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Abstract: Objective: Sea buckthorn is rich in flavonoid components that possess significant antioxidant capacity,
capable of eliminating free radicals, reducing oxidative damage, and demonstrating inhibitory effects on the prolif-
eration of various cancer cell lines. The total flavonoids of sea buckthorn (SFs) and its monomers have shown their
effect in inhibiting the proliferation of human liver cancer cells in vitro, accompanied by a decrease in intracellular
oxidative stress indicators. Although current research results indicate that SFs have antioxidant and anti-hepatocel-
lular carcinoma activities, there is still a lack of precise molecular mechanism studies on their role in Hepatocellular
carcinoma (HCC). Methods: SFs were extracted using an ultrasonication-assisted ammonium sulfate-ethanol meth-
od and characterized by LC-MS. Network pharmacology identified core targets, which were subsequently validated
through molecular docking and dynamics simulations. In vitro, the antioxidant capacity of SFs was assessed using
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), Peroxyl Radical
Scavenging Capacity (PSC), and Total Antioxidant Capacity (TOAC) assays. The effects of SFs on HepG2 cell viability
and apoptosis were evaluated using CCK-8 and flow cytometry assays, respectively. Oxidative stress-related fac-
tors were measured by ELISA. Western blot and qPCR were used to determine the effect of SFs on the PI3K/Akt
and JAK signaling pathways. Result: LC-MS identified 1,988 compounds, including key flavonoids such as chrysin,
hesperetin, acacetin, and nobiletin. Network pharmacology highlighted PI3K and JAK as core targets. To reveal the
relationship between SFs and core target, molecular docking was used to find binding affinities between these key
flavonoids and the core targets, which was corroborated by stable molecular dynamics simulations. Furthermore,
we found that SFs exerted their antioxidant, anti-apoptotic, and anti-inflammatory effects through the inhibition of
the PI3K/Akt and JAK pathways. Conclusion: This study demonstrates that SFs attenuate oxidative stress in HepG2
cells by scavenging free radicals, inhibiting pro-inflammatory cytokines, and modulating the PI3K/Akt and JAK path-
ways. These findings position SFs as a strong candidate for further preclinical development as an adjuvant therapy
for HCC.
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Introduction over the past 40 years [3]. These patients suf-

fer from HCC for various reasons, such as hepa-

Hepatocellular carcinoma (HCC) is one of the
most frequently diagnosed malignant tumors
worldwide, with an estimated 906,000 new
cases globally in 2020. It is the third most com-
mon cause of cancer-related deaths, with a
5-year relative survival rate of approximately
18% [1, 2]. What is even more worrying is that
in 2023, the United States saw 41,210 new
cases of HCC, an increase of nearly three times

titis B virus (HBV) infection, alcoholic steato-
hepatitis (ASH), or non-alcoholic fatty liver dis-
ease (NAFLD). These pathogenic factors disrupt
the balance between growth-promoting onco-
genes and tumor suppressor genes in liver
cells, leading to abnormal activation of key sig-
naling pathways [4, 5]. The pathways, including
the PI3K/Akt/mTOR, JAK/STAT, Ras/Raf/MAPK,
and Wnt/f signaling pathways have been prov-
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en to have a strong correlation with the devel-
opment and progression of HCC, and play fun-
damental and crucial roles in coordinating
important cellular processes such as cell prolif-
eration, cell lineage specialization, programmed
cell death, and the response of HCC to oxida-
tive stress. Therefore, they are key therapeutic
targets in current anti-cancer drug research
and development [6, 7].

The link between oxidative stress and HCC pro-
gression is also well-established, making redox
homeostasis as a compelling therapeutic tar-
get. Elevated reactive oxygen species (ROS)
directly drives tumorigenesis by inducing DNA
mutagenesis and activating pro-oncogenic sig-
naling pathways, such as the PI3K/Akt path-
way. Further, active cancer state is often exac-
erbated by the enhanced aerobic glycolysis
characteristic of malignant cells, which increas-
es ROS production, forming a positive feedback
loop [8]. Additionally, HCC models show that
oxidative stress can upregulate specific effec-
tors, like HEXB, to accelerate tumor progres-
sion [9]. This concept is supported by evidence
that various antioxidants, including curcumin,
vitamins C and E, and silymarin, can mitigate
HCC progression by modulating specific effec-
tors to scavenge ROS and protect against DNA
damage in hepatic tissues [10-12].

Sea buckthorn (Hippophae rhamnoides L.), a
plant distributed across Europe and Asia, is a
rich source of bioactive compounds. Its flavo-
noids, including flavonols, flavanols, and flava-
nones, are considered the primary active con-
stituents, demonstrating potent antioxidative,
antitumor, anti-inflammatory, and lipid-lower-
ing properties [13, 14]. Regarding the antioxi-
dant function of SFs, they can regulate Lectin-
like oxidized low-density lipoprotein receptor-1
(LOX-1) and endothelial nitric oxide synthase
(eNOS) gene transcription to shield endothelial
cells from oxidized low-density lipoprotein inju-
ry [15]. Quercetin is a key compound included
in SFs, and has been shown to inhibit the prolif-
eration of HepG2 and Huh7 hepatocellular car-
cinoma cell lines by activating the JAK/STAT
pathway and enhancing IFN-o responsive gene
transcription [16]. Additionally, other studies
show that SFs with neurotrophic properties can
enhance neuronal maturation through activa-
tion of the PI3K/Akt cascade and ERK-mediated
pathways. This effect is likely attributed to poly-
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phenolic compounds including kaempferol, iso-
rhamnetin, and quercetin [17].

