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ABSTRACT

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death worldwide. Ginsenoside Rk3,
an important and rare saponin in heat-treated ginseng, is generated from Rg1 and has a smaller mo-
lecular weight. However, the anti-HCC efficacy and mechanisms of ginsenoside Rk3 have not yet been
characterized. Here, we investigated the mechanism by which ginsenoside Rk3, a tetracyclic triterpenoid
rare ginsenoside, inhibits the growth of HCC. We first explored the possible potential targets of Rk3
through network pharmacology. Both in vitro (HepG2 and HCC-LM3 cells) and in vivo (primary liver
cancer mice and HCC-LM3 subcutaneous tumor-bearing mice) studies revealed that Rk3 significantly
inhibits the proliferation of HCC. Meanwhile, Rk3 blocked the cell cycle in HCC at the G1 phase and
induced autophagy and apoptosis in HCC. Further proteomics and siRNA experiments showed that Rk3
regulates the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway to inhibit HCC
growth, which was validated by molecular docking and surface plasmon resonance. In conclusion, we
report the discovery that ginsenoside Rk3 binds to PI3K/AKT and promotes autophagy and apoptosis in
HCC. Our data strongly support the translation of ginsenoside Rk3 into novel PI3K/AKT-targeting ther-
apeutics for HCC treatment with low toxic side effects.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver cancer is one of the most common types of cancer and has
a high mortality rate, accounting for 8.3% of all cancer deaths
worldwide and ranking third in the global cancer mortality rate [1].
In China, liver cancer is the second most common cancer in men
and the sixth most common cancer in women, and the number of
new cases reached 388,800 in 2016 [2]. Currently, treatment op-
tions for hepatocellular carcinoma (HCC) include surgical resection,
chemotherapy, and liver transplantation. Yet half of all HCC patients
are diagnosed at a late stage when liver resection and trans-
plantation are not feasible [3]. Sorafenib and its derivative regor-
afenib are the first- and second-line targeted drugs for advanced
HCC, respectively. Due to the complex etiology and heterogeneity of
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HCC, targeted drugs for advanced HCC remain severely limited [4].
Thus, it is essential to identify biomarkers and effective in-
terventions for early diagnosis and treatment.

Traditional Chinese medicine (TCM) has a long history in the
prevention and treatment of liver diseases. Recently, studies have
shown that TCM and extracts from vegetables and fruits such as
polyphenols and flavonoids have a strong inhibitory effect on HCC and
other tumors, providing an important alternative treatment plan
[5—9]. Ginseng, a slow-growing perennial plant, has long been used to
treat various human diseases including cancer, diabetes, and trau-
matic brain injury [ 10—13]. Ginsenoside Rk3 is a major rare saponin in
heat-treated ginseng that induces a variety of biological changes. Our
previous studies showed a role of Rk3 in anti-tumor, anti-anemia,
anti-type 2 diabetes, and alleviation of alcohol-induced hepatotoxic-
ity [14—17]. However, the effect of Rk3 in HCC, as well as the under-
lying mechanisms, has not been fully investigated.

The phosphatidylinositol-3-kinase (PI3K)/protein kinase B
(AKT) signaling pathway plays important roles in multiple cellular
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processes including cancer cell growth and survival and is highly
activated in many tumors including HCC [18,19]. Indeed, many
proteins in the pathway are highly susceptible to dysregulation via
amplification, mutation, or translocation in cancer patients [20].
PI3K is a phosphatidylinositol kinase consisting of a regulatory
subunit (p85) and a catalytic subunit (p110). AKT is a serine/thre-
onine tyrosine kinase that can be activated by PI3K with the help of
phosphatidylinositol-dependent kinase 1 (PDK1), a downstream
effector of PI3K. The PI3K/AKT pathway is central for the sustained
activation of AKT, which further regulates cell cycle, apoptosis,
metastasis, and angiogenesis and usually also leads to aberrant
signaling and uncontrolled proliferation-associated diseases [21],
an important feature of many human cancers (e.g., breast [22],
melanoma [23], lung [24], colorectal [25], prostate [26], liver [27],
and gastric cancers [28]), making PI3K/AKT a promising important
target for cancer treatment. The role of PI3K/AKT in mediating the
effect of Rk3 in HCC has not been reported before.

Network pharmacology is a powerful tool to understand the
pharmacological action, mechanism, and toxicity of TCM and had
been used to predict drug targets and to improve drug discovery
efficiency [29]. In this study, we first used such a bioinformatics
approach to identify potential targets of Rk3. We then determined
the anti-tumor effect of Rk3 on human HCC cell lines and investi-
gated the possible molecular mechanisms underlying these actions.
Initial in vitro findings were validated in two animal models: the
HCC xenograft nude mice model and the primary liver cancer
mouse model. Proteinological analysis was performed to reveal the
protein causes and signaling pathways regulated by Rk3 from a
systematic perspective. In addition, siRNA, molecular docking and
surface plasmon resonance (SPR) were used to reveal the target
mechanisms of Rk3-induced changes.

2. Materials and methods
2.1. Cell culture and reagents

HepG2 and HCC-LM3 cells were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). HL-02 cell was
obtained from Fuheng Biology Co., Ltd (Shanghai, China). Both cell
lines were used for in vitro assays if not specified. Cells were
maintained in Dulbecco's modified Eagle medium (DMEM) with
10% (V/V) fatal bovine serum (FBS) (Biological Industries, Beit
Haemek, Israel) at 37 °C in a 5% CO, humidified air incubator
(Thermo Scientific, Waltham, MA, USA).

