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a b s t r a c t

Background: Ginsenoside Rg3, a primary bioactive component of red ginseng, has anti-cancer effects.
However, the effects of Rg3-enriched ginseng extract (Rg3RGE) on apoptosis and autophagy in breast
cancer have not yet been investigated. In the present study, we explored the anti-tumor effects of
Rg3RGE on breast cancer cells stimulated CoCl2, a mimetic of the chronic hypoxic response, and deter-
mined the operative mechanisms of action.
Methods: The inhibitory mechanisms of Rg3RGE on breast cancer cells, such as apoptosis, autophagy and
ROS levels, were detected both in vitro. To determine the anti-cancer effects of Rg3RGE in vivo, the cancer
xenograft model was used.
Results: Rg3RGE suppressed CoCl2-induced spheroid formation and cell viability in 3D culture of breast
cancer cells. Rg3RGE promoted apoptosis by increasing cleaved caspase 3 and cleaved PARP and
decreasing Bcl2 under the hypoxia mimetic conditions. Further, we identified that Rg3RGE promoted
apoptosis by inhibiting lysosomal degradation of autophagosome contents in CoCl2-induced autophagy.
We further identified that Rg3RGE-induced apoptotic cell death and autophagy inhibition was mediated
by increased intracellular ROS levels. Similarly, in the in vivo xenograft model, Rg3RGE induced apoptosis
and inhibited cell proliferation and autophagy.
Conclusion: Rg3RGE-stimulated ROS production promotes apoptosis and inhibits protective autophagy
under hypoxic conditions. Autophagosome accumulation is critical to the apoptotic effects of Rg3RGE.
The in vivo findings also demonstrate that Rg3RGE inhibits breast cancer cell growth, suggesting that
Rg3RGE has potential as potential as a putative breast cancer therapeutic.
© 2023 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/).
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1. Introduction

Breast cancer is the most diagnosed cancer in women world-
wide and in Korea [1]. Presently, multiple treatment modalities are
employed for breast cancer, such as surgical resection, radiation
therapy, and chemotherapy [2]. Although these treatments signif-
icantly improve breast cancer survival rate, the quality of life for
breast cancer patients undergoing standard chemotherapy is poor
[3]. Therefore, the development of new effective therapeutic stra-
tegies is important for the treatment of breast cancer.

Apoptosis, a form of type I programmed cell death (PCD), is a cell
death pathway characterized by caspase activation and DNA frag-
mentation [4]. Type II PCD exhibits morphological characteristics of
autophagy, which is a lysosome-dependent process involving
is is an open access article under the CC BY-NC-ND license (http://creativecommons.
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formation of autophagosomes containing damaged cytoplasmic
components and their subsequent lysosomal degradation [5].
Contrastingly, autophagy is also a homeostatic regulator that can
suppress apoptosis [6]. Inhibition of autophagy by disruption of
autophagic flux results in aberrant autophagosome accumulation,
promoting cell death [7]. Apoptosis and autophagy are activated by
adverse intracellular environments such as starvation, growth
factor deficiency, and hypoxia [8]. Hypoxia induced by uncontrolled
tumor growth and deficient tumor vascularity increases autophagy,
promoting cell survival under starvation conditions [9]. Therefore,
controlling the balance between apoptosis and autophagy is an
important target for cancer treatment under hypoxic conditions.

Korean Red Ginseng is a traditional medicine manufactured by
steaming and drying raw ginseng and is used to treat inflammatory
and cardiovascular diseases [10,11]. The primary bioactive compo-
nent of red ginseng, Ginsenoside Rg3, and Rg3-enriched ginseng
extract (Rg3RGE) have anti-cancer effects [12,13]. In multiple can-
cer cell types, including breast, prostate, and lung cancer cells, Rg3
inhibition of cancer growth is mediated by suppressing NF-kB
signaling [14e16]. In addition, the apoptotic activity of Rg3 in Hela
cells is mediated by inhibition of starvation-induced autophagic
flux [17]. Despite robust evidence for the anti-cancer effects of Rg3-
mediated apoptosis and autophagy, the effects of Rg3RGE on
apoptosis and autophagy in breast cancer and the underlying
mechanisms of action have not been investigated.