Given the antioxidant and anti-tumor properties
of SFs, we isolated it using ultrasonication-ass-
isted ammonium sulfate-ethanol extraction,
followed by qualitative and quantitative analy-
ses to identify and profile the resulting fla-
vonoid constituents. Network pharmacology
identified PIBK and JAK as core SFs targets.
Computational analyses, including molecular
docking and dynamic simulation approaches,
demonstrated that major constituents of SFs
form stable complexes and exhibit high affinity
interactions with the active sites of PI3K and
JAK proteins. In vitro validation demonstrated
SF-mediated antioxidant effects, modulation of
HepG2 cell viability, apoptotic activity, inflam-
matory cytokine levels, and suppression of
PI3K/Akt and JAK signaling pathways.

Materials and methods
Extraction of flavonoids from seabuckthorn

Sea buckthorn was first pulverized into a fine
powder and then subjected to petroleum ether
extraction to eliminate fats and some pigments.
The defatted powder (1.25 g) was mixed with
an ammonium sulfate-ethanol aqueous two-
phase system (20 mL, 50% ethanol concentra-
tion). The mixture underwent ultrasonic-assist-
ed extraction at 60°C for 40 min using an ultra-
sonic oscillator, followed by filtration to obtain
the flavonoid extract.

Compositional analysis of SFs

The extract was lyophilized for 63 h in freeze
dryer (Scientz-100F) and pulverized (30 Hz, 1.5
min) on a mill (MM 400, Retsch) until powdered.
A 50 mg portion of the powdered sample was
thoroughly homogenized in 1.2 mL of pre-
cooled (-20°C) 70% methanol solution supple-
mented with internal standards. The internal
standard solution was formulated by dissolving
1 mg of the reference compound in 1 mL of
70% methanol, yielding a stock concentration
of 1,000 pg/mL. The solution was subsequent-
ly diluted to 250 pg/mL using 70% methanol.
The sample was vortexed for 30 seconds at
half-hour intervals, completing six cycles in
total, and subsequently centrifuged at 12,000
rom for 3 minutes. Afterward, the supernatant
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obtained was filtered through a 0.22 pym micro-
porous membrane before being subjected to
UPLC-MS/MS analysis.

Chromatographic separation was performed
using 0.1% formic acid in ultrapure water
(Solvent A) and 0.1% formic acid in acetonitrile
(Solvent B). The gradient elution, delivered at
0.35 mL/min, was as follows: 0.0-9.0 min, 5%
to 95% B (linear); 9.0-10.0 min, 95% B (isocrat-
ic); 10.0-11.0 min, 95% to 5% B (linear); 11.0-
14.0 min, 5% B (re-equilibration). The column
temperature was maintained at 40°C, and the
injection volume was 2 L.

Data acquisition and spectrometric evaluation
were performed using Analyst 1.6.3 software.
Qualitative and quantitative assessments were
performed against an in-house metabolic data-
base. Characteristic ions for each compound
were selected via triple quadrupole filtration,
with signal intensities (counts per second, CPS)
recorded by the detector. Raw spectral files
were processed in MultiQuant software for ch-
romatographic peak integration and baseline
correction. The relative amount of each com-
pound was determined by calculating the inte-
grated area under the peaks. Final datasets
containing all chromatographic peak area inte-
grations were exported and archived.

Obtaining targets associated with SFs and HCC

Active compounds were selected using TCMSP
(https://old.tcmsp-e.com/tcmsp.ph) based on
pharmacokinetic parameters, including oral
bioavailability exceeding 30% and drug-like-
ness greater than 0.18. Subsequently, related
targets were identified and normalized to gene
symbols utilizing the UniProt database (https://
www.uniprot.org/). Genes associated with oxi-
dative stress (0OS) were retrieved from GenCards
(https://www.genecards.org/), while additional
target genes were sourced from the OMIM
database (https://www.omim.org/). The target
genes in the two databases were merged and
deduplicated. Overlapping targets between SFs
and OS were identified using the Venn pack-
age.

Constructing protein-protein interaction net-
work (PPI)

The treatment targets related to oxidative str-
ess were identified by intersecting the SFs tar-
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gets with genes linked to oxidative stress. The
shared genes were further examined through
the STRING 11.0 platform (https://string-db.
org/), specifying Homo sapiens as the species
and applying a combined interaction score
cutoff greater than 0.9. Following the exclusion
of unconnected targets, PPl network was sys-
tematically constructed to visualize functional
associations. The network was imported into
Cytoscape 3.9.1 for topology analysis. MCODE
clustering (K-core = 2, node score cutoff = 0.2)
partitioned the network into 45 subnetworks.
The highest-scoring subnetwork (MCODE score)
was prioritized for CytoHubba analysis using
Maximal Clique Centrality (MCC), identifying
hub genes.

