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Sciadopitysin exerts anticancer effects on HepG2 hepatocellular
carcinoma cells by regulating reactive oxygen species-mediated
signaling pathways
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Abstract: Objectives: Sciadopitysin (SP) is a flavonoid in Ginkgo biloba that exhibits various pharmacological activities.
This study aimed to investigate its antitumor effects and the underlying molecular mechanism of SP in hepatocellular
carcinoma (HCC) cells. Methods: Network pharmacology was used for target prediction analysis. Cell Counting Kit-8
(CCK-8) assay was used to test the cell viability. Flow cytometry was used to test the cell cycle distribution, apoptosis
status, and reactive oxygen species (ROS) levels. Transwell and wound-healing assay was used to test the migration
effect of SP on HepG2 cells. Western Blot assay was used to test the expression levels of proteins. Results: Network
pharmacology analysis results showed that the mitogen-activated protein kinase (MAPK) and other signaling
pathways are involved in the SP anti-HCC biological process. CCK-8 assay results demonstrated that SP showed an
obvious killing effect on three types of HCC cells and low cytotoxic effect on normal cells. Western Blot and flow
cytometry results showed that SP regulated MAPK/signal transducer and activator of transcription 3 (STAT3)/nuclear
factor kappa-B (NF-kB) signaling pathway to induce mitochondrion-dependent apoptosis in HepG2 cells.
Additionally, SP can arrest the GO/G1 phase cell cycle via the protein kinase B (AKT)/p21/p27/cyclin-dependent
kinase (CDK)/Cyclin signaling pathway. Wound healing and transwell assays showed that SP inhibited cell motility
and invasion through the AKT/glycogen synthase kinase3p (GSK-3pB)/vimentin/B-catenin signaling pathway.
Conclusion: These findings demonstrated that SP induced mitochondrion-dependent apoptosis, arrested cell cycle in
the GO/G1 phase, and inhibited cell migration by regulating the ROS-mediated signaling pathway in HepG2 cells.
Thus, SP could serve as a therapeutic agent for the treatment of human HCC.

Abbreviations MF Molecular Functions

SP Sciadopitysin CC Cellular Components

5-FU 5-Fluorouracil PTGS Post-transcriptional GeneSilencing

PPI Protein-Protein Interaction

GO Gene Ontology Introduction

KEGG Kyoto Encyclopedia of Genes and Genomes

BP Biological Processes The incidence of liver cancer has risen sharply and is within
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the top three leading factors contributing to cancer
mortality worldwide, according to the Global Cancer
Statistics 2020 study [1,2]. Hepatocellular carcinoma (HCC)
has serious consequences for human health, which is a
dangerous form of liver cancer [3,4]. Each treatment for
liver cancer has its disadvantages. For example, the risk of
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recurrence after hepatectomy is high, and transcatheter
arterial chemoembolization often has no noticeable
therapeutic effect on patients with advanced liver cancer [5].
In addition, the drug resistance caused by chemotherapy
seriously alters normal liver function in patients [6].
Therefore, an efficient and safe drug for liver cancer needs
to be developed [7]. Apoptosis, a spontaneous process
regulating cell death, plays a vital role in maintaining an
organism’s stable internal environment by triggering a series
of complex signaling pathways and molecular events [8].
Cell apoptosis as a therapeutic approach for cancer has
garnered considerable attention in recent years [9]. For
example, Quercetin can induce apoptosis in HepG2 cells
through ataxia telangiectasia mutated (ATM)/c-Jun N-
terminal kinase (JNK)/signal transducer and activator of
transcription 3 (STAT3) signaling pathway [10].
Mitochondria are essential components of eukaryotic cells.
In certain types of cancer cells, they are involved in the
initiation, progression, and metastasis of tumors. They also
have a vital function in the biological procedure of
apoptosis. Possible therapeutic and preventative targets for
tumors include reactive oxygen species (ROS) generated
through  mitochondrial — metabolism  [11].  Several
investigations have demonstrated that ROS are important
for cancer treatment. ROS can dynamically affect the
internal surroundings and activate signaling cascades in
tumors, such as the signaling route for mitogen-activated
protein kinase (MAPK) [12,13]. Crucial participants in the
MAPK protein subfamily include extracellular regulated
kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and
p38, which may be involved in regulating the biological
processes of a variety of tumors [14]. The STAT3 is
carcinogenic, which is the central hub for multiple signaling
pathways in tumors. It possesses the ability to nuclear factor
kappa-B (NF-kB) and demonstrates an intricate interplay
with NF-xB. This interaction between the two proteins can
have significant implications for various tumors.
Small-molecule drugs can achieve a therapeutic effect by
promoting apoptosis of cancer cells [15,16]. In the past few
years, growing numbers of traditional Chinese herbal
remedies have shown promise as small-molecule
pharmaceuticals with potent anti-cancer effects [17].
Compared with conventional chemotherapy drugs,
traditional Chinese herbal remedies have the characteristics
of having multiple targets, low toxicity, and high efficiency,
which can considerably increase the lifespan and quality of
life of people with cancer [18]. Sciadopitysin (SP) is a
flavonoid compound that can be isolated from Ginkgo
biloba. In recent decades, researchers have found SP to have
promising pharmacological actions. The application and
efficacy of SP have been demonstrated in numerous studies.
It inhibits osteoclast differentiation and bone resorption,
protects cells from damage, and upregulates mitochondrial
biosynthesis [19-21]. SP also has antioxidant properties,
which can protect SK-N-MC cells from methylglyoxal-
induced oxidative damage, thus playing a protective role in
nerve [22]. In addition, recent scientific studies have shown
that SP can interact with caspase-3 in a silico approach in
breast cancer to induce the initiation of apoptosis [23].
However, the precise mechanism by which SP contributes to
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apoptosis in HCC remains largely elusive. To clarify this
point, we explored the intrinsic mechanism of SP-induced
apoptosis in HepG2 cells.

