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a b s t r a c t

Background: Sorafenib is effective in treating hepatoma, but most patients develop resistance to it. STAT3
signaling has been implicated in sorafenib resistance. Artesunate (ART) and 20(R)-ginsenoside Rg3 (Rg3)
have anti-hepatoma effects and can inhibit STAT3 signaling in cancer cells. This study aimed to evaluate
the effects of Rg3 in combination with ART (Rg3-plus-ART) in overcoming sorafenib resistance, and to
examine the involvement of STAT3 signaling in these effects.
Methods: Sorafenib-resistant HepG2 cells (HepG2-SR) were used to evaluate the in vitro anti-hepatoma
effects of Rg3-plus-ART. A HepG2-SR hepatoma-bearing BALB/c-nu/nu mouse model was used to assess
the in vivo anti-hepatoma effects of Rg3-plus-ART. CCK-8 assays and Annexin V-FITC/PI double staining
were used to examine cell proliferation and apoptosis, respectively. Immunoblotting was employed to
examine protein levels. ROS generation was examined by measuring DCF-DA fluorescence.
Results: Rg3-plus-ART synergistically reduced viability of, and evoked apoptosis in HepG2-SR cells, and
suppressed HepG2-SR tumor growth in mice. Mechanistic studies revealed that Rg3-plus-ART inhibited
activation/phosphorylation of Src and STAT3 in HepG2-SR cultures and tumors. The combination also
decreased the STAT3 nuclear level and induced ROS production in HepG2-SR cultures. Furthermore, over-
activation of STAT3 or removal of ROS diminished the anti-proliferative effects of Rg3-plus-ART, and
removal of ROS diminished Rg3-plus-ART's inhibitory effects on STAT3 activation in HepG2-SR cells.
Conclusions: Rg3-plus-ART overcomes sorafenib resistance in experimental models, and inhibition of Src/
STAT3 signaling and modulation of ROS/STAT3 signaling contribute to the underlying mechanisms. This
study provides a pharmacological basis for developing Rg3-plus-ART into a novel modality for treating
sorafenib-resistant hepatoma.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

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

1. Introduction

Hepatoma, also known as hepatocellular carcinoma, is the sixth
most common cancer worldwide, with over 906,000 new cases in
2020 (https://gco.iarc.fr/). More threateningly, it is the third leading
cause of cancer deaths in the world (https://gco.iarc.fr/). First-line
drugs for patients with advanced hepatoma include sorafenib
(targeted therapy) and atezolizumab plus bevacizumab (immuno-
therapy) [1,2]. Owing to its higher cost-effectiveness ratio
compared to atezolizumab plus bevacizumab, sorafenib is more
widely used [3]. However, sorafenib can only extend the median
survival time of hepatoma patients by approximately 3 months, as
patients develop resistance to it [4]. Sorafenib resistance in
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hepatoma is a complex condition. Several mechanisms underlying
sorafenib resistance have been discovered, such as abnormal acti-
vation of EGFR (epidermal growth factor receptor) signaling, Raf/
MEK/ERK signaling, PI3K/AKT signaling and STAT3 (signal trans-
ducer and activator of transcription 3) signaling [5,6]. Activation of
these pathways restrains the anti-tumor effects of sorafenib and
promotes the proliferation of, and reduces apoptosis in, hepatoma
cells. Two multi-targeted tyrosine kinase inhibitors, regorafenib
and cabozantinib, and a VEGFR2 inhibitor, ramucirumab, have been
approved as second-line treatments for patients with sorafenib-
resistant hepatoma. Unfortunately, like sorafenib, they failed to
show durable therapeutic responses [7]. Novel agents for treating
sorafenib-resistant hepatoma are needed.

20(R)-Ginsenoside Rg3 (Rg3) is a main bioactive triterpenoid
saponin of red ginseng (steamed roots and rhizomes of Panax
ginseng). It has been approved as an adjuvant drug, named Shenyi
Capsule, for cancer management in China [8]. Clinical studies
showed that Rg3 enhances the efficacy and reduces the toxicities of
conventional anti-cancer drugs. For instance, Rg3 can reduce the
side effects of anlotinib, and can improve the life quality of
anlotinib-treated patients with non-small cell lung cancer [9]. Tan
et al demonstrated that combined treatment with Rg3 and Doce-
taxel achieved better outcomes in advanced gastric cancer patients
than Docetaxel mono-treatment [10]. Laboratory studies showed
that Rg3 inhibits tumor angiogenesis [11], and suppresses multiple
oncogenic pathways to exert cytotoxic effects against cancer cells
[12]. Rg3 has also been shown to be able to overcome multi-drug
resistance (MDR) in cancer cells [13].