Rk3 (Fig. 1A) (purity >99%) and sorafenib were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). Rk3
was dissolved in 0.2% CMC-Na for subsequent animal study.
Diethylnitrosamine (DEN), CCly, N-hydroxysuccinimide (NHS),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), and ethanolamine HCl were bought from Sigma-Aldrich (St.
Louis, MO, USA). The inhibitor or activator 3-methyladenine (3-
MA) (Cat. No. HY-19312), Z-VAD-fmk (Cat. No. HY-16658B), and
recilisib (Cat. No. HY-101625) were bought from MedChemEx-
press (Princeton, NJ, USA).

2.2. 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-
phenytetrazoliumromide (MTT) assay

The viability was determined by MTT assay as mentioned in
previous literature [30]. Cells were seeded in 96-well plates at
8 x 103 cells/well for 24 h. Then, cells were treated with 0.1%
dimethyl sulfoxide (DMSO) as control or Rk3 for another 24 h,
followed by incubation with MTT for 4 h at 37 °C. The supernatant
was removed and 150 pL of DMSO was added. The absorbance was
measured at 490 nm.
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2.3. Clony formation assay

Cells were seeded in 6-well plates at 500 cells/well and treated
with Rk3 for 24 h. The medium was changed every 2 days for 14
days, and colonies were fixed with methyl alcohol and stained
using the Giemsa stain as described [31].

2.4. Flow cytometry

Cells were seeded in 6-well plates at 5 x 10° cells/well and
treated with Rk3 for 24 h. For cell cycle analysis, cells were
collected, washed, and fixed with 75% ice-cold ethanol overnight at
4 °C, and then stained with propidium iodide (PI)/RNase staining
buffer. The fluorescence per nucleus was measured. For apoptosis
analysis, cells were collected and stained with Annexin V-FITC and
PI for 15 min at room temperature.

2.5. Transmission electronic microscopy (TEM)

Cells were seeded in 6-well plates at 5 x 10 cells/well and
treated with Rk3 for 24 h. Cells were collected and fixed with 2.5%
glutaraldehyde. Ultrathin sections (50—60 nm) were obtained for
ultrastructure observation under a TEM (JEM-1230, Japan Electron
Optics Laboratory, Tokyo, Japan).

2.6. Animal models

For the HCC-LM3 xenograft nude mouse model, four-week-old
female BALB/c athymic nude mice (n = 48, weighting 14 + 2 g)
were obtained from SJA Lab Animal Co., Ltd (Wuhan, China). After
acclimation for one week, HCC-LM3 cells (1 x 107 cells/each) were
subcutaneously inoculated into the left flanks. When the tumors
reached approximately 150 mm?, mice were randomly divided into
six groups (n = 8): Normal group, Normal + 100 mg/kg Rk3 (i.p.),
Control group, L-Rk3 group (50 mg/kg Rk3, i.p.), H-Rk3 group
(100 mg/kg RKk3, i.p.), and 100 mg/kg sorafenib (i.g.) [32]. Body
weight and tumor size were measured every three days. Mice were
euthanized after 28 days. Tumor tissues and primary organs were
obtained, weighed, and stored at —80 °C for future analysis.

For the primary liver cancer mouse model, the DEN and CCly
method was used as described [33]. Male C57BL/6 mice (2 weeks
old, weighing 12—15 g) were bought from the Air Force Military
Medical University (Xi'an, China). After acclimation for one week, all
mice were randomly divided into five groups (n = 10 per group):
Normal group, HCC group, L-Rk3 group (50 mg/kg Rk3, i.p.), H-Rk3
group (100 mg/kg Rk3, i.p.), and sorafenib group (100 mg/kg sor-
afenib, i.g.) [32]. Mice were injected with DEN (1 mg/kg in phos-
phate buffered saline (PBS) and then with CCly (0.2 mL dissolved in
olive oil, two times per week beginning at 8 weeks of age, i.p.) up to
22 weeks of age. The normal group was given PBS and olive oil. At 22
weeks, mice were given Rk3 or sorafenib for another 8 weeks. At the
end of the experiment, mice were euthanized, and liver samples
were obtained, weighed, and stored at —80 °C for future analysis.

All animal experiments were approved by the Animal Ethics
Committee of Northwest University (Approval number: NWU-
AWC-20200813M) and met the requirements of the Laboratory
Animal Act of the People's Republic of China.

2.7. Survival analysis

HCC-LM3 subcutaneous tumor-bearing mice were randomly
divided into three groups (n = 20 for each): control group, 100 mg/kg
Rk3 group, and 100 mg/kg sorafenib group. Survival was assessed
daily for 45 days.
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Fig. 1. Target prediction of ginsenoside Rk3 based on PharmMapper database and bioinformatics analysis. (A) Molecular structural formula of ginsenoside Rk3. (B) Protein-protein
interactions (PPI) network diagram of target proteins. (C) Network pharmacology. (D) Biological process. (E) Cell component. (F) Molecular function. (G) Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway.

