our study differed significantly in experimental models and design. It has been reported that
Bruceine D inhibits the Jagged1 transcription by suppressing the Wnt/B-catenin pathway in a dose-dependent manner,
thereby significantly inhibiting HCC growth, and enhancing the therapeutic effects of sorafenib [58]. Similarly, Aucubin
has been found to exert anti-HCC activity by inhibiting the Akt/B-catenin/PD-L1 axis, and it also enhances the antitumor
effects of cisplatin [59]. In comparison, we used a different high-metastatic MHCC-97H HCC cell line and its correspond-
ing orthotopic xenograft model in our experiments. Additionally, our study did not investigate the impact of PPl on the
efficacy of currently used clinical treatments for HCC.

This study provided strong evidence for the therapeutic potential of PPl in HCC treatment and elucidated its possible
mechanisms, including the modulation of the VEGF-C and Wnt/(3-catenin signaling pathways. Despite our promising
findings, several limitations must be considered. Firstly, we did not elucidate the upstream and downstream molecular
mechanisms through which PPI regulates the VEGF-C and Wnt/B-catenin pathways. Secondly, our study did not include
experiments with different concentrations of PPI, so we were unable to investigate the dose-dependent effects of PPI
on the VEGF-C and Wnt/B-catenin pathways. Furthermore, the relatively short duration of the animal study precluded
survival analysis in tumor-bearing mice. Finally, although our experiments demonstrated the efficacy of PPl in MHCC-
97H cells and animal models, and other studies have also reported similar effects in different HCC cell lines [17, 45], the
heterogeneity between different cell types and species means that our findings are limited to a single cell model and
cannot be generalized to other HCC cell lines. Therefore, future studies should include specific mechanistic investigations
of the upstream and downstream targets, dose-dependent analysis with a range of PPl concentrations, observations
over longer research periods and experimental validation in a broader set of HCC cell lines and more complex animal
models to more comprehensively assess the therapeutic potential of PPI.

5 Conclusion

In summary, this study explored the potential mechanism of PPl inhibition of HCC by integrating network pharmacol-
ogy, molecular docking and in vitro and in vivo experimental verification. The results suggest that PPl may induce cell
apoptosis, inhibit the cell proliferation, migration and invasion of the MHCC-97H cells through suppressing the Wnt/p-
catenin and VEGF-C signaling pathways.
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