Artesunate (ART), an approved antimalarial drug, is a derivative
of artemisinin, a sesquiterpene lactone found in the medicinal herb
Artemisia annua L [14]. ART contains an endoperoxide moiety that
can react with intracellular free iron to kill cancer cells by gener-
ating cytotoxic free radicals [15]. The anti-cancer feasibility of ART
has been validated by clinical studies. Krishna et al found that oral
administration of ART increases the recurrence-free survival of
patients with colorectal cancer [16]. Another clinical trial showed
that ART is effective in treating patients with metastatic breast
cancer [17]. Recently, ART was found to be able to overcome sor-
afenib resistance in hepatoma cells [18].

Rg3 and ART have been shown to inhibit STAT3 signaling [11,19].
Xu et al found that co-administration of Rg3 and ART can inhibit
tumor growth in an S180 sarcoma mouse model [20]. Whether the
combination of Rg3 and ART (Rg3-plus-ART) overcomes sorafenib
resistance in hepatoma is unknown. Objectives of this study were
to evaluate the effects of Rg3-plus-ART in overcoming sorafenib
resistance in hepatoma, and to examine the involvement of STAT3
signaling in these effects.

2. Materials and methods

2.1. Reagents

Rg3 and ART (purity > 98%, determined by HPLC) were pur-
chased from Plant Origin Biological (Nanjing, China). Chemical
structures of Rg3 and ART are shown in Fig. 1A and B, respectively.
Brivanib (purity > 98%, determined by HPLC) was obtained from
Yuanye Bio-Technology Co. (Shanghai, China). Stattic (a specific
STAT3 inhibitor) and N-acetylcysteine (NAC) were obtained from
Sigma Chemical Co. (USA). CCK-8 (Cell Counting Kit-8) was pur-
chased from TransGen Biotech (Beijing, China). Monoclonal anti-
bodies of Src, phospho-Src (Tyr416), STAT3, phospho-STAT3
(Tyr705), Bcl-2, Mcl-1, cleaved-Poly (ADP-ribose) polymerase
(PARP) were purchased from Cell Signaling Technology (USA).
Monoclonal antibodies of b-actin and lamin B1 were purchased
from Santa Cruz Biotechnology (USA). Dulbecco's modified eagle

medium (DMEM), penicillin/streptomycin (P/S) and fetal bovine
serum (FBS) were obtained from GIBCO (Gaithersburg, MD, USA).

2.2. Cell culture

HepG2-SR cells were generated as previously described with
some modifications [21]. Briefly, parental HepG2 human hepatoma
cells (purchased from ATCC) were cultured in DMEM with 5% FBS
and increasing concentrations of sorafenib (0.1e5 mM) for 3months
and then maintained in 5 mM sorafenib thereafter. After that,
HepG2-SR cells were cultured in DMEM containing 1% P/S and 10%
FBS in a humidified atmosphere of 5% CO2 at 37�C for different
durations in different experiments.

2.3. Cell viability assay

A CCK-8 assay kit was employed to determine the effects of Rg3,
ART and Rg3-plus-ART on the viability of HepG2-SR cells following
the kit manufacturer's protocol. Cells were seeded in 96-well plates
(3,000 cells/well or 1,500 cells/well) overnight and treated with
Rg3 (50, 75 mM), ART (10, 15 mM), Rg3-plus-ART (50 mMþ 10 mM, 75
mMþ 15 mM) or brivanib (2.5, 5 mM) for 48 hrs/72 hrs. Then, 20 ml of
CCK-8 solution was added into each well and incubated for 4 hrs.
Absorbance of each well was measured at 450 nm with a micro-
plate spectrophotometer (BD Biosciences, USA). Doses of Rg3 and
ART were set based on previous reports. It has been reported that
50 mM Rg3 [22] and 10 mM ART [23] were able to suppress prolif-
eration of HepG2 cells.

Synergism of the drug combination was evaluated using the
coefficient of drug interaction (CDI) value. CDI value was calculated
by the equation CDI ¼ AB/(A � B). According to the absorbance
value of each group, AB is the ratio of the combination group to the
vehicle group; A orB is the ratio of individual mono-treatment
group to the vehicle group. CDI<1 shows a synergistic effect,
while CDI <0.7 shows a significant synergistic effect.

2.4. Apoptosis assay

Apoptotic effects of Rg3-plus-ART on HepG2-SR cells were
measured by Annexin V-FITC/PI double staining using an Apoptosis
Detection Kit (#ab14085; Abcam) following the kit manufacturer's
protocol. HepG2-SR cells were seeded in 6-well plates (1� 105cells/
well) and treated with various concentrations of Rg3, ART, Rg3-
plus-ART or brivanib for 24 hrs/48 hrs. A BD Accuri C6 flow cy-
tometer (BD Biosciences, USA). was used to perform the flow
cytometric analyses.