2.8. Hemogram assay and serum analysis white blood cell (WBC) were analyzed by an automatic blood cell
analyzer (HC2200, Meiyilinm Electronic Instrument Co., Ltd, Jinan,
Blood samples from each group of the HCC-LM3 xenograft China).

nude mouse model were collected on the 28th day. Neutrophil The serum content of alanine aminotransferase (ALT), aspartate
granulocyte (GRAN), lymphocytes (LYM), platelets (PLT), and aminotransferase (AST), urine creatinine (UCR), and urea in HCC-
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LM3 xenograft nude mice was determined using commercial Kits
according to the manufacturer's instructions (Shanghai Enzyme-
linked Biotechnology Co., Ltd, Shanghai, China).

2.9. Histopathology, immunohistochemistry, and
immunofluorescence staining

Pathological staining was performed according to previous
studies with slight modifications [34—37]. Liver, tumor, and other
tissues were fixed with 10% formalin and then embedded in
paraffin. Samples were cut into 5 pm sections and fixed on a glass
slide, followed by staining with hematoxylin-eosin (H&E) or sirius
red. For immunohistochemical analysis, paraffin sections were
immune-stained with antibodies.

For immunofluorescence staining, tissues were treated with
paraffin. Tissues or cell slides were fixed in 4% paraformaldehyde,
followed by incubation with primary antibodies overnight at4 °Cin
a humidified box. Horseradish peroxidase (HRP)-binding secondary
antibodies were then applied, followed by detection with a Nikon
TE 2000 fluorescence microscope (Nikon, Tokyo, Japan).

2.10. Western blot

Cell or tissue samples were lysed in the radio immunoprecipi-
tation assay (RIPA) buffer (Beyotime, Shanghai, China). Proteins
were quantified and then subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). After transferring
proteins to a polyvinylidene difluoride (PVDF) membrane, samples
were incubated first with primary antibodies at 4 °C for overnight
and then with secondary antibodies at room temperature for 1 h.
An enhanced chemiluminescence (ECL) kit was used for signal
detection (PerkinElmer, Waltham, MA, USA).

2.11. Bioinformatics

The 3D structure of Rk3 (obtained from PubChem, CID:
75412555) was uploaded to PharmMapper (covering 1,627 drug
target information, of which 459 are human protein targets) for
potential target identification [38]. The “human protein targets only”
option was enabled, and the default was used for all other parame-
ters. Potential targets were selected based on the fit score. Protein-
protein interactions (PPI) were constructed using STRING database
[39]. The herb-compound-target network was created based on the
PPI data. Cytoscape v3.6.1 was used for the analysis of all networks
[40]. Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment were performed using
DAVID (https://david.ncifcrf.gov/) [41]. GO terms and KEGG path-
ways with P values < 0.05 were considered statistically significant.

2.12. siRNA transfection assay

Primers for siRNAs (5'-GCUGGUUAAAUGGCUAUAATT-3' and 5'-
UUAUAGCCAUUUAACCAGCTT-3' for PI3K; and 5'-UCAUGCAGC
AUGGCUUCUUTT-3, and 5-AAGAAGCGAUGCUGCAUGATT-3' for
AKT) were synthesized by GenePharma (Shanghai, China). Cells were
seeded in six-well plates at a density of 5 x 10° cells per well and
transfected with 150 nM siRNA using Lipofectamine™ 2000 reagents
(Invitrogen Carlsbad, Carlsbad, CA, USA). After 24 h, cells were har-
vested for cell viability and Western blot analysis.

2.13. Proteomics

Proteomics was performed as described previously [42]. HCC-
LM3 cells were treated with Rk3 for 24 h and proteins were
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extracted. A tandem mass tag (TMT)-based quantitative proteomics
experiment was performed by Majorbio company (Shanghai, China).
Significant proteins were defined using a fold change over 1.2 and
P < 0.05 (Student's t-test). The UniProt GOA database (https://www.
ebi.ac.uk/GOA/) was used for GO annotation. Pathway enrichment
was performed using the KEGG (https://www.kegg.jp/) database.

2.14. Clinical data

Clinical data and gene expression profiles for HCC patients were
downloaded from The Cancer Genome Atlas (TCGA) (https://portal.
gdc.cancer.gov/), covering 50 normal tissues and 374 tumor tissues.
The RNA sequencing data was converted to that similar to micro-
array data. The results of PI3K and AKT survival curves were
downloaded from the UALCAN database [43].

2.15. Molecular docking

The 3D structures (crystal structure) of PI3K (PDB ID: 1TH90) and
AKT (PDB ID: 2W1C) were downloaded from the Protein Data Bank
and processed with Maestro 11.9. The 3D molecular structure of Rk3
was downloaded from PubChem database (PubChem CID: 75412555).
The docking study was processed with AutoDock Tools. The docking
results were detected using the PyMOL Molecular Graphics System.

2.16. Binding of PI3K or AKT with Rk3

Recombinant PI3K or AKT were prepared as glutathione S-trans-
ferase (GST)-tagged fusion proteins using a kit (Beyotime Biotech-
nology, Shanghai, China). Briefly, the coding sequence was cloned
into a pgex-6p-1 vector and transformed into Escherichia coli BL21
star (DE3) cells. After the bacterial culture grew to a 600 nm optical
density (OD600) of about 0.6, isopropyl - p-thiogalactopyranoside
(IPTG) was used to induce PI3K-GST or AKT-GST expression at 37 °C
for 2 h. The GST was cleaved by a PreScission Protease (Beyotime
Biotechnology) to obtain PI3K and AKT proteins.