In the present study, we investigated the anti-cancer effects of
Rg3RGE in breast cancer cells by determining its regulatory effects on
the balance between apoptosis and autophagy. We identified that
under hypoxic conditions, Rg3RGE inhibits cell proliferation and
spheroid formation and induces apoptosis by disrupting autophagy.
This is the first report that Rg3RGE is a potential breast cancer
therapeutic and identifies a novel mechanism of action mediated by
increased reactive oxygen species (ROS) levels and subsequent
regulation of apoptosis and autophagy in vitro and in vivo.

2. Materials and methods

2.1. Materials and cells culture

Rg3RGE was supplied by Korea Ginseng corporation (Daejeon,
Gimhae-si, Korea). Rg3RGE contained enriched ginsenoside-Rg3 as
determined by performance liquid chromatography (Korea Ginseng
Corporation) (Table 1) [18]. Rg3RGE was dissolved in 50% dimethyl
sulfoxide (DMSO), stored at �20�C, and diluted in medium before
use. MCF-7 and MDA-MB-231 breast cancer cells were obtained
from the American Type Culture Collection (Manassas, VA, USA).
Cells were incubated in Dulbecco's modified eagle medium
(DMEM) (HyClone; GE Healthcare Life Sciences, Logan, UT, USA)
containing 10% fetal bovine serum (HyClone) and 1% antibiotic
mixture in an atmosphere containing 5% CO2 at 37�C. Densitometric
analysis of scanned images was performed using the ImageJ
Table1
Ginsenoside contents of Rg3-enriched ginseng extract.

ginsenosides Contents (mg/g)

Total ginsenosides 67.41
20(S)-Rg3 44.91
20(R)-Rg3 6.78
Rb1 3.86
Rc 1.20
Rb2 1.53
Rd 1.60
Rf 1.28
Rh1 3.71
20(S)-Rg2 3.55
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software (version 2018; National Institutes of Health, Bethesda, MD,
USA).

2.2. Three-dimensional cell culture

5 � 104 breast cancer cells were seeded onto Three-dimensional
(3D) nanofiber/8-well plate (Nanofaentech, Korea). After three
days, cells were incubated with medium containing CoCl2 or
Rg3RGE for 24 h. Cell morphology and immunofluorescence were
measured as follows.

2.3. Cell viability assay

The breast cancer cells were seeded onto the nanofiber/8-well
plate at 5 � 104 and incubated. After three days, cells were incu-
bated with medium containing CoCl2 or Rg3RGE for 24 h, and then
treated with water-soluble tetrazolium 8 (WST-8) reagent (Biomax
Co. Seoul, South Korea) for 2 h. Absorbance was measured at 450
nm on a spectrophotometer.

2.4. Trypan blue stanning assay

2 � 105 cells were seeded in 6-well plates and replaced with
freshmedium containing with CoCl2 and Rg3RGE and incubated for
24 days. The cells were staining with trypan blue. The percentage of
death cell were analyzed by the number of trypan blue positive
cells.

2.5. Colony formation assay

1 � 104 cells were seeded in 6-well plates and incubated for 5
days. Cells were replaced with fresh medium containing CoCl2 and
Rg3RGE and incubated for 48 h. The cells were fixed with 100 %
methanol and stained with 0.5% crystal violet for 1 h.

2.6. Western blot analysis

After indicated drugs treatment for 24 h, the cells were extrac-
ted in radioimmunoprecipitation assay (RIPA) lysis buffer. Equal
amounts of lysates sample were subjected to sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to an Immobilon-P-membrane (Millipore, USA). After incu-
bation of the membranes with primary antibody at 4�C overnight,
themembranes werewashed three times with TBS-Tand incubated
with secondary antibodies for 1 h at room temperature. Signals
were detected by chemiluminescence (GE Healthcare, Chicago, IL,
USA) on a ChemiDOC™ XRS (Bio-Rad Laboratories, Hercules, CA,
USA).

2.7. PI/Annexin V stanning and flow cytometry assay

After indicated drugs treatment for 24 h, cells were washed
twice with phosphate-buffered saline (PBS). Cells were suspended
in 200 ml binding buffer, to which were added PI and Annexin V-
FITC for 30 min at 4 �C in dark room (BD Biosciences, San Jose, CA,
USA). Fluorescence was assessed for cell apoptosis by flow cytom-
etry (Beckman Coulter, CA, USA).