2.5. Animal experiments

Male 7-week-old BALB/c-nu/nu mice (body weight: 20 ± 2 g)
were purchased from The Chinese University of Hong Kong. Animal
care and handling performances were approved by the Department
of Health, Hong Kong (DH/HT&A/8/2/6 Pt. 1). Mice were housed in
the animal facility of Hong Kong Baptist University (temperature:
25 ± 2 �C; humidity: 60 ± 10%; 12-hr light/dark cycle) and were fed
with water and standard rodent pellets. Before the experiments,
mice were acclimatized for one week.

HepG2-SR cells (1� 107) in PBS were mixed withMatrigel at the
ratio of 1:1, and s.c. injected into the flank of individual BALB/c-nu/
nu mice (0.2 ml each). After growing for 5 days, 24 mice were
randomly divided into four groups with 6 mice in each group. Mice
were daily i.g. administered with vehicle (PBS solution containing
5% Tween 80 and 5% PEG400, model group), 6 mg/kg Rg3 þ 7.5 mg/
kg ART (low dose group), 12 mg/kg Rg3 þ 15 mg/kg ART (high dose
group) or 100 mg/kg brivanib (positive control group) for 15
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consecutive days. Doses of Rg3 and ART were set based on human
equivalents. The 6 mg/kg dose of Rg3 is its human equivalent dose
for treating cancer [8]. The 15 mg/kg dose of ART is its human
equivalent dose for treating malaria [24]. To investigate the inhib-
itory effects of Rg3-plus-ART on tumor growth, tumor volumes
were measured with a Vernier caliper every 3 days.

To monitor potential toxicities of Rg3-plus-ART in mice, general
clinical observations, such as changes in skin, fur, eyes, secretions,
excretions, autonomic activities, gait, posture and response to
handling, were performed once a day [25]. Body weight and food
intake of mice were recorded every 3 days. Mice were executed
with excessive anesthesia (isoflurane, 5%) at the end of the exper-
iments. The tumor and main organs (heart, lung, spleen, kidney,
and liver) of each mouse were quickly removed and weighed. Gross
necropsy was performed for all the dissected organs and tissues.

2.6. Immunoblotting

Lysates were prepared from HepG2-SR tumors and cultured
HepG2-SR cells as previously described [26]. Briefly, each tumor
was homogenized in RIPA lysis buffer [50 mM Tris-HCl, 1% NP-40,
0.35% sodium-deoxycholate, 150 mM NaCl, 1 mM EDTA (pH 7.4), 1
mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na3VO4, and
10 mg/mL each of aprotinin, leupetin and pepstatin A]. After incu-
bation on ice for 15 min, the homogenate was centrifuged at 14,000
g for 30 min at 4 �C, and the supernatant was collected as a protein
sample. For whole-cell protein preparations, HepG2-SR cells were
lysed in RIPA lysis buffer for 15 min on ice. Then the lysates were
centrifuged at 14,000 g at 4 �C for 15 min, and the supernatants
were collected. Extracts of cytoplasm and cell nucleus were pre-
pared using the Mammalian Nuclear and Cytoplasmic Protein
Extraction Kit (TransGen Biotech, Beijing, China) following the

manufacturer's protocol. A Quick Start™ Bradford Protein Assay
(Bio-Rad, USA) was used to measure protein concentrations. Each
protein sample was mixed with 5-times volume of loading dye
(Laemmli Buffer) containing 1% 2-mercaptoethanol, and was
heated at 95 �C for 5 min [27].

Western blot assays were performed as previously described
[27]. Briefly, equal amounts of protein were subjected to 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis. The
proteins were electro-transferred from the gel onto a nitrocellulose
membrane for 150 min under 350 mA. The membrane was blocked
with 5% non-fat milk in Tris-buffered saline (150 mM NaCl, 20 mM
TriseHCl, pH 7.4) with 0.05% Tween 20 buffer (TBST) for 1 hr at
room temperature. After blocking, the membrane was incubated
with primary antibodies in 2.5% non-fat milk-TBST solution over-
night at 4 �C. The membrane was then washed with TBST solution
and incubated with an anti-mouse or anti-rabbit secondary anti-
body for 1 hr. To investigate the effects of Rg3-plus-ART on STAT3
signaling, monoclonal antibodies of Src, phospho-Src (Tyr416),
STAT3, phospho-STAT3 (Tyr705), Bcl-2 and Mcl-1 were used. To
monitor apoptosis, cleaved-PARP, an apoptotic marker, was detec-
ted using a specific monoclonal antibody.