PI3K or AKT was coupled to a CM5 chip in 10 mm NaAc at pH 4.5
and 5.5, respectively. Activation was performed with NHS and EDC,
and blocking was performed with ethanolamine HCl. Rk3 was
dissolved in DMSO, and samples were injected into a Biacore T200
for SPR experiment (GE Healthcare Life Sciences, Uppsala, Sweden).

2.17. Statistical analysis

All data were shown as mean + standard deviation (SD). One-
way analysis of variance (ANOVA) followed by Student's t-test
was conducted using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA).
Statistical significance was defined as P < 0.05. Graphs were con-
structed using GraphPad Prism (Version 7.00, GraphPad Software
Inc., San Diego, CA, USA).

3. Results
3.1. Targeting prediction of Rk3 based on network pharmacology

To explore the basis of the pharmacological effect of Rk3, its
potential protein targets were predicted and the associated PPI
network was built (Fig. 1B). In parallel, the pharmacology diagram
in TCM was also shown (Fig. 1C). Bioinformatics analysis of the
potential target proteins revealed that they are enriched in cancer-
related pathways and the PI3K/AKT pathway and are involved in
HCC (Figs. 1D—G). Thus, Rk3 may play an important role in regu-
lating cancer signaling, especially in HCC.
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3.2. Rk3 inhibits the growth of HCC

To determine whether Rk3 can inhibit the growth of HCC, the
effect of Rk3 in two HCC cell lines HepG2 and HCC-LM3 was
assessed by the MTT assay. As expected, Rk3 could effectively
inhibit the growth of HCC cells in a dose and time-dependent
manner (P < 0.05, Fig. 2A). Similarly, Rk3 significantly reduced
the number of HCC cell clones (Fig. 2B).

For in vivo test, a primary liver cancer model (induced by DEN
and CCly) was created with abundant large tumor nodules in the
liver (Fig. 2C). Remarkably, the intervention of Rk3 and sorafenib
resulted in a significant decrease in the number and volume of
tumor nodules (Fig. S1A). Both the liver/body weight ratio and
maximum tumor length on the liver surface were much reduced in
the treatment groups compared to the HCC group (Figs. 2D and E).
In addition, these results were also validated in an HCC-LM3 sub-
cutaneous tumor-bearing mouse model, which showed that both
Rk3 and sorafenib reduced tumor volume and tumor weight (Figs.
2F—H). Compared to a 58% tumor inhibition rate of Sorafenib, Rk3
inhibited the growth of HCC-LM3 subcutaneous tumors in a dose-
dependent manner (23% and 45% in the low- and high-dose
groups, respectively). Similar results had been found for tumor
weight.

Moreover, survival analysis showed that both Rk3 and sorafenib
significantly prolonged the survival of HCC-LM3 subcutaneous
tumor-bearing mice (P < 0.05, Fig. S1B). In line with this, staining
sections of liver or tumor in primary liver cancer mouse model or
HCC-LM3 subcutaneous tumor-bearing mouse model showed that
Rk3 reduces the proliferation of liver HCC cells (Fig. S2). In addition,
Rk3 also reduced the level of liver fibrosis compared to the HCC
group as revealed by sirius red staining (Fig. S3). Together, Rk3
inhibits the growth of HCC both in vivo and in vitro.

To investigate the low toxicity of Rk3, HL-02 cell viability of
normal hepatocytes treated with Rk3 was examined, and the
results are shown in Fig. S4. It shows that Rk3 treatment pro-
duced low toxicity to normal hepatocytes. The HCC-LM3 sub-
cutaneous tumor-bearing mice were used to evaluate potential
toxic and side effects of Rk3. First, the body weight of mice with
the Rk3 treatment for 4 weeks was comparable to that of the
control group (Fig. S5A). By contrast, the body weight of mice in
the sorafenib group dropped sharply, indicating possible side
effects of sorafenib. Next, analysis of GRAN, LYM, PLT, and WBC
in the blood revealed similar levels between the Rk3 treatment
and the control groups, while significant lower levels were found
in the sorafenib group (Figs. SSB—E). Such effects of sorafenib are
consistent with a clinical study demonstrating that sorafenib
causes myelosuppression with abnormal decreases in these
blood indicators (GRAN, LYM, PLT, and WBC) in patients during
chemotherapy [44]. Further analysis with mouse liver injury
indicators (ALT and AST) and kidney injury indicators (UCR and
urea) showed similar results, where no damage and slight
damage to liver/kidney were found for Rk3 and sorafenib,
respectively (Figs. S5F—I). Lastly, while Rk3 did not result in any
pathological changes in major organs, such features were
observed in the sorafenib group including inflammatory cell
infiltrations in the liver, necrosis in part of the spleen, and renal
glomerular atrophy (Fig. S6). Thus, Rk3 exhibits a low toxicity
effect compared to the first-line drug sorafenib.

3.3. Rk3 blocks HCC cell cycle at the G1 phase
Next, we assessed the impact of Rk3 on the cell cycle in HCC cells

by flow cytometry. The Rk3 treatment group showed a gradual
increase of cells at the G1 phase compared to the control group
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(Figs. 3A and B). The possible cell cycle block at the G1 phase was
further evaluated by checking phase-related proteins. As expected,
Rk3 resulted in increased (P21) or decreased (cyclin-dependent
kinase (CDK) 4 and cyclin D1) protein abundances for selected
markers (Fig. 3C). These results by Western blot were further
validated for CDK4 and cyclin D1 using immunofluorescent (IF)
staining (Fig. 3D). Thus, Rk3 inhibits the cell cycle of HCC at the G1
phase in vitro.