This research explored the impact of the killing effect,
apoptosis induction, ROS accumulation, cycle arrest, and
the migration of SP in HCC cells.

Materials and Methods

Network pharmacology analysis

We used the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/) and the SwissTargetPrediction platform (http://
www.swisstargetprediction.ch/) to choose Homo sapiens to
predict the target collection for SP. Next, using the
GeneCards disease database (https://www.genecards.org/)
associated with HCC screening targets and using the Venny
platform  (http://wwwliuxiaoyuyuan.cn/) to take the
intersection, we obtained potential anti-HCC targets for SP.
Furthermore, the protein-protein interaction (PPI) network
was constructed by the Search Tool for Recurring Instances
of Neighbouring Genes (STRING) platform (https://cn.string-
db.org/) and analyzed the relationship among protein targets.
The SP-HCC target-pathway network diagram was prepared
using Cytoscape software (Cytoscape 3.8.2, USA) to analyze
the interaction. Then, using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) database
(https://david.ncifcrf.gov/) and  bioinformatics  platform
(http://www.bioinformatics.com.cn/) extraction and biological
information for the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the targets.

Cell lines and cell culture

Three HCC cell lines, HepG2, Huh-7, and Hep3B, human
normal hepatocyte THLE-2 cells, human normal renal
epithelial 293T cells, and human normal gastric mucous
GES-1 were acquired from the American Type Culture
Collection (Manassas, VA, USA) or OWTO Biotech Inc.
(Shenzhen, China), and Shanghai Qingqi Biotechnology
Development Co., Ltd. (China). Cells were grown in
Dulbecco’s  modified  Eagle’s  medium  (DMEM,
C11995500BT, Gibco, Waltham, MA, USA), which also
contained 10% fetal bovine serum (FBS, 11011-8611, Gibco)
and 1% penicillin/streptomycin (PS) (15140122, Gibco), next
placed in an incubator with full of carbon dioxide at 37°C.

Cell viability assay

Cell viability was measured by Cell Counting Kit-8 (CCK-8)
obtained from Solarbio (CA1210-100, Beijing, China).
HepG2, Huh-7, Hep3B, THLE-2, 293T, and GES-1 cells
were seeded into 96-well plates (1 x 10* cells/well). SP (J-
041, Herbpurify, Chengdu, China) and 5-Fluorouracil (5-
FU, IF0170, Solarbio, Beijing, China) were used to treat the
cultured cells at different concentrations from 20 to 100 uM
for 24 h or at different durations from 6 to 30 h. 5-FU, a
common chemotherapeutic agent, was also used as a
positive control for cell apoptosis. Each well was treated
with CCK-8 solution, and the cells were detected by an
automatic enzyme-labeling instrument (INFINITE E PLEX,
Tecan, Shanghai, China) at 490 nm. The half-maximal
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inhibitory concentration (ICs) values of the above cells were
calculated using GraphPad Prism (GraphPad Prism 5.0,
GraphPad Software, San Diego, CA, USA).