Gene ontology (GO) enrichment analysis

GO enrichment, including molecular function
(MF), cellular component (CC), and biological
process (BP), was performed via the Cluster-
Profiler package with GO database (https://
www.geneontology.org/). Parameters included
human species, p-value <0.05 (FDR-corrected),
and gene set max size limits (500).

Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis

KEGG enrichment analysis is based on the
KEGG (https://www.genome.jp/kegg/) data-
base, combining data on differential genes,
proteins, or metabolites to explore their enrich-
ment in specific biological pathways, thereby
revealing the underlying mechanisms of related
biological processes between SFs and OS.
KEGG pathway analysis using ClusterProfiler
identified top 20 enriched pathways (p-value
ranked). Key pathways included MAPK signal-
ing and PI3K/Akt signaling, visualized via
ggplot2.

Molecular docking

JAK2 and PIK3CA were identified as central tar-
gets due to exhibiting the greatest degree of
node connectivity within the interaction net-
work in the PPI network associated with oxida-
tive stress and sea buckthorn flavonoid compo-
nents. As the catalytic subunit of PI3K, PIK3CA
mediates PI3K pathway activation and regu-
lates cellular proliferation and survival. Mole-
cular docking was performed using the 3D
structures of sea buckthorn flavonoids retriev-
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ed from the PubChem database (https://pub-
chem.ncbi.nim.nih.gov) and target protein stru-
ctures (PDB IDs: 7L1C for PIK3CA, 7TEU for
JAK2, 1ALU for IL-6) downloaded from the
Protein Data Bank (https://www.rcsb.org). Au-
toDock Vina served as the computational tool
for evaluating the binding scores of the com-
pounds (chrysin, hesperetin, acacetin and nobi-
letin) and proteins (JAK2, PIK3CA, IL-6). Protein
models were prepared using PyMOL, during
which all ligands and water molecules were
eliminated as part of the preprocessing steps.
Docking simulations between the two targets
and sea buckthorn flavonoids (acacetin, hes-
peretin, nobiletin, and chrysin) were performed
with the aid of AutoDock Vina (v1.1.2, devel-
oped by the Scripps Research Institute, USA)
and PyMOL (version 3.1.3, Schrodinger, USA).
To optimize binding affinity assessment, dock-
ing parameters including XYZ coordinates and
grid dimensions were adjusted to identify opti-
mal flexible docking conditions.

Molecular dynamics simulations

GROMACS 2023.3 software was employed to
carry out molecular dynamics simulations to
investigate the stability of protein-ligand com-
plexes identified through molecular docking
[18]. The docking study utilized sea buckthorn
flavonoid structures from PubChem and target
proteins (PIK3CA: 7L1C, JAK2: 7TEU) from the
Protein Data Bank. The AMBER14SB force field
was applied to proteins while GAFF parameters
described ligands, with topology files generat-
ed using ACPYPE [19]. Systems were solvated
in TIP3P water within a 1.2 nm cubic box and
neutralized with Na*/Cl. Energy minimization
employed the conjugate gradient method until
convergence (max force < 10 kJ/mol/nm). Sub-
sequent equilibration included 100 ps NVT
phase at 300 K (V-rescale thermostat) and 100
ps NPT phase at 1 atm (Parrinello-Rahman
barostat), using 2 fs timestep with LINCS bond
constraints. Long-range electrostatics were
handled by PME with 1.2 nm cutoffs. Production
simulations extended for 100 ns under NPT
conditions. Trajectories were analyzed using
GROMACS tools for 3D free energy landscape,
Radius of Gyration (Rg), Root Mean Square
Deviation (RMSD), Root Mean Square Fluc-
tuation (RMSF), Solvent Accessible Surface
Area (SASA), and hydrogen bonding (distance <
0.35 nm, angle > 120°), with visualization per-
formed in VMD.
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ABTS assay

The antioxidant capacity of SFs and vitamin C
was evaluated using the Total ABTS Antioxidant
Capacity Assay Kit (S0119, Beyotime, China).
First, the ABTSe* working solution was pre-
pared by incubating the ABTS stock with the
provided oxidant reagent in the dark at room
temperature for 12 hours. The ABTSe* solution
was subsequently diluted using ethanol to
achieve an absorbance value of 0.70 + 0.05 at
734 nm. For each assay, 10 yL of appropriately
diluted sample was added to 200 uL of the
ABTSe* solution; after reacting for 6 minutes at
room temperature, the decrease in absorbance
at 734 nm was recorded. Radical scavenging
activity (%) was calculated as:

A

Asampte ~Aviank

Clearance rate (%) = (1 - A ) X 100%

control

DPPH assay

The free radical scavenging ability of SFs and
vitamin C was evaluated by employing the
DPPH antioxidant capacity assay kit (BC4750,
SolarBio, China). A 0.1 mM DPPH solution in
ethanol was prepared, and 1 mL of this solution
was combined with 100 pL of the sample. The
solution was kept in darkness at ambient tem-
perature and allowed to react for 30 minutes.
The reduction in DPPH absorbance was deter-
mined at 517 nm with a UV-Vis spectrophotom-
eter (UV-1800, Shimadzu, Japan). The radical
scavenging capacity was then calculated fol-
lowing the formula applied in the ABTS assay.