Immunoreactive bands were visualized using the Enhanced
Chemiluminescence Detection Kit (Invitrogen, USA). Intensity of
each band was measured using Image J (http://rsb.info.nih.gov/ij/).
In brief, high resolution images of immunoreactive bands were
imported to Image J and converted to 8-bit format. The “Subtract
Background” tool was used to smoothe the images. As the software
measures the gray values of the 8-bit images, the image color was
inverted using the “Invert” function in the edit menu. Finally, in-
dividual bands were selected using the “Freehand Selection” tool,
and the value of intensity of each band was obtained from the
“Measure” function under the menu of “Analysis”. The relative level

Fig. 1. Rg3-plus-ART reduces viability of, and induced apoptosis in HepG2-SR cells. (A) - (B) Chemical structures of Rg3 and ART. (C) Viability of HepG2-SR cells. The viability of
solvent-treated cells was regarded as 100%. Data from three independent experiments are presented as mean ± SD. *P < 0.05, **P < 0.01 vs. the solvent-treated (48 hrs) group;
#P < 0.05, ##P < 0.01 vs. the solvent-treated (72 hrs) group. x CDI <1, xx CDI <0.7. (D) Rg3-plus-ART induces apoptosis in HepG2-SR cells. Representative scatter graphs are shown in
the upper panels. FITC positive cells (the right quadrants) are regarded as apoptotic cells. Quantitative results are shown in the lower panel. Data from three independent ex-
periments are presented as mean ± SD. *P < 0.05, **P < 0.01 vs. the solvent-treated group; #P < 0.05 vs. the 50 mM Rg3 þ 10 mM ART-treated group; D P < 0.05 vs. the 75 mMRg3 þ 15
mM ART-treated group. (E) Protein levels of cleaved-PARP in HepG2-SR cultures. Cells were treated with indicated concentrations of Rg3-plus-ART for 48 hrs. b-Actin served as a
loading control. Representative immunoblotting results are shown in the left panel, and quantitative results are shown in the right panel. Data are expressed as mean ± SD of 3
independent experiments. *P < 0.05, **P < 0.01 vs. the solvent-treated group. In (C) - (E), brivanib was used as positive control.
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of a protein of interest was normalized to the endogenous b-actin
or lamin B1 value.

2.7. Measurement of reactive oxygen species (ROS)

HepG2-SR cells seeded in black 96-well plates (3,000 cells/well)
overnight were treated with a fluorescent dye (10 mM DCF-DA; 6-
Carboxy-20,70-dichlorofluorescein diacetate) for 45 min. The su-
pernatant was then discarded and replaced with fresh medium.
Afterwards, the cells were treated with 75 mMRg3, 15 mMARTor 75
mM Rg3 þ 15 mM ART. Fluorescence was measured using a fluo-
rescence microplate reader (EnVision® Multilabel Reader, Perki-
nElmer) at various time points at 37 �C [26]. For DCF-DA
fluorescencemicroscopic analyses, HepG2-SR cells seeded in 6-well
plate (1 � 105cells/well) were treated with 75 mMRg3 þ 15 mMART
and/or 5 mM NAC for 8 hrs. The cells were then treated with 10 mM
DCF-DA for 45 min. Afterwards, samples were rinsed three times
with PBS, and then counter-stained with DAPI [26]. Images were
obtained by a Leica DMI3000 B microscope (Leica Microsystems,
Wetzlar, Germany).

2.8. Cell transient transduction

STAT3C (A662C, N664C mutant) is a constitutively active STAT3
variant. Adenovirus expressing GFP (green fluorescent protein)-
Flag-tagged STAT3C (Ad-STAT3C) and control adenovirus express-
ing GFP (Ad-Empty vector) were purchased from Vigene Bio-
sciences (Shandong, China). HepG2-SR cells (6 � 105 cells/dish)
were seeded in 100 mm dishes and transduced with Ad-STAT3C
(7.8 � 106 pfu/ml, HepG2-SRSTAT3C) or Ad-Empty vector (7.8 � 106

pfu/ml, HepG2-SREmpty vector) for 24 hrs, after which the superna-
tants were discarded and replaced with fresh media. After 12 hrs,
transduced HepG2-SR cells: HepG2-SREmpty vector and HepG2-
SRSTAT3C were used for experiments [28].

2.9. Statistical analysis

Data are presented as the means ± standard deviation (SD).
Comparison of quantitative data in multiple groups was performed
using one-way analysis of variance (ANOVA) followed by Tukey's
test using the statistical software GraphPad Prism 6.0 (GraphPad
Software, San Diego, CA, USA). P < 0.05 was regarded as statistically
significant.