Cell apoptosis assay

Cell apoptosis was detected using an Annexin V-FITC/PI
Apoptosis Kit (FXP018, 4 A Biotech, Beijing, China). HepG2
cells were seeded into 6-well plates (1 x 10° cells/well). This
was followed by 38.02 uM SP (the ICs, value of HepG2 cells)
treatment of each well. The Annexin V-FITC and propidium
iodide (PI) were used for staining and subsequent
observation and recording of HepG2 cell apoptosis were
conducted using a fluorescent microscope (MF52-N, Mshot,
Guangzhou, China). Subsequently, the apoptotic rate of SP-
treated HepG2 cells was determined using flow cytometry
(CyFlow Cube8, Sysmex Co, Kobe, Japan).

Mitochondrial membrane potential assay

Mitochondrial membrane potential (MMP) was detected
by an MMP detection kit (M8650, Solarbio, Beijing,
China). HepG2 cells were seeded into 6-well plates (1 x
10° cells/well), followed by 38.02 uM SP treatment for 3, 6,
12, and 24 h. The JC-1 staining working solution and JC-1
binding buffer were dispensed accurately in appropriate
proportions. Subsequently, MMP in HepG2 cells that were
treated with SP were used the flow cytometry to analyze.

Western Blot analysis

Western Blot was carried out following accepted practices.
HepG2 cells were treated with 38.02 uM SP or JNK
inhibitor (SP600125), p38 inhibitor (SB203580), and ERK
inhibitor (FR180204) (MedChemExpress, Shanghai, China)
or N-Acetylcysteine (NAC, Co., 3050, SIGMA-ALDRICH,
St. Louis, USA). The proteins were extracted after cell
collection and subjected to electrophoresis. Subsequently,
transferred proteins to the nitrocellulose filter membrane at
320 mA. Then, combined the nitrocellulose filter
membranes with primary antibodies, which included Bcl-2-
associated X protein (Bax) (Cat#sc-493, 1:1500), B-cell
lymphoma-2 (Bcl-2) (Cat#sc-7382, 1:1500), Cytochrome C
(cyto C) (Cat#sc-13156, 1:2000), Caspase-3 (Cat#sc-373730,
1:1500), poly ADP-ribose polymerase poly ADP-ribose
polymerase (PARP) (Cat#sc-8007, 1:1500), ERK (Cat#sc-
154, 1:1000), p-ERK (Cat#sc-7383, 1:1000), JNK (Cat#sc-
7345, 1:1500), p-JNK (Cat#sc-6254, 1:1500), p38
(Cat#tsc-7149, 1:1500), p-p38 (Cat#sc-7973, 1:1500), STAT3
(Cati#sc-8019, 1:1500), p-STAT3 (Cat#sc-8059, 1:1500), NF-
kB (Cat#sc-8008, 1:1500), I-kBa (Cat#sc-1643, 1:1500),
protein kinase B (AKT) (Cat#sc-8312, 1:1000), p-AKT
(Cat#sc-7985-R, 1:1000), p21 (Cat#sc-397, 1:1500), p27
(Cat#sc-528, 1:1500), CDK 2 (Cat#sc-163, 1:1500), CDK
4 (Cat#sc-260, 1:1500), CDK 6 (Cat#sc-177, 1:1500), cyclin
D1 (Cat#sc-753, 1:1500), cyclin E (Cat#sc-182, 1:1500),
glycogen synthase kinase3p (GSK-3PB) (Cat#sc-377213,
1:1500), p-GSK-3B (Cat#sc-373800, 1:1000), E-cadherin
(Cat#sc-8426, 1:1000), N-cadherin (Cat#sc-59987, 1:1000),
vimentin (Cat# sc-6260, 1:1000), SNAI 1 (Cat#sc-271977,
1:1000), P-catenin (Cat#sc-7963, 1:1000), and a-tubulin
(Cat#sc-47778, 1:2500) (Santa Cruz Biotechnology, Dallas,
TX, USA), and stored in a 4°C refrigerator overnight. Then,

they were treated with goat anti-mouse IgG (ZB-2305,
1:50,000, ZSGB-bio, Beijing, China) or goat anti-rabbit IgG
(ZB-2306, 1:50,000, ZSGB-bio, Beijing, China) secondary
antibody and allowed to rest. The use of enhanced
chemiluminescence (180-501, Tanon, Shanghai, China) in
combination with proteins facilitated the detection and
analysis of protein expression levels in HepG2 cells treated
with SP via Image] software (Image] 1.46r, National
Institutes of Health, USA).

ROS analysis

The ROS levels were detected by a ROS detection kit (S0033S,
Beyotime, Shanghai, China). HepG2 cells were seeded into a
3.5-cm plate (1 x 10° cells/plate), followed by treatment
with 38.02 uM SP for 3, 6, 12, and 24 h. The collected
HepG2 cells were added with a 10 pmol/L probe.
Subsequently, the ROS level of the SP-treated HepG2 cells
was detected via flow cytometry and fluorescent microscope.