Determination of free radical scavenging abil-
ity using fenton reaction (PSC)

The ability of SFs to scavenge hydroxyl radicals,
generated by the Fenton reaction in a pH 7.4
phosphate buffer, was quantified using an
assay kit (Elascience, E-BC-K527-M, China).
The reaction mixture comprises 2-deoxy-D-
ribose (0.28% w/v), a ferrous ion source (100
uM FeS0,), and 1 mM H,0,, along with varying
concentrations of SFs and Vc (10 pg/mL, 50
pg/mL and 100 pg/mL). Samples were incu-
bated at 37°C for 60 minutes to allow for radi-
cal-induced breakdown of 2-deoxy-D-ribose.
The reaction was stopped with an equal volume
of a 1% thiobarbituric acid (TBA) and 2.8% tri-
chloroacetic acid (TCA) mixture. To activate the
chromophore, samples were heated at 100°C
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for 15 minutes before the absorbance was
read at 532 nm on a UV-Vis spectrophoto-
meter.

Measurement of superoxide radical scaveng-
ing ability using the xanthine oxidase method
(TOAC assay)

The Total Antioxidant Capacity Assay Kit
(Yeasen, China) was employed to evaluate the
ability of SFs to scavenge superoxide radicals.
Superoxide anions (0, *) were generated enzy-
matically by the xanthine/xanthine oxidase sys-
tem in a pH 7.4 phosphate buffer. The reaction
mixture includes xanthine as the substrate,
xanthine oxidase to catalyze the oxidation of
xanthine, and nitroblue tetrazolium (NBT) as a
chromogenic probe. In the absence of a scav-
enger, the produced O, ¢ radicals reduce NBT
to form a colored formazan product, which is
monitored spectrophotometrically at 560 nm.
SFs and Vc at concentrations of 10, 50, and
100 pg/mL were introduced into the reaction
mixture to scavenge O, ¢ radicals.

Cell culture and treatment

HepG2 cells, obtained from the Cell Bank of
Type Culture Collection at the Chinese Acade-
my of Sciences (Shanghai, China), were main-
tained in DMEM (Thermo Fisher Scientific, USA)
enriched with 10% fetal bovine serum (Gibco,
USA) and antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin; Beyotime, China).
Cultures were incubated at 37°C in a humidi-
fied atmosphere containing 5% CO,. For treat-
ment experiments, SFs and vitamin C were
applied at concentrations of 10, 50, and 100
pg/mL for 24 hours. Cell supernatants and pro-
teins were collected for subsequent experi-
ments.

CCK-8 assay

Cell proliferation was assessed by the CCK-8
assay (BS350B, Biosharp, China). HepG2 cells
were seeded into 96-well plates at 4 x 103 cells
per well and allowed to adhere for 24 hours.
Subsequently, cultures were exposed to SFs at
10, 50, or 100 uyg/mL for another 24 hours.
After treatment, 10 pyL of CCK-8 reagent was
added to each well and incubated at 37°C for
1 hour. Finally, absorbance was measured at
450 nm using a microplate reader (Agilent
BioTek Epoch 2, Agilent, USA).
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Flow cytometry analysis

Following treatment, HepG2 cells were rinsed
twice with ice-cold PBS to eliminate remaining
culture medium. The cells were subsequently
resuspended in 1 x Annexin V binding buffer
(Elabscience, China) at a density of approxi-
mately 1 x 10° cells/mL. One hundred microli-
ters of cell suspension were placed into flow
cytometry tubes and incubated with 5 pL of
Annexin V-FITC solution for 15 minutes at room
temperature in the dark to permit phosphatidyl-
serine binding. Before conducting flow cytome-
try, each tube received 5 L of propidium iodide
(PI) solution (Elabscience, China) and was sub-
sequently incubated in the dark for 5 minutes.
Finally, 400 pL of 1 x binding buffer was added
to adjust sample volume, and all specimens
were maintained on ice until analysis. Fluore-
scence signals were quantified using a Beck-
man flow cytometer (Beckman, USA) with stan-
dard configuration for FITC/PI detection.

Enzyme-linked immunosorbent assay (ELISA)

IL-6, TNF-a and COX-2 levels were measured
using commercial IL-6 ELISA kit (EK106/2-AW1,
LiankeBio, China), TNF-a« ELISA kit (EK182HS-
AW1, LiankeBio, China), and COX-2 ELISA kit
(ml062904, MIBio, China). A 96-well microplate
was incubated overnight at 4°C after being
coated with 50 pL of capture antibodies spe-
cific for IL-6, TNF-a, and COX-2. Following this,
the wells were rinsed three times using a stan-
dard washing buffer. Subsequently, 100 pL of
HRP-labeled secondary antibody was intro-
duced into each well and allowed to react for 1
hour at room temperature. After a further wash,
90 uL of TMB substrate was introduced, the
reaction was halted with stop solution, and the
optical density at 450 nm was recorded using a
microplate spectrophotometer (BioTek, USA).