3. Results

3.1. Rg3-plus-ART reduces viability of, and induces apoptosis in
HepG2-SR cells

A CCK-8 assay kit was employed to evaluate the respective ef-
fects of Rg3, ART and Rg3-plus-ART on HepG2-SR cell proliferation.
Results showed that treatments with Rg3 (50, 75 mM), ART (10, 15
mM), or Rg3-plus-ART (50 mMRg3þ 10 mMART, 75 mMRg3þ 15 mM
ART) for 48 hrs or 72 hrs reduced the viability of HepG2-SR cells in
time- and dose-dependent manners (Fig. 1C). CDI value was
calculated to evaluate the synergism of Rg3 and ART. For 48-hr
treatments, the CDI values of 50 mM Rg3 plus 10 mM ART, and 75
mM Rg3 plus 15 mM ART were 0.969 and 0.803, respectively. For 72-
hr treatments, the CDI values of the two combination groups were
0.782 and 0.685, respectively. It was found that 50 mM Rg3 plus 10
mM ART in 48-hr treatment and 72-hr treatment assays, and 75 mM
Rg3 plus 15 mM ART in the 48-hr treatment assay exerted syner-
gistic effects (CDI<1); and that 75 mMRg3 plus 15 mMART in the 72-

hr treatment assay exerted significant synergistic effects (CDI<0.7)
in inhibiting HepG2-SR cell proliferation.

Respective pro-apoptotic effects of Rg3, ART and Rg3-plus-ART
on HepG2-SR cells were examined using flow cytometric analyses
after Annexin V-FITC/PI double staining. Results showed that Rg3,
ART or Rg3-plus-ART induced cell apoptosis in dose- and time-
dependent manners (Fig. 1D). After a 24-hr treatment, apoptosis
rates in the control group, 50 mM Rg3 group, 10 mM ART group, 50
mMRg3þ10 mMARTgroup, 75 mMRg3 group,15 mMARTgroup and
75 mMRg3þ15 mMARTgroupwere 3.8 ± 0.9 %, 5.4 ± 0.8 %, 6.5 ± 0.9
%, 7.6 ± 1.8 %, 8.1 ± 1.2 %, 8.6 ± 1.0 % and 10.8 ± 2.2%, respectively.
After a 48-hr treatment, apoptosis rates in these groups were
2.3 ± 0.8 %, 7.8 ± 1.3 %, 12.0 ± 1.9 %, 14.0 ± 3.2 %, 11.9 ± 1.7 %,
13.9 ± 2.8 % and 23.1 ± 4.8 %, respectively. Further analysis of these
obtained data revealed that combined treatments exerted stronger
pro-apoptotic effects than mono-treatments (Fig. 1D). Western
blotting results showed that the drug combination dose-
dependently elevated the protein level of cleaved PARP, an
apoptotic marker, confirming the apoptotic effects of the combi-
nation (Fig. 1E). Brivanib, a VEGFR inhibitor that is able to overcome
sorafenib resistance in hepatoma cell and animal models [29], was
used as a positive control. It reduced the viability of, and induced
apoptosis in, HepG2-SR cells as expected. These findings indicate
that Rg3-plus-ART reduces the viability of, and induces apoptosis
in, HepG2-SR cells.

3.2. Rg3-plus-ART suppresses HepG2-SR hepatoma growth in mice

A BALB/c-nu/nu nude mouse HepG2-SR xenograft model was
used to evaluate the in vivo anti-hepatoma effects of Rg3-plus-ART.
As shown in Fig. 2A, intragastric (i.g.) treatment with 6 mg/kg
Rg3 þ 7.5 mg/kg ART, 12 mg/kg Rg3 þ 15 mg/kg ART, or 100 mg/kg
brivanib daily for 15 consecutive days inhibited HepG2-SR hepa-
toma growth in mice. Fig. 2B showed that the average tumor
weights in the two Rg3-plus-ART groups and the positive control
group were significantly lower than that in the model group at the
end of the experiment. From day 12 to day 15 after dosing, the
combination significantly suppressed tumor growth in dose- and
time-dependent manners. The positive control drug brivanib also
significantly inhibited tumor growth from day 12 after dosing
(Fig. 2C).

Rg3-plus-ART and brivanib had no obvious influence on mouse
body weight (Fig. 2D). No mouse death was observed during the
experiment. No abnormalities at necropsy or in clinical signs, and
no significant differences in food consumptionwere observed (data
not shown). These results indicate that the treatments inhibited
tumor growth without significant toxicities in the sorafenib-
resistant hepatoma mouse model.