Cell cycle analysis

The cell cycle was determined using DNA quantification
kits (CA1510, Solarbio, Beijing, China). HepG2 cells were
seeded a 3.5-cm cell plates (1 x 10° cells/plate), and
38.02 uM SP was treated for 3, 6, 12, and 24 h. The
collected HepG2 cells were incubated in a 4°C refrigerator.
Then, 100 pL RNase and 500 pL PI were dispensed
accurately following the manufacturer’s instructions.
Subsequently, DNA quantification of the SP-treated
HepG2 cells was determined using flow cytometry.

Wound healing assay

Wound healing assay was used to degree cell migration. HepG2
cells were seeded into 6-well plates (1 x 10° cells/well). Scratch
the HepG2 cells in the horizontal direction in the 6-well plates.
DMEM medium with 10% FBS and 38.02 uM SP were
applied to the cells. The degree of cell migration healing was
then assessed and quantified using an inverted microscope
(MF52-N, Mshot, Guangzhou, China).

Transwell assay

The cell invasion degree was determined by transwell assay.
HepG2 cells were seeded at a density of 1 x 10> cells/well in
the upper chamber of a 6-well transwell plate containing
DMEM serum-free medium, and the lower chamber with
15% FBS. Then, 38.02 uM SP treatment was performed for
3, 6, 12, and 24 h. Then use the 0.1% crystal violet staining
solution (Cat#1064, Solarbio, Beijing, China) for staining.
Subsequently, we observed and counted the number of cell
migrations of SP-treated HepG2 cells using the inverted
microscope.

Molecular docking experiments assay

The structural formula of target proteins was downloaded
from the Protein Data Bank (PDB) database (https://www.
rcsb.org/) and the protein was preprocessed by Pymol
software (Pymol software 3.0, DeLano Scientific LLC, Palo
Alto, CA, USA). The 3D structure of SP downloaded from
PubChem was transformed into mol2 by Open Babel GUI
software 3.1.1, and then the protein structure of target
proteins and the 3D structure of SP were docked by
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AutoDockTools software (AutoDockTools software 1.5.6, obtained from PubChem was imported into the
Scripps Research Institute, La Jolla, CA, USA). The optimal = SwissTargetPrediction platform, resulting in 100 targets.
docking location was determined and subsequently  After removing 56 targets with a confidence score of “0,” we

visualized using the Pymol software. identified 44 effective targets. Relevant targets for HCC were
searched using the GeneCards platform, leading to the
Statistical analysis identification of 25 intersection targets between SP and

The data were analyzed using SPSS version 21.0. All data HCC (Fig. 1A). These intersection targets were then used to
are reported as the mean * standard deviation (SD) of at construct a protein-protein interaction (PPI) network
least three replicates. Multiple comparisons across the diagram using Cytoscape 3.8.2 software, which revealed the
groups were conducted using one-way analysis of variance.  target-pathway interactions associated with SP-HCC

A p-value of <0.05 was regarded as significant. treatment (Fig. 1B). Notably, the glycogen synthase kinase3[3
(GSK-3pB) protein exhibited a high degree value in this
Results network analysis, suggesting its potential importance in SP

treatment of HCC. The main anti-HCC targets influenced
Network pharmacological analysis of SP treatment for HCC by SP were further enriched, and resulting in the
The potential biological effects of SP on HepG2 cells were identification of 119 items and involvement in 20 signaling
predicted by network pharmacology, and the therapeutic = pathways. These included various biological processes (BP),
HCC targets were screened. The 2D structure of SP  cellular components (CC), and molecular functions (MF),
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FIGURE 1. Network pharmacology prediction of SP treatment on HepG2 cells. (A) Venn diagram of SP and HCC targets. (B) Hub gene network
of the target proteins was analyzed using Cytoscape. (C) GO enrichment of the anti-HCC effect of SP. (D) KEGG pathway enrichment of the anti-
HCC effect of SP.
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such as positive regulation of the NF-«B signaling pathway,
the MAP kinase activity, the PI3K-AKT signaling pathway,
the chemical carcinogenesis-ROS pathway, pathways in
cancer, and the MAPK signaling pathway (Figs. 1C, 1D).