Real-time quantitative PCR (RT-gPCR)

Total RNA was extracted from HepG2 cells
using the TransZol Up Plus RNA Kit (ER501-01,
TRANS, Switzerland) according to the manufac-
turer’'s instructions. cDNA was synthesized
using the One-Step gDNA Removal (AU341,
TRANS, Switzerland) following the manufactur-
er's protocol. RT-qPCR was performed using
MagicSYBR Mixture (CW3008, ConwayCentury,
China). The amplification program was as fol-
lows: The PCR protocol began with an initial
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Table 1. The primer sequences for gRT-PCR

Primers Sequence (5'—3’)

PIBKCA-F  5-GAAGCACCTGAATAGGCAAGTCG-3’
PIBKCA-R  5-GAGCATCCATGAAATCTGGTCGC-3’
AKT-F 5-TGGACTACCTGCACTCGGAGAA-3’
AKT-R 5-GTGCCGCAAAAGGTCTTCATGG-3’
JAK2-F 5’-CCAGATGGAAACTGTTCGCTCAG-3’
JAK2-R 5’-GAGGTTGGTACATCAGAAACACC-3’
GAPDH-F 5-GGAGCGAGATCCCTCCAAAAT-3’
GAPDH-R  5-GGCTGTTGTCATACTTCTCATGG-3’

denaturation step at 95°C for 10 minutes, fol-
lowed by 40 amplification cycles consisting of
95°C for 10 seconds and 60°C for 30 seconds.
Relative quantification of gene expression was
performed using the 2%t approach, with
GAPDH serving as the reference gene. The
primers used for the target and reference
genes are listed in Table 1.

Western blot

Proteins were isolated from HepG2 cells us-
ing RIPA lysis buffer (RO010, Solabio, China)
supplemented with 1% protease inhibitor cock-
tail (P1005, Beyotime, China). Protein concen-
trations were quantified using the BCA assay
kit (BL521S, Biosharp, China). Equivalent quan-
tities of protein samples were separated via
10% SDS-PAGE and subsequently transferred
to PVDF membranes (IPVHOOO010, Millipore,
USA) using the Trans-Blot Turbo transfer appa-
ratus (Bio-Rad, USA). The membranes were
first incubated in TBST containing 5% nonfat
milk at room temperature for 1 hour to block
nonspecific binding, followed by an overnight
incubation at 4°C with the designated primary
antibodies. PI3K (1:1,000; Invitrogen, PA5-
29220), p-AKT (1:1,000; Proteintech, 28731-1-
AP), AKT (1:1,000; Cohesion, CPA1034), p-JAK2
(1:1,000; Proteintech, 17670-1-AP), and JAK2
(1:1,000; Proteintech, 29101-1-AP). After three
TBST washes, HRP-conjugated secondary anti-
body (1:5,000; Proteintech, SAO0001-2) was
applied for 1 hour at room temperature. Sig-
nal detection was performed using an ECL sys-
tem (Tanon-5200, Tianeng, China), and band
densities were quantified with ImagelJ. B-Actin
(1:1,000; Proteintech, USA) served as a loading
control.

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 8 software (v8.0.1). All data were
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expressed as mean = standard deviation (SD)
from at least three independent experiments.
Comparisons between two groups were ana-
lyzed using an unpaired Student’s t-test. Com-
parisons among more than two groups were
analyzed using a one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple com-
parisons test to compare each treatment group
against the designated control group. A P-value
< 0.05 was considered statistically significant.

Results
Component analysis of SFs

SFs can be isolated via counter-current chro-
matography and mechanochemical-assisted
extraction, but a customized extraction proto-
col with optimized parameters was developed
and systematically employed in this study. The
extraction conditions were: ethanol concentra-
tion of 50%, extraction temperature of 60°C,
extraction time of 40 min, ammonium sulfate
1.25 g/20 mL, and flavonoid extraction rate
of 529.91 mg/100 ¢g. In this study, ultrasoni-
cation-assisted ammonium sulfate-ethanol ex-
traction was employed for phytochemical isola-
tion, followed by LC-MS-based separation and
characterization. Based on the local metabolic
database, the compounds of the samples were
analyzed by mass spectrometry qualitatively
and quantitatively, which identified 1,988 com-
pounds: 695 flavonoids, 427 terpenoids, 223
phenolic acids, 219 alkaloids, 140 lignans/cou-
marins, 31 quinones, 25 tannins, 11 steroids,
and 217 miscellaneous compounds. The flavo-
noids in the top 10 include chrysin, hesperetin,
acacetin and nobiletin (Figure 1).

Network pharmacology analysis

To investigate potential molecular targets of
SFs for oxidative stress, network pharmacology
analysis was used. The keyword “Oxidative
Stress” was entered into the GeneCards data-
base to collect disease targets, filtered by
excluding genes with scores below the median
(3.2014), yielding 7072 targets. A total of 73
relevant genes were retrieved from the OMIM
(Online Mendelian Inheritance in Man) data-
base. The target genes in the two databases
were merged and deduplicated, and 7144
genes were finally obtained. The results are
shown in the Venn diagram (Figure 2A). The
interplay between SFs and oxidative stress tar-
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Figure 1. LC-MS analysis of SFs. The total ion chromatograms (TIC, representing the summed ion intensity across all detected m/z values at each time point) and
multiple reaction monitoring (MRM) chromatograms (extracted ion chromatograms, XIC) of SFs are displayed in both positive and negative ion modes. The x-axis in-
dicates retention time (RT, min), while the y-axis represents ion intensity (counts per second, cps). SFs were separated and detected by LC-MS, followed by qualitative
and quantitative analysis using an in-house metabolic database. A. TIC in positive ion mode; B. TIC in negative ion mode; C. MRM chromatograms (XIC) in positive