2.8. Immunofluorescence assay

Cells were seeded onto nanofiber/8-well plate and 8 well slid
glass. Cells were incubated with the indicated drugs for 24 h, and
then were incubated lysotracker-red (Thermo Fisher Scientific).
Cells were fixed in 100% methanol, and were blocked with 10%
normal goat serum. Cells were further incubated with primary
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antibodies against light chain 3A/B (LC3) antibody for overnight at
4�C. Cells were washed with PBS three times, and reacted with
FITC-conjugated anti-rabbit secondary antibodies and stained with
40,6-diamidino-2-Phenylindole (DAPI) for 5 min. Fluorescence was
detected by confocal microscopy (Leica Microsystems GmbH,
Wetzlar, Germany).
2.9. ROS activity

Cells were incubated with the indicated drugs for 24 h, followed
by further incubation with 10 mM 20,70-dichlorofluorescein
Fig. 1. Rg3RGE inhibits cell proliferation and promotes apoptosis in CoCl2-stimulated breast
cells. Three-dimensional (3D) cells were cultured with medium containing CoCl2 (25, 50, and
cells were treated with CoCl2 (100 mM) or Rg3RGE (200 mg/ml) for 24 h, followed by treatm
culture was analyzed. (E) Proliferation rate was analyzed by colony formation assay. Cell colon
indicated drugs for 24 h. The levels of cleaved-caspase3 and cleaved-PARP, and Bcl2 were d
apoptosis in breast cancer cells treated with CoCl2 (100 mM) Rg3RGE (200 mg/ml) for 24 h we
represent mean ± S.E.M. of three independent experiments. *P < 0.05 vs. control. #P < 0.05
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diacetate (DCF-DA) for 1 h. Fluorescence was detected in equivalent
quantities of protein on a SpectraMax® iD5 multi-plate reader
(Molecular devices, shanghai, China; excitation:530 nm, emission:
485 nm)
2.10. Tumor xenograft model

BALB/c nude mice (Female, 6 weeks old) were purchased from
Lab Animal (Seoul, Korea) and maintained in pathogen-free con-
ditions. The mice were inoculated with 2 � 107 MCF-7 cells sub-
cutaneously in the right flank. After the formation of palpable
cancer cells. (A and B) MCF-7 cells were seeded onto 3D nanofiber/8-well plate for 3D
100 mM) and Rg3RGE (200 mg/ml) for 24 h, and then photographed. (C) The 3D cultured
ent with WST-1 solution for 2 h. (D) The number of trypan blue stained cells in the 3D
ies were detected by crystal violet staining and counted. (F) Cells were treated with the
etermined using western blot assay. b-actin was used as a loading control. (G) Rates of
re detected by flow cytometry. The protein levels were quantified using ImageJ. Results
vs. Rg3RGE.
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tumors (~5 mm), the mice were randomized into five condition
groups (n ¼ 5/group). Next, the mice were treated with 50 mg/kg/
100 ml (PBS containing 0.05% (v/v) Tween 20) Rg3RGE once every
two days. The mice were euthanized on day 21 after which tumor
weights were determined. Animal care and all experimental pro-
cedures were approved by and conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee of
the Catholic University of Daegu.

2.11. Immunohistochemistry (IHC)

The paraffin-embedded mouse tumor sections were mounted
on microscope slides. The tissue sections were maintained with
primary antibodies at 4�C overnight. Secondary antibodies were
incubated at 37�C for 30 min. 3,30-diaminobenzidine tetrahydro-
chloride was used as the coloring reagent, and hematoxylin was
used as the counterstain. Tumor sections were observed using a
Pannoramic MIDI slide scanner (3DHISTECH, Budapest, Hungary).

2.12. Statistical analysis

All in vitro and in vivo results presented were derived from at
least three independent experiments performed in triplicate.
Fig. 2. Rg3RGE inhibits CoCl2-induced autophagy in breast cancer cells. (A and B) Indicated
replaced with 100 mM CoCl2 and 200 mg/ml Rg3RGE for 24 h, followed by incubation with
MB231 cells were treated with 100 mM CoCl2 and 200 mg/ml Rg3RGE for 24 h, and levels of LC
slide glass. Media was replaced with 100 mM CoCl2 and 200 mg/ml Rg3RGE for 24 h, followed
stained with DAPI. Densitometric analysis of LC3 levels (green fluorescence), protein levels, a
of three independent experiments. *P < 0.05 vs. control.
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Results were analyzed using Graph Pad Prism 5 software (Graph
Pad Software, La Jolla, CA, USA). The one-way ANOVA followed by
Bonferroni post hoc test was used to determine the significance of
differences between experimental and control values. Pevalues of
< 0.05 were taken to indicate significant differences.