The in vivo effect was first tested in the primary liver cancer
mouse model using Western blot, immunohistochemistry (IHC), and
IF staining. As with the in vitro assay, Rk3 inhibited the expression of
G1 phase-related proteins in a dose-dependent manner (Figs. 4A, 4B
and S7A). Similar results were found in the HCC-LM3 subcutaneous
tumor-bearing mouse model (Figs. 4C, 4D and S7B).

3.4. Rk3 induces HCC apoptosis

Network pharmacology (network pharmacology and pathway
analysis) indicated that Rk3 may regulate cell apoptosis. This hy-
pothesis was first tested by TEM analysis of Rk3-treated HCC cells,
which revealed extensive morphological changes including cell
shrinkage, more concentrated cytoplasm and chromatin, presence
of pyknotic and crescent-shaped nucleus, and disappearance of the
nucleoli (Fig. S8). Next, flow cytometry analysis showed that Rk3
led to a significantly increased portion of apoptotic cells (Figs. 5A
and B). The impact of Rk3 on apoptosis was further evaluated by
measuring a panel of apoptosis-related proteins including Bad, Bax,
Cyto.c, c-Casp9, c-Casp3, and c-poly(ADP-ribose) polymerase
(PARP). Indeed, the abundance of these pro-apoptotic proteins
showed an increasing trend as the Rk3 dosage increased (Figs. 5C
and D). By contrast, a decreasing trend was found for anti-apoptotic
proteins such as Bcl-2. Thus, Rk3 could induce HCC cell apoptosis
in vitro.

The above biochemical experiments (Western blot, IF, and IHC
staining) on apoptosis-related proteins were also performed in two
models (the primary liver cancer mice and the HCC-LM3 subcu-
taneous tumor-bearing mouse models) with similar results (Figs.
6, S9 and S10). In addition, the primary liver cancer mice model
was also subjected to terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining, which confirmed that Rk3 in-
duces HCC apoptosis (Figs. S11 and S12).

3.5. Rk3 induces HCC autophagy

As Rk3 inhibits tumor growth in HCC, we next determined its
effect on autophagy. TEM analysis showed that Rk3 promotes
autophagosome formation in HCC cells (Fig. 7A). In line with this,
significant up- (LC3II/LC3I, ATG5, ATG7, ATG12, Beclin 1) or down-
(P62 and p-mTOR/mTOR protein) regulation of cellular autophagy
marker proteins following Rk3 treatment in HCC cells was observed
by Western blot (Fig. 7B). Results for LC3 and P62 proteins, key
players in autophagy, were further confirmed by IF staining
(Fig. 7C). More importantly, the same protein regulation patterns
were observed in two animal models following either low- and
high-dose of Rk3 treatment (Figs. 8, S13 and S14). Thus, Rk3 induces
HCC autophagy both in vitro and in vivo.

3.6. The interaction between apoptosis and autophagy

As both apoptosis and autophagy can lead to cell death, we
next explored the potential interaction between the two for the
Rk3-induced inhibition of HCC. While co-treatment with an
autophagy inhibitor (3-MA) resulted in a significant decrease in
cell viability, co-treatment with an apoptosis inhibitor (Z-VAD-
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Fig. 3. Ginsenoside Rk3 blocked the growth of hepatocellular carcinoma (HCC) cells at G1 phase in vitro. (A) Flow cytometry cell cycle detection of HepG2 cell. (B) Flow cytometry
cell cycle detection of HCC-LM3 cell. (C) Western blotting detection of G1 phase related proteins of HepG2 and HCC-LM3 cells. (D) Immunofluorescence (IF) staining of CDK4 and
cyclin D1 protein of HepG2 and HCC-LMS3 cells. Data are shown as mean + standard deviation (SD). “"P < 0.01 compared with the control group, "P < 0.001 compared with the

control group. DAPI: 4',6-diamidino-2-phenylindole.

fmk) led to a significant increase in cell viability compared to the
Rk3-only group (Fig. S15A). As shown in Figs. S15B and S16A,
LC3II/LC3I protein expression was decreased in the Rk3+3-MA
group compared to the Rk3 group, while Bax, and c-PARP pro-
tein expression was increased in the Rk3+3-MA group. By

contrast, co-treatment with Z-VAD-fmk led to a significant
decrease in Bax, c-PARP, and LC3II/LC3I and an increase in p62
(P < 0.05) (Figs. S15C and S16B). Thus, it seems that Rk3-induced
autophagy promotes apoptosis, while Rk3-induced apoptosis
inhibits autophagy.
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Fig. 5. Ginsenoside Rk3 induces apoptosis in hepatocellular carcinoma (HCC) cells in vitro. (A) Flow cytometry apoptosis detection of HepG2 cell. (B) Flow cytometry apoptosis
detection of HCC-LM3 cell. (C) Western blotting detection of apoptosis related proteins of HepG2 and HCC-LM3 cells. (D) Immunofluorescence (IF) staining of Bax and c-PARP
protein of HepG2 and HCC-LMS3 cells. Data are shown as mean +standard deviation (SD). “P < 0.05 compared with the control group, “P < 0.01 compared with the control group,
"""P < 0.001 compared with the control group. DAPI: 4',6-diamidino-2-phenylindole.
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Fig. 6. Ginsenoside Rk3 induced hepatocellular carcinoma (HCC) apoptosis in vivo. (A) Western blotting detection of apoptosis related proteins of primary liver cancer mice. (B)
Immunofluorescence (IF) staining of Bax and c-PARP protein of primary liver cancer mice. (C) Western blotting detection of apoptosis related proteins of HCC-LM3 subcutaneous
tumor-bearing mice. (D) IF staining of Bax and c-PARP protein of HCC-LM3 subcutaneous tumor-bearing mice. L-Rk3: 50 mg/kg Rk3; H-Rk3: 100 mg/kg Rk3. Data are shown as