3.3. Inhibition of Src/STAT3 signaling contributes to Rg3-plus-ART's
effects in overcoming sorafenib resistance in hepatoma models

Activation of STAT3 signaling has been reported to promote
sorafenib resistance in hepatoma [30]. Immunoblotting was per-
formed to examine the effects of Rg3-plus-ART on STAT3 signaling.
Results showed that both the low and high doses of Rg3-plus-ART
significantly down-regulated the protein level of phospho-Src
(Tyr416, an up-stream kinase of STAT3), and the high dose of
Rg3-plus-ART significantly down-regulated the protein level of
phospho-STAT3 (Tyr705) in HepG2-SR tumors (Fig. 3A). Rg3-plus-
ART did not affect the levels of Src and STAT3 in tumor tissues
(Fig. 3A). The positive control drug brivanib also significantly
inhibited the phosphorylation of Src and STAT3 in tumor tissues
(Fig. 3A).
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In HepG2-SR cultures, the high dose of Rg3-plus-ART down-
regulated protein levels of phospho-Src (Tyr416) and phospho-
STAT3 (Tyr705) without affecting the levels of Src and STAT3
(Fig. 3B). The high dose of Rg3-plus-ART also significantly
decreased the nuclear STAT3 level (Fig. 3C). Rg3-plus-ART dose-
dependently and significantly down-regulated the protein level of
Bcl-2, and the high dose of the combination significantly lowered
Mcl-1 protein level. Both Bcl-2 and Mcl-1 are STAT3 target genes
involved in cell survival. Stattic, a specific STAT3 inhibitor, was used
as a positive control; and it inhibited STAT3 signaling in HepG2-SR
cultures as well (Fig. 3BeD).

The above findings indicate that Rg3-plus-ART inhibits Src/
STAT3 signaling in mouse HepG2-SR tumors and in HepG2-SR cells.

To determine whether Src/STAT3 signaling contributed to the
inhibitory effects of Rg3-plus-ART on the viability of HepG2-SR
cells, we over-activated STAT3 in HepG2-SR cells by transducing a
STAT3C plasmid into the cells. Green fluorescent and bright-field
microscopy images of the HepG2-SR cells showed that the trans-
duction was successful (Fig. 4A). Transduction of the STAT3C
plasmid resulted in a significant elevation of phospho-STAT3
(Tyr705) level compared to transduction with the empty vector
(Fig. 4A), showing an overactivation of STAT3 in HepG2-SR cells.
Upon STAT3 overactivation, the inhibitory effects of the low and
high doses of Rg3-plus-ART on the viability of HepG2-SR cells
decreased by 12% and 31%, respectively (Fig. 4B). These results

Fig. 2. Rg3-plus-ART suppresses HepG2-SR tumor growth in mice. (A) Images of mice after drug administration. (B) Tumor weights of mice at the end of the experiment.
Representative images of tumors (the left panel) and weights of tumors (the right panel) are shown. (C) Tumor volumes. Tumor volumes of each mouse were measured at the
indicated time points. (D) Body weights of mice at the indicated time points. Data are expressed as mean ± SD (n ¼ 6). *P < 0.05, **P < 0.01 vs. the model group.

Fig. 3. Rg3-plus-ART inhibits the Src/STAT3 pathway in tumor tissues and in cultured HepG2-SR cells. (A) Protein levels of phospho-Src (Tyr416), phospho-STAT3 (Tyr705), Src
and STAT3 in tumor tissues of mice. Data are expressed as mean ± SD (n ¼ 6) *P < 0.05, **P < 0.01 vs. the model group. (B) Protein levels of phospho-Src (Tyr416), phospho-STAT3
(Tyr705), Src and STAT3 in HepG2-SR cultures. (C) Protein levels of Bcl-2 and Mcl-1 in HepG2-SR cultures. In (B) and (C), cells were incubated with the indicated concentrations of
Rg3-plus-ART or stattic for 24 hrs. In (A) - (C), b-actin served as the loading control. (D) Protein levels of STAT3 in cytoplasm and nuclear extracts. Lamin B1 and b-actin served as the
loading controls of nuclear and cytoplasmic extracts, respectively. Cells were incubated with the indicated concentrations of Rg3-plus-ART or stattic for 30 min. Representative
immunoblotting results are shown in the left panel, and quantitative results are shown in the right panel. In (B) - (D), Data are expressed as mean ± SD of 3 independent ex-
periments. *P < 0.05, **P < 0.01 vs. the solvent-treated group.
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indicate that suppression of STAT3 signaling contributes to Rg3-
plus-ART's inhibitory effects on the viability of HepG2-SR cells.