3. Results

3.1. Rg3RGE inhibits spheroid formation and induces apoptosis in
CoCl2-stimulated breast cancer cells

CoCl2, which suppresses PHD2 activation, is commonly used to
mimic hypoxia. To investigate the potential anti-cancer effects of
Rg3RGE in breast cancer cells in a hypoxic microenvironment, we
determined the effects of CoCl2 and Rg3RGE on spheroid formation
using 3D culture. 100 mM CoCl2 increased MCF-7 cell spheroid
diameter 2-fold relative to control, so this concentration was used
in subsequent experiments (Fig. 1A). Rg3RGE (200 mg/ml) signifi-
cantly inhibited spheroid formation in both the presence and
absence of CoCl2 (Fig. 1B). Result of WST assay in the 3D culture
model revealed that Rg3RGE significantly decreased cell viability,
and that this effect was more pronounced in hypoxia-like condi-
tions relative to normal conditions (Fig. 1C). Similarly, the number
cells were seeded onto 3D nanofiber/8-well plate or in 8-well slide glass. Media was
antibodies against LC3. The nuclear DNA was stained with DAPI. (C) MCF-7 and MDA-
3, p62, and TFEB were measured by western blotting. (D) Cells were seeded onto 8-well
by incubation with lysotracker-red and antibodies against LC3A/B. The nuclear DNAwas
nd red puncta levels were quantified using ImageJ. Values represent the mean ± S.E.M.
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of dead cells was increased by Rg3RGE under the mimic hypoxia
condition in 3D culture (Fig. 1D), strongly supporting the finding
that Rg3RGE suppressed CoCl2-induced spheroid formation and cell
viability in 3D culture.

A colony formation assay in two-dimensional culture also
demonstrated that Rg3RGE decreased CoCl2-induced colony for-
mation (Fig. 1E). Furthermore, Rg3RGE more significantly increased
cleaved-caspase3 and cleaved-PARP, and decreased Bcl2 under
hypoxia-like conditions relative to normal conditions (Fig. 1F).
Consistently, co-treatment with Rg3RGE and CoCl2 markedly
increased apoptotic breast cancer cells (Fig. 1G). These results
strongly support that Rg3RGE promotes apoptosis in CoCl2-stimu-
lated breast cancer cells.
3.2. Rg3RGE inhibits CoCl2-stimulated autophagy in breast cancer
cells

Cancer cells undergo autophagy to suppress apoptosis in hyp-
oxic environments [19]. In 3D culture, Rg3RGE not only increased
LC3 expression in normoxic conditions, but also upregulated LC3 in
CoCl2-stimulated hypoxia-like conditions (Fig. 2A). In 2D culture,
treatment with Rg3RGE or CoCl2 also increased LC3 puncta. Rg3RGE
significantly enhanced CoCl2-induced LC3 puncta (Fig. 2B). In
addition, Rg3RGE increased the protein expression of LC3, an
Fig. 3. Rg3RGE-induced apoptosis is associated with inhibition of autophagy. (A, B, and C) M
ml Rg3RGE, 500 nM rapamycin, 50 mM chloroquine, or 10 mM spautin-1) for 24 h. Levels o
loading control. (D) Rates of apoptosis in breast cancer cells treated with the indicated drug
spautin-1) for 24 h were detected by flow cytometry. Results represent mean ± S.E.M. of th
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autophagosome membrane component, as well as p62, which is
degraded by formation of autolysosome, in breast cancer cells [20].
Expression of TFEB, which regulates autophagic flux by activating
lysosomal biogenesis [21], was also decreased by Rg3RGE treat-
ment. However, CoCl2 promoted autophagy, increasing LC3II and
TFEB expression and decreasing p62 expression. Interestingly,
Rg3RGE reversed CoCl2-induced upregulation of TFEB and down-
regulation of p62, suggesting that Rg3RGE suppressed autophago-
some degradation (Fig. 2C). Accumulation of autophagosomes
occurs due to suppressed autophagosome degradation, disrupting
fusion of autophagosomes with lysosomes. Consistent with our
hypothesis, CoCl2 increased lysosome activity and colocalization of
lysosome and LC3 puncta. However, Rg3RGE blocked the CoCl2-
induced lysosome activity (Fig. 2D), indicating that Rg3RGE sup-
pressed autolysosome formation.
3.3. Rg3RGE enhances apoptosis by disrupting CoCl2-stimulated
autophagy