ion mode; D. MRM chromatograms (XIC) in negative ion mode.
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Figure 2. Network pharmacology analysis of potential targets for SFs in oxidative stress. The targets of SFs and
oxidative stress were obtained by the TCSMP database and the GenCard database, respectively. Then, PPl net-
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gets is presented in Figure 2B. PPl network
constructed using the STRING database con-
tained 1,211 nodes and 6,359 edges. Sub-
sequent PPl analysis identified the top 10 hub
genes: JAK2, EGFR, IL6, PIK3R1, PIK3CA,
PIK3CD, PIK3CB, IL1B, IFNG, and CXCL1 (Figure
2C). The interconnections among these hub
genes were illustrated, revealing the most
extensive interactions between JAK2 and other
hub genes (Figure 2D).

KEGG pathway analysis identified significant
enrichment in key signaling pathways, including
PI3K/Akt, MAPK, and Ras. The PI3K/Akt path-
way showed the greatest number of associated
genes, which is consistent with the PPl analy-
sis. Other enriched pathways included cancer-
associated microRNA regulation, receptor-me-
diated and ROS-driven chemical carcinogene-
sis, and tumor-associated proteoglycan signal-
ing (Figure 2E).

The GO analysis implicated hypoxic stress as a
central driver, with top BP terms including
“response to oxygen levels” and “response to
decreased oxygen levels”. This stress was func-
tionally linked to the “positive regulation of
MAPK cascade”, suggesting that cells respond
to oxidative conditions by activating this key
pathway, which is consistent with the broader
engagement of pro-survival (PISK/Akt) and
NF-kB signaling. The CC analysis localized
these events, identifying enrichment for “mem-
brane raft” and “cytoplasmic microdomain”, wh-
ich are key signaling hubs on the cell surface.
Furthermore, terms like “vesicle lumen” and
“secretory granule lumen” suggest that ROS
may also exert effects within the endomem-
brane system. The MF analysis was dominated
by kinase and regulatory activities, including
“protein serine/threonine kinase”, “protein tyro-
sine kinase” and “histone kinase” functions, as
well as “histone modification” (Figure 2F).

Interaction intensity of chrysin, hesperetin,
acacetin and nobiletin docking with JAK2 or
PIK3CA

To elucidate binding mechanisms, we docked
the active compounds (chrysin, hesperetin, ac-
acetin, and nobiletin) against JAK2 or PIK3CA.
This analysis succeeded in quantifying their
binding energies and identify key intermolecu-
lar interactions. All four compounds displayed
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high predicted binding affinities for targets,
yielding significantly lower binding energies
than IL-6. Besides, the compounds showed str-
onger binding capabilities to JAK2 than to
PIK3CA, particularly chrysin-JAK2 and acacetin-
JAK2 complexes, which achieved stronger bind-
ing capabilities (the binding energies = -8.8
kcal/mol) (Figure 3A). Based on these findings,
four top complexes in JAK2 group and a top
complex in PIK3CA group were selected for fur-
ther molecular docking visualization.

Hydrogen bonding emerged as the primary
interaction mechanism linking active com-
pounds to their protein targets. The acacetin-
JAK2 complex formed dual hydrogen bonds
between its benzopyran ring phenolic hydroxyl
group and ASP-997 residues. Chrysin estab-
lished two hydrogen bonds via its phenolic
hydroxyl groups with LEU-932 of JAK2. This
potentially explains their strong binding affinity.
Hesperetin exhibited hydrogen bonding bet-
ween its benzopyran ring hydroxyl group and
JAK2’s LEU-932, along with dual interactions
between its methoxy group and ASP-994. In the
nobiletin-JAK2 complex, hydrogen bonds were
observed between the carbonyl group and LEU-
932, as well as between a methoxy group and
GLY-856. Additionally, nobiletin-PIK3CA interac-
tions involved multiple hydrogen bonds: the
carbonyl group with VAL-9 and LYS-94, a benzo-
pyran methoxy group with GLN-8, and a ben-
zene ring methoxy group with SER-11 and ARG-
234 (Figure 3B). These findings collectively
demonstrate that chrysin, hesperetin, acace-
tin, and nobiletin achieve stable binding with
JAK2 or PIK3CA primarily through hydrogen
bonding networks.

Molecular dynamics simulation of Flavonoid-
JAK2 complexes

Molecular dynamics simulations showed that
all of the four flavonoids (Acacetin, Chrysin, Hes-
peretin and Nobiletin) formed dynamically sta-
ble complex with JAK2 with low energy confor-
mational states, maintained hydrogen bonding
and also provided dynamic structural changes.
However, although each of the four flavonoids
formed complexes with JAK2 thermodynami-
cally, there was great variance in their dynamic
behaviors. Acacetin exemplified a rigid binding
mode; Acacetin demonstrated rapid structural
equilibrium (RMSD stabilized < 10 ns at 0.2-0.4

Am J Transl Res 2025;17(12):9830-9845
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Figure 3. Molecular docking of flavonoids (chrysin, hesperetin, acacetin, and nobiletin) with target proteins JAK2 or
PIK3CA. Binding energies were calculated using the scoring function of AutoDock Vina. Docking simulations and
structural visualizations were performed with PyMOL and AutoDock Vina. A. Calculated binding energy values for
ligand-protein interactions. B. Two and three-dimensional representations of docking poses, highlighting critical

binding residues.

nm) and was trapped by the presence of tena-
cious hydrogen bonds (1-2) and low residue
flexibility (RMSF: 0.1-0.4 nm). Chrysin was a fit
that was intermediate and dynamic. It took
more time to reach equilibrium (~20 ns) and
displayed increased hydrogen bond transitions
(1-3 bonds) and intermediate RMSD oscilla-
tions (0.2-0.6 nm) (Figure 4).