3.4. Induction of ROS production contributes to Rg3-plus-ART's
inhibitory effects on cell viability and STAT3 activation in HepG2-SR
cultures

It has been reported that enhancing ROS production is a strategy
to reverse sorafenib resistance [31]. ROS generation induced by Rg3,

ART or Rg3-plus-ART was detected by measuring DCF-DA fluores-
cence. Results showed that Rg3, ARTand Rg3-plus-ART significantly
increased ROS production in HepG2-SR cultures in a time-
dependent manner (Fig. 5A). The drug combination was more
potent than Rg3 or ART alone (Fig. 5A). To determine the contri-
bution of ROS in Rg3-plus-ART's inhibitory effects on the viability of
HepG2-SR cells, whether NAC, a ROS scavenger, was able to rescue
Rg3-plus-ART-induced cell death, was tested. As shown in Fig. 5B,
Rg3-plus-ART-induced ROS generation indicated by green

Fig. 4. Over-activation of STAT3 diminishes the inhibitory effects of Rg3-plus-ART on cell viability in HepG2-SR cells. HepG2-SR cells were transduced with the Ad-Empty vector
(HepG2-SREmpty vector) or the Ad-STAT3C plasmid (HepG2-SRSTAT3C). (A) GFP expression and the protein levels of STAT3, phospho-STAT3 (Tyr 705) and Flag in HepG2-SREmpty vector

and HepG2-SRSTAT3C cells. Representative green fluorescent and bright-field microscopy images of HepG2-SREmpty vector and HepG2-SRSTAT3C (the left panel, scale bar, 10 mm), and
representative immunoblotting results (the right panel) are shown. (B) Over-activation of STAT3 diminishes the anti-proliferative effects of Rg3-plus-ART in HepG2-SR cells.
Differences of relative cell viabilities between Rg3-plus-ART-treated HepG2-SREmpty vector cells and Rg3-plus-ART-treated HepG2-SRSTAT3C cells were calculated (n ¼ 3). *P < 0.05,
**P < 0.01.

Fig. 5. Induction of ROS production contributes to Rg3-plus-ART's inhibitory effects on cell viability and STAT3 activation in HepG2-SR cultures. (A) Rg3, ART and Rg3-plus-ART
induced ROS production in HepG2-SR cells. Relative ROS production in the control group at 0 hr was regarded as 1. Data are expressed as mean ± SD of 3 independent experiments.
*P < 0.05, **P < 0.01 vs. the solvent-treated control group. (B) Fluorescence microscopy images of DAPI- and DCF-DA-stained HepG2-SR cells treated with Rg3-plus-ART and/or NAC
for 8 hrs. ROS generated in cells displayed green fluorescence, and cell nuclei displayed blue fluorescence. Scale bar, 10 mm. (C) Co-treatment with NAC diminishes Rg3-plus-ART's
inhibitory effects on the viability of HepG2-SR cells. Cells were treated with indicated concentrations of Rg3-plus-ART with or without 5 mM NAC for 72 hrs. Differences in the
relative cell viabilities between the NAC-treated group and NAC-untreated group were calculated. Data from three independent experiments are presented as mean ± SD. *P < 0.05,
**P < 0.01. (D) NAC diminishes the inhibitory effects of Rg3-plus-ART on STAT3 phosphorylation in HepG2-SR cultures. Cells were treated with 75 mM Rg3 þ 15 mM ART and/or 5 mM
NAC for 24 hrs. Representative immunoblotting results are shown in the left panel, and quantitative results are shown in the right panel. Differences in the relative protein levels of
phospho-STAT3 (Tyr705) between the Rg3-plus-ART-treated group and Rg3-plus-ART-untreated group were calculated. Data are expressed as mean ± SD of 3 independent ex-
periments. *P < 0.05, **P < 0.01.

Y.-J. Chen, J.-Y. Wu, Y.-Y. Deng et al. Journal of Ginseng Research 46 (2022) 418e425

423



fluorescence in HepG2-SR cells, and NAC decreased Rg3-plus-ART-
induced ROS production. Fig. 5C showed that scavenging ROS
diminished the inhibitory effects of the low and high doses of Rg3-
plus-ART on the viability of HepG2-SR cells by 14% and 25%,
respectively. These results indicate that ROS production induced by
Rg3-plus-ART contributes to the inhibitory effects of the drug
combination on HepG2-SR cell viability.