To determine if Rg3RGE inhibition of CoCl2-induced autophagy
was related to apoptosis, Rg3RGE and multiple regulators of auto-
phagy were treated in CoCl2-stimulated cells. First, rapamycin,
which initiates autophagy by inhibiting mTOR did not significantly
affect expression of CoCl2-regulated LC3II, p62, or cleaved PARP
CF-7 and MDA-MB-231 cells were treated with indicated drugs (100 mM CoCl2, 200 mg/
f LC3, p62, and cleaved PARP were measured by western blotting. b-actin was used as
s (100 mM CoCl2, 200 mg/ml Rg3RGE, 500 nM rapamycin, 50 mM chloroquine, or 10 mM
ree independent experiments. *P < 0.05 vs. control.



Fig. 4. Rg3RGE inhibits autophagy by increasing ROS levels. (A) MCF-7 and MDA-MB-231 cells were treated with 100 mM CoCl2 and indicated concentration of Rg3RGE for 6 h, and
then protein levels of HIF-1a and HIF-1bwere measured by western blotting. (B) Cells were treated with 100 mM CoCl2, 200 mg/ml Rg3RGE and 5 mM NAC (a ROS scavenger) for 24 h,
and ROS levels were determined using DCF-DA. (C) Cells were treated with CoCl2, Rg3RGE and NAC for 6 h, and protein levels of HIF-1a and HIF-1b were determined by western
blotting. (D) MCF-7 cells were seeded onto 3D nanofiber/8-well plate. 3D cells were cultured with medium containing CoCl2, Rg3RGE, and NAC for 24 h, and then photographed. (E)
3D cells were cultured with CoCl2, Rg3RGE, and NAC for 24h, and then incubated with antibodies against LC3. The nuclear DNA was stained with DAPI. (F) After cells were treated
with CoCl2, Rg3RGE, and NAC for 24 h, the levels of LC3 and p62 were determined. b-actin was used as a loading control. The protein levels were quantified using ImageJ. (G) Cells
were cultured with CoCl2, Rg3RGE, and NAC for 24h, and then incubated with lysotracker-red and antibodies against LC3. The nuclear DNAwas stained with DAPI. Results represent
mean ± S.E.M. of three independent experiments. *P < 0.05 vs. control. #P < 0.05 vs. Rg3RGE.
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levels in co-treatment with Rg3RGE (Fig. 3A), indicating that
Rg3RGE-induced increase of cleaved PARP was not associated with
initiation of autophagy. Next, Co-treatment with Rg3RGE and
Chloroquine (CQ), which suppresses autophagic degradation by
inhibiting lysosomal proteases, enhanced accumulation of LC3II
and p62 relative to single-agent treatment in CoCl2-stimulated
breast cancer cells (Fig. 3B). Cleaved PARP levels were alsomodestly
increased by co-treatment with Rg3RGE and CQ, suggesting that
inhibition of lysosomal degradation in CoCl2-stimulated autophagy
36
promoted cell death. Furthermore, Spautin-1, which inhibits initi-
ation of autophagy, inhibited the LC3II accumulation caused by
Rg3RGE treatment and suppressed Rg3RGE-induced p62 and
cleaved PARP in CoCl2-stimulated cells (Fig. 3C). Furthermore,
rapamycin and CQ did not significantly affect Rg3RGE-induced
apoptosis. However, spautin-1 suppressed Rg3RGE-induced
apoptosis in CoCl2-stimulated breast cancer cells (Fig. 3D), indi-
cating that Rg3RGE promoted apoptosis by inhibiting lysosomal
degradation of autophagosomes in CoCl2-induced autophagy.
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3.4. Rg3RGE inhibits CoCl2-stimulated autophagy by increasing ROS
levels in breast cancer cells