SP reduced the survival rate of HCC cells

The cell viability was evaluated by the CCK-8 assay. As the SP
treatment concentration and time were increased, the cell
viability decreased sharply in HepG2, Huh-7, and Hep3B
cells (Figs. 2A, 2B), whereas it did not decrease
substantially in THLE-2, 293T, and GES-1 cells (Figs. 2C,

2D). The effect of the SP group was considerably better
compared to the 5-FU treatment group, indicating that SP
effectively reduced the survival rate of the three HCC cells.
The ICsy values of HepG2, Huh-7, and Hep3B cells after
SP treatment were 38.02, 48.89, and 46.69 pM (Table 1).
Then, 6, 12, 18, 24, and 30 h were selected in subsequent
analysis. In addition, among the three HCC cancer cells
tested, the ICs, values of HepG2 cells treated with SP were
the lowest, suggesting they were the most susceptible to SP.
In subsequent analyses, HepG2 cells were selected as the
cell model.
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FIGURE 2. Cytotoxic effect of SP. (A) Three human hepatocellular carcinoma cell lines (HepG2, Huh-7, and Hep3B) were treated with 20, 40,
60, 80, and 100 pM SP or 5-FU for 24 h, and the CCK-8 assay detected the effects on cell activity. (B) Three human hepatocellular carcinoma
cell lines (HepG2, Huh-7, and Hep3B) were treated with 38.02 uM (ICs, value) SP or 5-FU for 6, 12, 18, 24, and 30 h, and the CCK-8 assay
detected the effects on cell activity. (C) Three human normal cell lines (THLE-2, 293T, and GES-1) were treated with 20, 40, 60, 80, and 100 pM
SP or 5-FU for 24 h, and the CCK-8 assay detected the effects on cell activity. (D) Three human normal cell lines (THLE-2, 293T, and GES-1)
were treated with 38.02 uM SP or 5-FU for 6, 12, 18, 24, and 30 h, and the effect of cell viability was detected using the CCK-8 assay (*p < 0.05,

**p < 0.01, **p < 0.001 vs. 5-FU), n = 3.
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TABLE 1
ICs values of SP and 5-FU in HCC cells
Cell line 5-FU (uM) SP (uM)
HepG2 63.36 + 2.48 38.02 + 2.33
Huh-7 72.83 + 2.59 48.89 + 2.32
Hep3B 69.96 + 2.68 46.69 * 2.60

SP-induced apoptosis of HepG2 cells

The apoptotic effect of SP on HepG2 cells was evaluated using
Annexin V-FITC/PI assay. As the SP treatment duration was
increased, HepG2 cells exhibited a rounder and smaller
morphology, accompanied by a considerable increase in

A)
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fluorescence intensity, indicating extensive apoptosis
(Fig. 3A), and this effect was most pronounced at 24 h.
Flow cytometry analysis further assessed the apoptosis of
HepG2 cells following SP treatment. The results showed
that with increased SP treatment time, the degree of
apoptosis of HepG2 cells gradually increased from 1.26% to
37.29% (Fig. 3B). Additionally, with increased SP treatment
time, the MMP decreased from 90.59% to 71.96% (Fig. 3C).
Western Blot analysis revealed SP treatment increased Bax,
cyto C, cle-cas-3, and cle-PARP expression, and decreased
Bcl-2 expression (Fig. 3D).

SP-induced apoptosis of HepG2 cells via the MAPK/STAT3/
NF-«B signaling pathway

Apoptosis is a tightly regulated process involving the
interaction of multiple signaling pathways. MAPK, as a
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FIGURE 3. Apoptotic effects of SP on HepG2 cells. (A) Annexin V-FITC/PI staining was used to observe the morphology and fluorescence
staining of HepG2 cells under a fluorescence microscope. (Original magnification, 200x). (B) Rate of HepG2 cells after SP treatment was
determined via flow cytometry. (C) Mitochondrial membrane potential of HepG2 cells determined using flow cytometry. (D) Western Blot
analysis of the expression levels of Bax, Bcl-2, cyto C, cle-cas-3, and cle-PARP of HepG2 cells, with a-tubulin as the control. The protein
changes were analyzed using ImageJ software (*p < 0.05, **p < 0.01, **p < 0.001 vs. 0 h), n = 3.
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signal transduction molecule, can regulate STAT3 and NF-«B
signaling pathways as downstream molecules to induce
apoptosis. Western Blot was used to detect the expression
level of MAPK/STAT3/NF-«xB signaling pathway-related
proteins, to explore the molecular mechanism of SP-induced
apoptosis in HepG2 cells. Fig. 4A showed that with
increasing treatment time of SP, the p-JNK, p-p38, and I-
kBa protein expression levels gradually increased. In
contrast, p-ERK, NF-«B, and p-STAT3 protein expression
levels gradually decreased. To further verify the interaction
and influence between MAPK and STAT3 signaling
pathways, HepG2 cells were pretreated with MAPK
inhibitors for detection. The SP + JNK inhibitor and SP +
p38 inhibitor groups exhibited considerably lower
expression levels of p-JNK, p-p38, cle-cas-3, and cle-PARP
but higher expression levels of p-STAT3 in these groups
than in the SP group. In contrast, in the SP + ERK inhibitor
group, the protein expression level of cle-cas-3 and cle-
PARP increased, and the protein expression level of p-ERK
and p-STAT3 decreased (Figs. 4B-4D).