mean + standard deviation (SD). "P < 0.05 compared with the HCC or control group, “*P < 0.01 compared with the HCC or control group,

control group. DAPI: 4',6-diamidino-2-phenylindole.

3.7. Proteomics and clinical data analysis

To further investigate the molecular mechanism underlying
the inhibitory effect of HCC by Rk3, a proteomic analysis was
performed in HCC-LM3 cells with or without Rk3 treatment
(Fig. S17). Significant differences were observed at the proteome
level between the two groups as revealed by correlation and
principal component analysis (PCA) analysis (Figs. 9A and B). A

472

ok

P < 0.001 compared with the HCC or

total of 8,156 proteins were detected, of which 98 and 156 pro-
teins were significantly up- and down-regulated, respectively
(Figs. 9C and D). These differential proteins were enriched in
KEGG pathways such as human T-cell leukemia virus 1 infection,
systemic lupus erythematosus, alcoholism, staphylococcus
aureus, and the PI3K-AKT pathway (Fig. 9E).

Of note, the PI3K-AKT pathway has been suggested to play an
important role in the inhibition of HCC growth by Rk3, in line with
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Fig. 7. Ginsenoside Rk3 induces autophagy in hepatocellular carcinoma (HCC) cells in vitro. (A) Transmission electron microscopy (TEM) of HCC cells for autophagy. (B) Western
blotting detection of autophagy related proteins of HepG2 and HCC-LM3 cells. (C) Immunofluorescence (IF) staining of LC3 and P62 proteins of HepG2 and HCC-LM3 cells. Data are
shown as mean =+ standard deviation (SD). "P < 0.05 compared with the control group, **P < 0.01 compared with the control group, **P < 0.001 compared with the control group.
DAPI: 4',6-diamidino-2-phenylindole.
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Fig. 8. Ginsenoside Rk3 induced hepatocellular carcinoma (HCC) autophagy in vivo. (A) Western blotting detection of autophagy related proteins of primary liver cancer mice. (B)
Immunofluorescence (IF) staining of P62 and LC3 protein of primary liver cancer mice. (C) Western blotting detection of autophagy related proteins of HCC-LM3 subcutaneous
tumor-bearing mice. (D) IF staining of P62 and LC3 protein of HCC-LM3 subcutaneous tumor-bearing mice. L-Rk3: 50 mg/kg Rk3; H-Rk3: 100 mg/kg Rk3. Data are shown as
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Fig. 10. Ginsenoside Rk3 inhibits phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signaling pathway in vitro. (A) Western blotting detection of PI3K/AKT proteins of
HepG2 and HCC-LM3 cells. (B) Immunofluorescence (IF) staining of p-PI3K and p-AKT protein of HepG2 and HCC-LM3 cells. Data are shown as mean + standard deviation (SD).
P < 0.05 compared with the control group, “P < 0.01 compared with the control group, *""P < 0.001 compared with the control group.

previous network pharmacological predictions. Thus, we checked
the expression levels of PI3K and AKT in clinical samples. The
mRNA abundance of PI3K showed a significant difference in the
survival curves of HCC patients (Fig. 9F), while the mRNA expres-
sion of PI3K was higher in HCC patients compared to normal
(P < 0.05) (Fig. 9G). For AKT, the mRNA levels showed a significant
difference in the survival curves of HCC patients (P < 0.05, with low
AKT expression associated with longer survival, Fig. 9H). Similar to
PI3K, the mRNA of AKT was higher in HCC patients compared to
normal (Fig. 91). These correlations support that PI3K/AKT could be
used as a therapeutic target for HCC treatment.

3.8. Rk3 regulates PI3K/AKT to inhibit HCC growth

We verified the regulation of PI3K/AKT by Rk3 in both HCC cells
(Fig.10) and animal models (Figs. 11 and S18). For all systems tested,
Rk3 treatment led to a significant decrease in p-PI3K and p-AKT.
Thus, Rk3 inhibits the PI3K/AKT pathway both in vitro and in vivo.
The involvement of PI3K/AKT was further tested by cotreatment
with siRNAs in HCC cells. Remarkably, both PI3K-siRNA cotreatment

and AKT-siRNA groups showed a significant decrease in cell
viability compared to the Rk3 only group (P < 0.05, Fig. S19). In
addition, such cotreatment with either siRNA also led to decreased
levels of G1 phase-related protein (CDK4 and cyclin D1) and anti-
autophagy proteins (P62) and increased levels of pro-apoptosis
proteins (Bax and c-PARP) and autophagy markers (LC3II/LC3I)
(Fig.12). Thus, it is possible that inhibition of the PI3K/AKT pathway
could further enhance the HCC growth inhibitory effect of Rk3.