HIF-1a stabilization plays a critical role in hypoxia-induced
autophagy. Rg3RGE enhanced CoCl2-induced HIF-1a stabilization
in both breast cancer cell lines (Fig. 4A), indicating that Rg3RGE-
inhibited autophagy was not related to HIF-1a stabilization.
Rg3RGE significantly increased ROS levels, which modulate the
HIF-1a stabilization and autophagy [22,23], in both the presence
and absence of CoCl2 (Fig. 4B). The ROS scavenger N-acetylcysteine
(NAC) decreased Rg3RGE-induced ROS levels and HIF-1a stabili-
zation (Fig. 4C), suggesting that Rg3RGE increased HIF-1a stabili-
zation by increasing ROS levels in CoCl2-stimulated cells. In
addition, NAC decreased CoCl2-induced spheroid formation and
restored Rg3RGE reduction of spheroid size, resulting in sizes
similar to spheroids under normoxic conditions (Fig. 4D). Rg3RGE-
induced LC3 expression was also suppressed by NAC in CoCl2-
stimulated cells (Fig. 4E). Western blot results also showed that
NAC significantly suppressed Rg3RGE enhancement of LC3II and
P62 levels in CoCl2-stimulated cells (Fig. 4F). Although ROS inhi-
bition did not affect the lysosome activity, ROS inhibition sup-
pressed accumulation of autophagosomes by inhibiting LC3 levels
in cells treated with CoCl2 and Rg3RGE (Fig. 4G). Together, these
observations demonstrated that Rg3RGE suppressed CoCl2-stimu-
lated autolysosome formation by increasing oxidative stress.
3.5. Rg3RGE induces apoptosis by increasing ROS levels in breast
cancer cells

Because Rg3RGE inhibited autophagy by increasing ROS levels,
we hypothesized that Rg3RGE regulation of ROS levels was central
to its the anti-tumor effects. As expected, ROS inhibition with NAC
Fig. 5. Rg3RGE promotes apoptosis in breast cancer cells via induction of ROS. (A) MCF-7 and
for 24 h, followed by treatment with WST-1 solution for 2 h. (B) The number of trypan blue s
24 h, levels of cleaved cspase3 and cleaved PARP were determined. b-actin was used as a lo
were detected by flow cytometry. Results represent mean ± S.E.M. of three independent ex
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was protective against Rg3RGE decrease of cell viability and
Rg3RGE-induced cell death (Fig. 5A and B). Further, Rg3RGE-
induced increase of apoptotic markers was markedly inhibited by
NAC in CoCl2-stimulated breast cancer cells (Fig. 5C). Flow cytom-
etry analysis revealed that NAC did not affect apoptosis in cells
treated with CoCl2 alone. However, apoptotic cells were signifi-
cantly decreased in CoCl2-stimulated breast cancer cells treated
with Rg3RGE in combination with NAC than in CoCl2-stimulated
cells treated with Rg3RGE alone (Fig. 5D). Together, these results
suggest that Rg3RGE induced apoptotic cell death by disrupting
autophagy via increased intracellular ROS levels.
3.6. Rg3RGE induces apoptosis and suppresses autophagy in vivo

To determine if the anti-cancer effects of Rg3RGE were reca-
pitulated in vivo, xenografts were generated in athymic nude mice
by injection of MCF-7 cells into each flank. Tumor size significantly
increased in the control group during the 21-day period. By
contrast, tumor progression in mice treated with 50 mg/kg Rg3RGE
was significantly slower than that of the control group (Fig. 6A). At
the experimental endpoint of 21 days post-injection, tumor sizes,
and tumor weights were smaller in the Rg3RGE group than in the
control group (Fig. 6B and C). These results suggested that Rg3RGE
decreased cancer progression in vivo. Consistent with in vitro
findings, Rg3RGE significantly increased cleaved PARP and cleaved
caspase 3 levels in xenografts (Fig. 6D). Rg3RGE treatment also
increased p62 expression, as demonstrated by Western blot and
IHC. Further, Rg3RGE dramatically decreased ki67 expression
(proliferation maker) (Fig. 6E and F). Together, these findings sug-
gested that Rg3RGE induced apoptosis and inhibited cell prolifer-
ation and autophagy in vivo.
MDA-MB-231 cells were treated with 100 mM CoCl2, 200 mg/ml Rg3RGE and 5 mM NAC
tained cells were analyzed. (C) After cells were treated with CoCl2, Rg3RGE, and NAC for
ading control. The protein levels were quantified using ImageJ. (D) Rates of apoptosis
periments. *P < 0.05 vs. control. #P < 0.05 vs. Rg3RGE.