SP-induced apoptosis of HepG2 cells via ROS-mediated
signaling pathways

Used the ROS kit to detect whether SP-induced apoptosis was
related to ROS. Flow cytometry showed that the accumulation
of ROS in HepG2 cells increased with the duration of SP
treatment (Fig. 5A). The results of inverted fluorescence
microscopy showed that with the increase of SP treatment
time, the number of stained HepG2 «cells gradually
increased, and the fluorescence intensity became stronger
(Fig. 5B). Moreover, the combined of SP and the ROS
scavenger NAC, significantly attenuated the proportion of
apoptotic cells (Fig. 5C). We performed Western Blot and
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found that the protein expression level in the SP + NAC
group were reversed (Fig. 5D).

SP induced GO/GI phase arrest of HepG2 cells

The cell cycle arrest effect of SP on HepG2 cells was
investigated using flow cytometry. Fig. 6A showed that as the
SP treatment time was increased, a noticeable shift in the
distribution of cell cycle phases was observed. Specifically,
the number of HepG2 cells in the GO/G1 phase increase
from 71.74% to 81.87%. Then pretreatment with NAC
showed that the SP + NAC group had considerably fewer
cells in the GO/G1 phase than the SP treatment alone group
(Fig. 6B). These findings indicated that SP could arrest
HepG?2 cells in the GO/G1 phase. Furthermore, Western Blot
analysis revealed decreased expression levels of p-AKT, CDK
2, CDK 4, and CDK 6, cyclin D1, and cyclin E. Conversely,
we observed increased expression levels of p21 and p27
(Fig. 6C), indicating their involvement in mediating SP-
induced cell cycle arrest. Importantly, when NAC and SP
were combined, the expression levels of the proteins reversed
compared to those treated with SP alone (Fig. 6D).

SP inhibited the migration of HepG2 cells

Wound healing and transwell assays were employed to
evaluate the migration and invasion effect on HepG2 cells
treatment SP. Cellular changes are shown in Figs. 7A and
7B. Compared with the control group, cell migration in the
SP treatment group was significantly inhibited, with a more
pronounced effect at 24 h. To examine whether ROS
affected the capacity of SP to inhibit HepG2 cell migration,
pretreated cells with NAC. The SP + NAC treatment group
exhibited faster cell migration and a larger area of cell
wound healing than the SP treatment group (Fig. 7C). SP
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FIGURE 4. Effect of SP on the MAPK/STAT3/NF-«B signaling pathway in HepG2 cells. (A) HepG2 cells were treated with SP for 3, 6, 12, and
24 h, and the expression level of MAPK/STAT3/NF-kB was analyzed via Western Blot, with a-tubulin as the control. (B) ERK inhibitor
treatment for detecting the expression levels of p-ERK, p-STATS3, cle-cas-3, and cle-PARP. (C) JNK inhibitor treatment for detecting the
expression levels of p-JNK, p-STATS3, cle-cas-3, and cle-PARP. (D) p38 inhibitor treatment for detecting the expression levels of p-p38,
p-STATS3, cle-cas-3, and cle-PARP (*p < 0.05, **p < 0.01, ***p < 0.001 vs. CON or SP + MAPK inhibition), n = 3.
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treatment increased E-cadherin expression level, and
decreased p-AKT, p-GSK-3p, N-cadherin, vimentin, SNAI 1,
and [P-catenin expression level significantly decreased in SP-
treated HepG2 cells (Fig. 7D). However, these protein
expression levels were reversed with NAC + SP treatment
(Fig. 7E).

Molecular docking of SP to target proteins

The results of molecular docking showed that SP was mainly
connected with AKT protein by hydrogen bonds, with
docking sites including ASP-32, THR-34 and LYS-268
(Fig. 8A), and with GSK-3B protein by hydrogen bonds,
with docking sites including GLN-206 and ARG-96
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(Fig. 8B). SP can also connect to ERK protein by hydrogen
bonds, and the docking site is ARG-277 (Fig. 8C), and with
p38 protein by hydrogen bonds, and docking sites include
PRO-242, ASN-269, LYS-267, ASN-272, and THR-241
(Fig. 8D).