By comparison, Hesperetin and Nobiletin were
very adaptable. Both complexes showed strong
changes in their RMSD (with a maximum RMSD
fluctuation of 0.8 nm), highly fluctuating hy-
drogen bonds (0-6 bonds), and a strong degree
of functionality flexibility (residues 850-900,
1000-1050; RMSF: up to 0.4 nm). Such find-
ings allowed identifying Acacetin as a static
rigid binder, whereas Hesperetin and Nobiletin
seemed to be more energetic, dynamic ligands
that explored the binding pocket on a large

scale (Figure S1).

The antioxidant effect of SFs

To reveal the antioxidant capacity of SFs, we
used four distinct assays, including DPPH,

9839

ABTS, PSC, and TOAC, to assess it. In the DPPH
and ABTS radical scavenging assays, SFs
showed clear dose-dependent activity but
were less potent than Vc (Figure 5B, 5C). The
weaker DPPH response, in particular, may be a
technical problem of preferential solubility of
DPPH, rather than a true reflection of efficacy
(Figure 5B).

In contrast, SFs were comparable to Vc in the
PSC and TOAC assays. The PSC assay, which
measures hydroxyl radical (OHe) scavenging,
showed nearly identical performance (Figure
5A). Similarly, in the TOAC assay, SFs at 100
pg/mL achieved the same maximal scavenging
rate as Vc (Figure 5D). This suggests that while
Vc reaches its peak antioxidant capacity at
lower concentrations, SFs can catch up and
offer equivalent total capacity in these specific
systems.

The effect of SFs on cell viability and apoptosis
We assessed the impact of SFs on HepG2 cell

viability and apoptosis using CCK-8 assays and
flow cytometry. SFs decreased cell viability in a

Am J Transl Res 2025;17(12):9830-9845
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Figure 4. Comparative molecular dynamics analyses of flavonoid-JAK2 complexes. Molecular dynamics simulations (GROMACS) using AMBER14SB/GAFF force
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group.

dose-dependent manner, and 10 pg/mL re-
duced viability to approximately 80%, while
both 50 and 100 pg/mL reduced it below 50%
(Figure 6A). Apoptosis rates remained at a low
level at 10 and 50 pg/mL but rose significantly
at 100 yg/mL (Figure 6B, 6C). Therefore, we
selected 10 ug/mL for all subsequent cellular
experiments. This concentration is clearly bio-
active but is low enough to avoid the confound-
ing, non-specific cytotoxicity observed at higher
doses.

PIBK/Akt and JAK signaling pathways were
inhibited by SFs in HepG2 cells

IL-6, TNF-&, and COX-2 are key cytokines regu-
lated by the PI3K/Akt and JAK signaling path-
ways. Therefore, prior to examining the PI3K/
Akt and JAK pathways, we first assessed the
effects of SFs on these cytokines. The results
demonstrated that SFs reduced the levels of
IL-6, TNF-ct, and COX-2 in HepG2 cells in a con-
centration-dependent manner (Figure 7A-C).
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Furthermore, we evaluated the expression of
PIK3CA and the phosphorylation levels of AKT
and JAK2, and found that SFs markedly de-
creased PIK3CA protein abundance as well as
the phosphorylation of AKT and JAK2 (Figure
7D-G). Meanwhile, SFs also decreased mRNA
levels of PIK3CA, AKT, and JAK2 (Figure 7H-J).
Taken together, these results suggest that SFs
regulate the PI3K/Akt and JAK signaling cas-
cades at transcriptional and post-translational
stages.

Discussion

Flavonoids are natural polyphenols character-
ized by antioxidant behaviors and wide spec-
trum of biologic characteristics such as anti-
bacterial effects, anti-inflammatory effects,
and so on contributing to low risk of the disease
[20]. To extract flavonoids of sea buckthorn, in
this research, we have used ultrasonication
aided aqueous two-phases system. This meth-
od offers advantages over conventional reflux,

Am J Transl Res 2025;17(12):9830-9845
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compared with the control group.

maceration, and Soxhlet extraction techniques.
While traditional methods are time-consuming,
ultrasonic waves facilitate cell wall disruption,
thereby significantly shortening the extraction
time [21]. Moreover, the aqueous two-phase
system makes the separation process easier
through the enriched flavonoids in the alcohol
phase due to the partition coefficients [22].
Using network pharmacology, we then detected
a connection between SFs and oxidative stress,
and thus theorized that the connection can
take place through the PISK/Akt and JAK sig-
naling pathways. One of the known causes of
HCC is oxidative stress. There exists a signifi-
cant amount of evidence indicating the pres-
ence of the hepatoprotective effect in antioxi-
dant compounds including ascorbic acid, lipoic
acid, and quercetin [23] that might be employed
in HCC treatment. Thus, we explored the devel-
opment of SFs as anti-cancer agents based on
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their antioxidant property and confirmed their
mechanism of action.