Fig. 6. Rg3RGE inhibits tumor growth in vivo. (A) MCF-7 cells (2 � 107 cells/mouse) were injected into the right flank of BALB/c nude mice. Results represent mean ± S.E.M. *p� 0.05
compared to vehicle group. Control vehicle group was treated with PBS containing 0.05% (v/v) Tween 20 (100 ml), and an Rg3RGE group was treated with 50 mg/kg/100 ml Rg3RGE.
Tumor growth was monitored for 21 days (B) After 21 days of treatment, tumors were removed and photographed. (C) Tumor weights were determined (mean ± SE). *p � 0.05
compared to vehicle group. (D) The levels of cleaved caspase 3, cleaved PARP, and p62 in tumor tissues determined byWestern blot analysis. The protein levels were quantified using
ImageJ. (E) Tumor tissue confirmation by examination of H&E-stained sections under a dissecting microscope. The tumor tissues were immunostained using anti-Ki67 and p62
antibodies. (F) Model of the effect of Rg3RGE-induced ROS levels on apoptosis by inhibition of autolysosome formation in CoCl2-stimulated breast cancer cells.
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4. Discussion

Hypoxia is a primary feature of solid tumors, which develop
resistance to chemotherapy by adapting to hypoxic conditions [24].
Korean red ginseng extract (RGE) and its bioactive components,
including Rg3, affect HIF-1a stabilization in multiple cell lines un-
der hypoxic conditions. RGE disrupts dimerization of HIF-1a and
ARNT [25], while low-dose Rg3 induces HIF-1a activation under
hypoxic conditions in liver cancer cells [26]. In addition, RGE sup-
presses cell migration by impairing hypoxia-induced EMT in colon
cancer cells [27]. However, prior to the present study, the anti-
cancer effects of RGE and Rg3 in hypoxia-stimulated breast can-
cer cells had not been investigated.

In this study, we demonstrated for the first time that Rg3RGE
induces apoptosis of breast cancer cells treated with CoCl2, which
mimics hypoxia, by inhibiting autophagy. Generally, autophagy is
considered to be a cell survival mechanism that confers resistance
to cytotoxicity and combat hypoxic stress in the tumor microen-
vironment [28]. We demonstrated that CoCl2-stimulated hypoxic
stress increased autophagy in breast cancer cells. Rg3RGE accu-
mulated LC3II expression and prevented autolysosome formation
by suppressing expression of TFEB, a factor involved in lysosome
activity, thereby disrupting autophagy and inducing apoptosis.
Spautin-1 suppressed initiation of autophagy, but did not promote
apoptosis in hypoxia-like conditions. Collectively, these findings
suggest that induction of autophagy alone did not cause apoptosis
in hypoxia. Interestingly, Chloroquine, which inhibits
autophagosome-lysosome fusion, induced apoptosis in hypoxic
breast cancer cell lines, similarly to Rg3RGE. Thus, autophagosome
accumulation is a potential means to suppress cell survival mech-
anisms in hypoxic stress.

Intracellular ROS levels modulate autophagy by multiple
mechanisms. To protect against ROS-induced mitochondrial
38
damage, mitophagy increases in hypoxia-stimulated cells.
Conversely, ROS inhibit autophagy via oxidation of ATG proteins
and inactivation of TFEB [29,30]. This is consistent with our finding
that Rg3RGE suppresses autophagosome-lysosome fusion by
increasing ROS levels and subsequently inhibiting TFEB expression.
Further, increased ROS levels inhibit proliferation and activate
apoptosis by damaging cellular proteins, lipids, and DNA [31].
Accordingly, ROS inhibition prevented Rg3RGE-stimulated
apoptosis and Rg3RGE inhibition of autophagy. Therefore, we
suggest that ROS production is a key factor in Rg3RGE-modulated
cell death.

In the present study, we demonstrated that Rg3RGE-stimulated
ROS production mediates not only autophagy disruption, but also
induction of apoptosis under hypoxia-like conditions (Fig. 6F). In
addition, accumulation of autophagosomes plays an essential role
in the apoptotic effects of Rg3RGE. In vivo studies also demonstrate
that Rg3RGE inhibits breast cancer cell growth in vivo and increases
protein levels of p62, an indicator of autophagosome accumulation.
Based on these findings, we not only suggest that Rg3RGE is a
putative breast cancer therapeutic modality, but also propose that
promoting autophagosome accumulation is a potential novel
therapeutic strategy for breast cancer treatment.
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