Discussion
Prior studies have shown that SP treatment could reduce the

cellular damage induced by anti-mycetin A in osteoblast
MC3T-E1 cells, and by improving the body’s methylglyoxal

(A) 12
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detoxifying mechanism, SP may also shield it against
methylglyoxal-induced glycation [21,24]. However, there is
little research on its application as a cancer treatment. We
found that SP has cross-targets for HCC in our network
pharmacological prediction analysis. Fig. 1B showed that
Post-transcriptionalGeneSilencing (PTGS) and GSK-3p are
the most critical targets in various proteins involved in the
biological process of SP treatment of HCC. In addition,
many studies have confirmed that GSK-3B is closely
associated with cell migration. This suggests that SP may
affect HCC metastasis, which requires further verification.
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0.001 vs. CON or SP + NAC), n = 3.

Network pharmacology analysis also showed that SP could
induce apoptosis in HCC cells (Figs. 1C, 1D) and that ROS
is fundamental to SP against HCC. In addition, we found
that the cross-targets of SP and HCC are primarily involved
in the PI3K-AKT, MAPK, and NF-«kB signaling pathways.
According to the network pharmacology prediction results,
we hypothesized that SP has a potential therapeutic effect
on HCC.

The survival rates of HepG2, Huh-7, Hep3B, THLE-2,
293T, and GES-1 cells were detected in this study, and SP
was found to be more effective in killing HCC cells at lower
concentrations than 5-FU, with fewer adverse effects on
normal cells. The ICsy values of HepG2, Huh-7, and Hep3B
were 38.02, 48.89, and 46.69 uM. This indicates that SP has
a good Kkilling effect on HCC cells. HepG2 has the lowest
ICs, value among these. Thus, HepG2 cells were selected for
our further experiments.

Apoptosis participates in the anti-tumor biological
process by targeting and destroying cancer cells.
Mitochondria, small organelles within cells responsible for
energy production, act as gatekeepers, controlling whether
cells undergo apoptosis [25]. This study showed that HepG2
cells revealed apoptosis in both the initial and late stages
after SP treatment. The duration of SP administration was
positively correlated with the degree to which mitochondrial
membrane potential was reduced.

The B-cell lymphoma 2 family is widely recognized for
regulating apoptosis and maintaining mitochondrial
structure and function [26-28]. When apoptosis occurs in
cells, the mitochondria release cyto C, cyto CC, and
caspase-9 precursors. These proteins are essential for
forming apoptotic structures and activating caspase-9,
ultimately leading to caspase-3 activation, apoptosis, and a

therapeutic effect [29]. In our study, we found that the SP
can resulted in the mitochondrion-dependent cell death in
HepG2 cells.

The study has demonstrated that SP can activate the NF-
kB signaling pathway, and this inhibition is dose-dependent
and inhibits osteoclastogenesis induced by receptor activator
of Nuclear Factor-kB Ligand (RANKL). Moreover, SP can
decrease the upregulation of c-Fos. At the same time, SP can
have the potential to suppress osteoclast differentiation and
bone resorption activity [20]. Interestingly, our study
revealed a fascinating connection between SP-induced
apoptosis and the involvement of NF-xB. Furthermore,
numerous investigations have validated the interaction
between the MAPK and the NF-kB signaling pathway at
various temporal stages [30]. In this study, Western Blot
analysis results showed that MAPK can regulate STAT3 as
an upstream signaling pathway, and induce mitochondrion-
dependent apoptosis in HepG2 cells.

ROS accumulation in mitochondria will lead to
carcinogenesis. Thus, ROS accumulation in tumor cells is
generally high. When ROS accumulates excessively in cancer
cells, it promotes the production of oxidative stress, which
induces tumor cell death [31]. According to the KEGG
analysis suggested that ROS was involved in the anti-HCC
mechanism of SP, and the results of this study showed after
SP treatment, the ROS level in HepG2 cells was significantly
increased. Our previous results showed that the apoptosis
could be enhanced through the apoptosis could be enhanced
through the modulation of the signaling pathway MAPK/
STAT3/NF-kB by SP. Still, it is not clear whether this is
related to the changes in intracellular ROS. Therefore, NAC,
a ROS scavenger, was used to pretreat HepG2 cells, followed
by SP. The results confirmed that SP can upregulate ROS
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FIGURE 8. SP docked the target protein by molecular docking. (A) 3D structure of SP binding to AKT. (B) 3D structure of SP binding to GSK-
3p. (C) 3D structure of SP binding to ERK. (D) 3D structure of SP binding to p38.

accumulation and regulate the MAPK/STAT3/NF-«xB
pathway-induced HepG2 cell apoptosis.