It has been reported that ROS inactivates STAT3 in drug-resistant
cancer cells [32,33]. We investigated if Rg3-plus-ART inhibited
STAT3 activation/phosphorylation by inducing ROS production in
HepG2-SR cells. In this regard, NAC was used to scavenge ROS.
Western blotting results showed that Rg3-plus-ART decreased the
protein levels of phospho-STAT3 (Tyr 705) in NAC-untreated and
NAC-treated cultures by 69% and 31%, respectively (Fig. 5D), indi-
cating that NAC decreased the inhibitory effects of Rg3-plus-ARTon
STAT3 phosphorylation by 38% (Fig. 5D). These results indicate that
induction of ROS contributes to the inhibitory effects of Rg3-plus-
ART on STAT3 activation in HepG2-SR cells.

4. Discussion

Natural compounds have been recognized as a resource for
anticancer drug discovery. One of the major mechanisms underly-
ing the resistance of cancers to targeted drugs is the activation of
complex compensatory signaling pathways [34]. Owing to the
multi-target nature of natural compounds, they have advantages in
managing complex conditions. However, this property may also be
a cause for low drug efficacy. Combined treatments with natural
compounds may have higher efficacies than mono-compound
treatments. Many combinations of natural compounds have been
shown to be able to overcome cancer drug resistance. For example,
the combination of resveratrol and paclitaxel can reverse MDR in a
breast cancer mouse model [35]. Zou et al found that paclitaxel in
combination with borneol can overcome paclitaxel-resistance in
ovarian cancer cell and animal models [36]. However, none of these
combinations have been approved for clinical use. Recently, drug
repurposing has attracted tremendous interest as a strategy for
discovering new therapeutics for malignant diseases [37]. Repur-
posing old drugs has advantages compared to the development of
new entities, as old drugs' toxicities and pharmacokinetics profiles
are alreadywell-studied in human beings [38]. In the present study,
it was found that Rg3-plus-ART is able to overcome sorafenib
resistance in hepatoma. Both Rg3 and ART are approved clinical
drugs, so Rg3-plus-ART has good potential to be developed into an
adjuvant drug for treating sorafenib-resistant hepatoma.

The STAT3 signaling pathway has been linked to the develop-
ment of sorafenib resistance. In sorafenib-resistant hepatoma cells,
STAT3 is activated by its up-stream kinases such as Src. Activated
STAT3 forms homodimers and then translocates to the nucleus to
regulate the transcription of its target genes, e.g. cell survival-
related genes Bcl-2 and Mcl-1 [39]. Inhibiting STAT3 can induce
apoptosis in sorafenib-resistant hepatoma cells [40]. Therefore,
STAT3 has been regarded as a target for overcoming sorafenib
resistance. In the present study, Rg3-plus-ART inhibited phos-
phorylation of STAT3 and its up-stream kinase Src, lowered the
nuclear STAT3 level, and down-regulated protein levels of Mcl-1
and Bcl-2 in HepG2-SR cells. Moreover, over-activation of STAT3
in HepG2-SR cells diminished Rg3-plus-ART's cytotoxic effects.
These results indicate that inhibition of Src/STAT3 signaling is a
mechanism underlying Rg3-plus-ART's effects in overcoming sor-
afenib resistance in hepatoma.

In addition to promote sorafenib resistance in hepatoma, STAT3
signaling plays a central role in the development and progression of
hepatoma [1]. It is warranted to examine whether Rg3-plus-ART

has anticancer effects in previously untreated hepatoma in future
studies.

Drug-induced ROS can kill cancer cells [41]. Sorafenib-resistant
hepatoma cells have reduced ROS levels [31]. Enhancing ROS pro-
duction has been shown to be able to overcome sorafenib resis-
tance in hepatoma [31]. In this study, it was found that Rg3-plus-
ART promotes ROS production, and scavenging ROS diminishes
Rg3-plus-ART's inhibitory effects on viability and STAT3 activation
in HepG2-SR cells. These results indicate that inducting ROS pro-
duction to inactivate STAT3 contributes to Rg3-plus-ART's effects in
overcoming sorafenib resistance in hepatoma.

The EGFR/PI3K/AKT pathway and the Raf/MEK/ERK pathway are
also involved in sorafenib resistance in hepatoma [5]. Both Rg3 and
ART can inhibit these pathways in cancer cells [42e45]. Whether
these two pathways are involved in Rg3-plus-ART's effects in
overcoming sorafenib resistance in hepatoma warrants further
studies.

In conclusion, we for the first time found that Rg3-plus-ART
overcomes sorafenib resistance in hepatoma cell and mouse
models. We also found that inhibition of the Src/STAT3 pathway
and modulation of the ROS/STAT3 pathway contribute to the
mechanisms of action of Rg3-plus-ART. This study provides a
pharmacological basis for developing Rg3-plus-ART into a novel
modality for treating sorafenib-resistant hepatoma.
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