On the other hand, activating the PI3K/AKT pathway (via reci-
lisib) led to an increased HCC cell viability in the cotreatment group
compared to the Rk3 only group (Fig. 13A). The activation effect was
confirmed by higher levels of PI3K, p-PI3K/PI3K, AKT, and p-AKT/
AKT proteins in the cotreatment group (Fig. 13B). More importantly,
analysis of marker proteins for multiple biological processes (cell
cycle, apoptosis, and autophagy) in the cotreatment group showed
that recilisib exerts opposite regulations of downstream proteins
compared to siRNAs, resulting in up-regulation of CDK4, cyclin D1,
and P62, as well as down-regulation of Bax, c-PARP and LC3II/LC3I.
Thus, activation of PI3K/AKT attenuates the growth inhibitory effect
of RKk3.

Fig. 9. Proteomics and clinical data analysis. (A) Correlation analysis. (B) Principal component analysis (PCA) analysis. (C) Differential protein pie chart. (D) Differential protein
volcano plots; (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. (F) Phosphatidylinositol-3-kinase (PI3K) clinical survival curve. (G) PI3K clinical mRNA expression.
(H) Protein kinase B (AKT) clinical survival curve. (I) AKT clinical mRNA expression. **'P < 0.001 compared with the normal group, n.s.: no significant difference between normal

group and tumor group.



L. Qu, Y. Liu, J. Deng et al.

A HCC L-Rk3 H-Rk3
PI3K |—~————-—-—-—-—-—— |85 kDa
p-PI3K | J—————— | 85 kDa
AKT | —_— - | 60 kDa

p-AKT |-———--~—--~— -"|60kDa

B-actin |---———-—’ | 42 kDa
B
HCC L-Rk3 H-Rk3
o
<<
la}
54'J_um
X
®
o
&
=
X
<
a
[
o>
[)
=
c Control L-Rk3 H-Rk3
PI3K | — — S, e, e | 85 kDa
p-PI3K | el T R ——— | 85 kDa
AKT | —_— —— | 60 kDa
p.AKT l T W W W — — e w e |60kDa
B-actin | SEDEIDEND I SnaID S Sub G ‘ 42 kDa

Journal of Pharmaceutical Analysis 13 (2023) 463—482

S e HCC L-Rk3 4 H-Rk3

2

9 L]

g 24

(0]

£

s 14¢

2 .

K|

[5]

o T T T T
PI3K  p-PI3K  AKT p-AKT

D
Control L-Rk3 H-Rk3

DAPI

50 pm 50 pm

p-PI3K

50 ym

p-AKT

Merge

§ 159 e Control L-Rk3 H-Rk3
S R
0
IS
oy [ ]
& 1.0+ 5
c L]
i)
S
o
o 051
2
ks
[0
£ 9
PI3K  p-PI3K AKT p-AKT

Fig. 11. Ginsenoside Rk3 inhibits phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signaling pathway in vivo. (A) Westerrn blotting detection of PI3K/AKT proteins of
primary liver cancer mice. (B) Immunofluorescence (IF) staining of p-PI3K and p-AKT protein of primary liver cancer mice. (C) Westerrn blotting detection of PI3K/AKT proteins of
HCC-LM3 subcutaneous tumor-bearing mice. (D) IF staining of p-PI3K and p-AKT protein of HCC-LM3 subcutaneous tumor-bearing mice. L-Rk3; 50 mg/kg Rk3; H-Rk3: 100 mg/kg
Rk3. Data are shown as mean + standard deviation (SD). P < 0.05 compared with the HCC or control group, *'P < 0.01 compared with the HCC or control group, P < 0.001

compared with the hepatocellular carcinoma (HCC) or control group.

3.9. Rk3 targets PI3K/AKT

We next took a computational simulation approach to investi-
gate the binding between Rk3 and PI3K/AKT. Docking data showed
that Rk3 interacts with both PI3K (SER39) and AKT (THR217 and
LYS162) via hydrogen bonds with the free energy of binding of —7.4
and —10.2 kcal/mol, respectively (Figs. 14A and B). In addition, the
B-D-glucoside of Rk3 is located deep in the structural domain
pocket and acts as an anchor for the interaction. The triterpene ring
scaffold is surrounded by the amino acids of PI3K/AKT. Further-
more, the interactions were tested using a Biacore 3000 biosensor
system, in which PI3K/AKT proteins were immobilized on a CM5
chip with a coupling capacity of approximately 25,000 RU. Rk3
bound both PI3K and AKT with Kp values of 0.3844 mol/L and
2.53 x 107> mol/L, respectively, indicating that Rk3 could target
PI3K/AKT (Figs. 14C and D).
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4. Discussion

HCC is the second leading cause of cancer-related deaths
worldwide. Patients with advanced HCC have a mortality rate of
up to 80% (<1 year for median survival; 18% for 5-year survival
rate) [45]. The prognosis remains poor due to a high recurrence
rate, aggressiveness and metastasis despite advancements in tar-
geted therapies [46], calling for new strategies for treatment. In
this study, we investigated the mechanism of Rk3 in inhibiting
HCC growth, aiming to open opportunities for more effective
treatment.