Cell cycle dysregulation, which is an established hallmark
of cancer, has great significance for cancer treatment [32].
Flow cytometry results showed that many cells were in the
GO/G1 after SP treatment. This indicates that these cells are
undergoing cell cycle arrest and are not actively dividing.
Moreover, the protein expression level was inhibited in the
NAC group compared with the SP-treated group. This
implies that the ROS-mediated AKT may be related to the
SP to arrest the cell cycle in HepG2 cells.

Cell migration is a complex and dynamic process. It
affects critical physiological processes, such as individual
development and wound healing [33]. Due to cell migration,
cancer cells can participate in the circulatory system and
migrate from primary tumors to other tissues, causing
cancer cell growth, which poses risks to human health and
life [34]. AKT is a serine/threonine-protein kinase. After
phosphorylation and activation, AKT can regulate the
activity of many downstream molecules including GSK-38,
which leads to phosphorylation and nuclear translocation of
B-catenin, inhibiting cancer cell migration and invasion
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[35-37] Through network pharmacology, we previously
predicted that GSK-3p, as a critical protein, might have an
essential role in the anti-HCC mechanism of SP. Western
Blot revealed that SP upregulated the E-cadherin expression
level and downregulated p-AKT, p-GSK-3B, N-cadherin,
vimentin, SNAI 1, and P-catenin. This result verifies that
our prediction was correct. The protein changes in HepG2
cells showed an opposite trend after the addition of NAC
pretreatment, and SP inhibited cell migration by
accumulating intracellular ROS accumulation.

In this study, we predicted the binding sites of SP to
HCC-related proteins by molecular docking. The results
showed that SP could successfully dock with AKT, GSK-3p,
and some MAPK protein kinases. GSK-3p, as a key target
protein screened by PPI, may bind to SP through the key
amino acid residue ARG-96 of the GSK-3p protein.
Moreover, ERK and p38 can interact with each other, which
is consistent with our molecular mechanism results.
Although the docking between JNK and SP was not
successful in our docking experiment results, considering
the limitations of network pharmacological analysis, more
experimental verification, and other ways are needed to
further explore this issue in the future.

In this study, HepG2, Huh-7, and Hep3B cell lines were
selected to detect the anti-HCC effect of SP, and the HepG2
cells were screened by CCK-8 assay as a model system for
subsequent studies. However, although HepG2 cells are
widely used, they only represent one type of HCC and may
not fully reflect all subtypes of HCC. Therefore, SP may
have different effects in other HCC cell lines or primary
HCC cells. Additional work is needed to precisely assess the
efficacy of SP by conducting studies on a broader range of
HCC cell models. Clinical trial is the key step to verify the
efficacy and safety of drugs. Besides, we found that SP can
induce apoptosis and inhibit migration in HepG2 cells,
which is consistent with the mechanism of action of
commonly used anti-HCC drugs in clinical practice, such as
apatinib [38] and lenvatinib [39]. These drugs exert their
therapeutic effects by inducing apoptosis and inhibiting
migration of HCC cells, and the similar bioactivity of SP
suggests that it may have potential for clinical application.
However, this hypothesis still needs to be tested, and further
in vivo experiments are necessary in the future to examine
the expression changes of the relevant target genes at the
tissue level.

In the subsequent molecular mechanism analysis, we
found that SP exhibited a similar molecular mechanism to
apatinib and lenvatinib in the anti-liver cancer process,
which was to induce cell apoptosis by regulating AKT,
MAPK, STAT3 and NF-kB signaling pathways [38,40,41].
Apoptosis has become a high-profile emerging therapeutic
strategy in the field of anti-HCC. This finding not only
further confirms the importance of apoptosis in HCC
treatment, but also provides theoretical support for the
combined application of SP with other drugs.

Moreover, the anti-HCC mechanism of SP is closely
related to the actual case situation of HCC patients in
clinical practice. It has been demonstrated that the MAPK
signaling pathway plays a crucial role in HCC development,

which is activated in more than 50% of human HCC cases
[42]. Interestingly, this research revealed that SP could
regulate this key MAPK signaling pathway and subsequently
induce apoptosis in HepG2 cells. The identification of this
apoptotic mechanism not only establishes a theoretical
foundation for the potential utilization of SP in addressing
HCC but also offers significant insights to advance our
comprehension of HCC’s pathogenesis and the exploration
of novel therapeutic strategies.

Conclusion

This study indicated that SP could induce apoptosis through
the ROS-mediated MAPK/STAT3/NF-«B signaling pathway,
arrest the cell cycle, and inhibit cell migration through the
ROS-mediated AKT signaling pathway in HepG2 cells.
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