In order to evaluate the antioxidant activity of
SFs accurately, four different tests were used,
namely, DPPH, ABTS, PSC, and TOAC assay.
Even though the quantified antioxidant capacity
between the different approaches was slightly
different, overall, the findings indicate that SFs
have a considerable antioxidant activity. After
this verification, we researched on the mecha-
nism involved. Our analysis revealed that there
are four different SF elements that interact with
critical targets. Namely, chrysin and acacetin
had a high and stable binding model with JAK2,
but hesperetin and nobiletin showed other con-
formational types of flexibility during their inter-
actions with PIK3CA. Guo et al. and Wang et al.
were able to use the hepatoprotective and anti-
oxidant properties of the SFs in a previous

Am J Transl Res 2025;17(12):9830-9845
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study, respectively, but did not specifically
focus on attributes of these properties to the
treatment of HCC [24, 25]. In comparison, the
present study provided a more detailed and
more extensive virtual simulation of the interac-
tions between SFs and their therapeutic
targets.

We further confirmed the inhibitory effect of
SFs on PI3K/Akt and JAK signaling pathways in
liver cancer cells at the cellular level of gene
and protein expression. The previous study by
Xia et al. found that PI3K/Akt is inhibited by
SFs, though they did not study the neurotrophic
roles of SFs in the treatment of brain diseases
[26]. Equally, Wang et al. indicated that SFs pro-
tect endothelial cells against oxidative inflam-
mation through PI3K/Akt-eNOS route [27]. Our
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work incorporates these ideas, but puts special
emphasis on the use of SF-mediated antioxi-
dant activities in HCC and, in such a way, it will
increase the therapeutic application of SFs in
medicine. Moreover, there are also some flavo-
noid monomers in sea buckthorn, which sup-
press PI3K/Akt. An example of this would be
that Isorhamnetin prevents the proliferation
and metastasis of human gallbladder cancer
cells by hindering PISK/Akt signaling [28].
Similarly, Quercetin inhibits the development of
cholangiocarcinoma cells by blocking JAK sig-
naling pathway and rescues the up-regulation
of INOS and ICAM-1 [29]. However, unlike mono-
mers, SFs can employ their multi-component
characteristic and simultaneously activate the
PI3K/Akt and JAK pathways, which may have a
more potent anti-tumor effect.

Am J Transl Res 2025;17(12):9830-9845
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Despite the fact that the anti-tumor mecha-
nisms of SFs in this research have been
explained depending on their antioxidant capa-
bility, it is important to mention several limita-
tions. To start with, the extraction methodology
should be further optimized. Although our
procedure was successful (529.91 mg/100 g),
the composition of the specific flavonoid com-
pared with different extraction methods largely
relies on the mode of extraction method. Con-
sequently, the biological activity that was ob-
served, in this case, may not be exactly recreat-
able with the products that are extracted using
alternative methods. Comparative studies with
our results need to be conducted in future stud-
ies in terms of other methods, like mechano-
chemical-assisted extraction (MCAE), which
can yield higher results [30], or Natural Deep
Eutectic Solvents (NADES)-UAE, which is a mo-
re environmentally-friendly method [28]. The
comparison of SFs extracted using these vari-
ous methods would explain the correlation bet-
ween methods of extraction, composition, and
anti-tumor activity.

Secondly, there is a restriction of our findings
due to the use of the HepG2 cell line. Complex
in vivo pharmacokinetics, bioavailability, and
other cell-type interactions can not be com-
pletely represented in vitro in mechanistic mod-
els. The weakness of the study is that there
were no extensive in vivo pharmacokinetic stu-
dies as well as toxicology tests. This is espe-
cially so considering the fact that a large num-
ber of flavonoids are known to be relatively un-
bioavailable [31]. The other limitation is that
the SF extract is complex chemically. Our sele-
cted compounds were 695 flavonoids but there
are thousands of other compounds in the ex-
tract. One question remains whether these
uninvestigated elements regulate the manifest-
ed biological effects and do so via synergy or
antagonism mechanisms.

In conclusion, this study highlights the antioxi-
dant-mediated anti-HCC effects of SFs. After
verifying the antioxidant capacity of SFs, we uti-
lized network pharmacology, molecular dock-
ing, and molecular dynamics simulations to
identify key compound-protein interactions. Fi-
nally, cellular experiments confirmed at both
the protein and gene levels that SFs exert anti-
tumor effects by inhibiting the PI3K/Akt and
JAK signaling pathways.
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Figure S1. Comparative molecular dynamics analyses of flavonoid-JAK2 complexes. A. RMSF profiles with flexible regions marked for Hesperetin/Nobiletin. B.
Solvent-accessible surface area (SASA) ranges reflecting dynamic interface adjustments. C. Radius of gyration (Rg) trajectories illustrating global structural com-
pactness. Key differences in stabilization kinetics, flexibility, and solvent exposure are annotated.