Cell cycle D proteins (D1, D2, and D3 in human) control the
activity of CDK6 and CDK4 to regulate the cell cycle [47]. In human
cancer progression, cyclin D1 is more frequently dysregulated
compared to D2 and D3 and has therefore been more extensively
studied [48]. CDKs are required for a complete cell division. Cyclin D
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Data are shown as mean + standard deviation (SD). "P < 0.05 compared with the control group, **

P < 0.01 compared with the control group,

wxk

P < 0.001 compared with the control

group, *P < 0.05 compared with the ginsenoside Rk3 group, **P < 0.01 compared with the ginsenoside Rk3 group, ***P < 0.001 compared with the ginsenoside Rk3 group.
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and CDK4/6 play a key role in cell cycle progression by phosphor-
ylating and inactivating Rb proteins, blocking the cell proliferation
cycle at the S phase [49]. The turnover of these cyclins is regulated
by various endogenous and exogenous stimuli. Here, we found that
Rk3 inhibits HCC proliferation by suppressing G1 phase-related
protein (CDK4, Cyclin D1, and P21) expression to block HCC cell
growth at the G1 phase.

Sorafenib is the first approved drug for the treatment of patients
with advanced HCC. However, it is associated with common serious
side effects including leukopenia, neutropenia, thrombocytopenia,
gastrointestinal and skin toxicity [50,51]. Here we showed superior
anti-HCC effects of Rk3 compared to sorafenib both in vitro and
in vivo. Significantly, Rk3 exhibited low toxicity in animal studies
(blood analysis and liver and kidney function indexes). In line with
this, recent studies have shown that compounds or drugs con-
taining different forms of ginseng protect against chemotherapy-
induced side effects [52,53].

Apoptosis is essential for the development and maintenance of
tissue homeostasis, failure of which leads to the development and
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progression of cancer [54]. Cellular stress and apoptotic signals can
cause the release of mitochondrial cytochrome ¢, which forms
apoptosome to activate caspase-3 and a cascade of caspases to
promote apoptosis [55,56]. The Bcl-2 family consists of both anti-
apoptotic and pro-apoptotic proteins, inhibiting and promoting,
respectively, the release of other pro-apoptotic factors such as
apoptosis-inducing factors [57]. Here, we found that Rk3 signifi-
cantly regulates the expression of cytochrome c and Bcl-2 family
proteins, which in turn induces the caspase cascade and ultimately
leads to apoptosis in HCC.

Autophagy is a dynamic cyclic process that plays a key role in
degrading and recycling cellular components to maintain cellular
homeostasis. In tumor cells, autophagy removes targeted compo-
nents to maintain intracellular homeostasis and to promote stress
tolerance. On the other hand, excessive autophagy induces auto-
phagic cell death, leading to inhibition of tumor cell proliferation
[58]. Multiple autophagy makers had been discovered including the
autophagosomal membrane type of LC3 (LC3-II) and P62 that links
LC3 and polyubiquitinated proteins, the abundance of which shows
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Fig. 14. Ginsenoside Rk3 can bind to phosphatidylinositol-3-kinase (PI3K) and protein kinase B (AKT). (A, B) Molecular docking of ginsenoside Rk3 and PI3K protein (A), and
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a positive and negative, respectively, correlation with the auto-
phagic activity [59]. In addition, ATG family proteins are key players
involved in autophagic vesicle extension and mTOR is a major
negative regulator of autophagy in cancer cells. Here, we found that
Rk3 significantly induces cellular autophagy in HCC by quantifying
these autophagy markers. It is likely that activation of cellular
autophagy is one of the mechanisms underlying the Rk3-induced
inhibition of HCC.

Autophagy and apoptosis are closely related to each other. While
autophagy may prevent apoptosis in some cases, it may promote
apoptosis or independently induce cell death (autophagic cell
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death) [60]. Previous studies showed that natural phytochemicals
can trigger cell death by either classical apoptosis or autophagy. In
this study, our data showed that co-treatment with the autophagy
inhibitor 3-MA promotes apoptosis. In addition, co-treatment with
the apoptosis inhibitor Z-VAD-fmk significantly decreased the
expression of autophagy marker protein LC3II/LC3], indicating that
apoptosis inhibits the autophagic process.

PI3K/AKT has been reported to be widely expressed in many
types of cancer cells and is a promising target for tumor therapy [55].
An increasing number of studies have shown that the PI3K/AKT
pathway is involved in the regulation of tumor cell growth,
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proliferation, tumor migration and invasion, and metabolism
[61—63]. Meanwhile, PI3K/AKT plays an important role in apoptotic
cell death and the control of autophagy-apoptosis crosstalk following
phytochemical exposure [64,65]. Rk3 significantly inhibited the
PI3K/AKT signaling pathway in HCC cells. Furthermore, pretreatment
with PI3K-siRNA or AKT-siRNA enhanced Rk3-induced apoptosis and
autophagy. In line with this, pretreatment with PI3K/AKT activator
had the opposite effects. Moreover, molecular docking and SPR re-
sults showed that Rk3 binds to PI3K/AKT proteins. Thus, PI3K/AKT is
an important target of Rk3 in inhibiting HCC growth.

5. Conclusion

In conclusion, Rk3 effectively inhibits HCC proliferation and
exhibits low toxic effects and is thus a promising candidate for the
treatment of HCC. Network pharmacology, proteomics, molecular
docking and SPR analysis indicate that Rk3 targets PI3K/AKT to
regulate autophagy and apoptosis to inhibit HCC proliferation.
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