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Red ginseng polysaccharide exhibits anticancer activity through GPX4
downregulation-induced ferroptosis
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ABSTRACT
Context: Red ginseng polysaccharide (RGP) is an active component of the widely used medicinal plant
Panax ginseng C. A. Meyer (Araliaceae), which has displayed promising activities against cancer cells.
However, the detailed molecular mechanism of RGP in ferroptosis is still unknown.
Objective: This study evaluates the effects of RGP in cancer cells.
Materials and methods: A549 and MDA-MB-231 cells were used. Cell proliferation was measured by
CCK-8 assay after being treated with RGP at concentrations of 0, 50, 100, 200, 400, 800 and 1600lg/mL
at 0, 12, 24 and 48h. Lipid reactive oxygen species (ROS) levels were assessed by C11-BODIPY assay. The
control group was treated with PBS.
Results: RGP inhibited human A549 (IC50: 376.2lg/mL) or MDA-MB-231(IC50: 311.3lg/mL) proliferation
and induced lactate dehydrogenase (LDH) release, promoted ferroptosis and suppressed the expression
of GPX4. Moreover, the effects of RGP were enhanced by the ferroptosis inducer erastin, while abolished
by ferroptosis inhibitor ferrostatin-1.
Discussion and conclusions: Our study is the first to demonstrate (1) the anticancer activity of RGP in
human lung cancer and breast cancer. (2) RGP presented the anti-ferroptosis effects in lung and breast
cancer cells via targeting GPX4.
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Introduction

The use of medicinal herbs and their derivatives has emerged as
an easily available complementary treatment in the field of can-
cer therapy, and the efficacy of herbal medicines has been exten-
sively explored in human cell lines and animal models, as well as
clinical trials (Ho and Tan 2011). Red ginseng is a common
name for Panax ginseng C. A. Meyer (Araliaceae) that has been
widely used in traditional herbal medicine in Asia, and has
increasingly gained popularity in Western countries, despite that
the underlying mechanism has not been clearly defined (Radad
et al. 2006; Ho and Tan 2011; Wang CZ et al. 2016). Red gin-
seng polysaccharide (RGP) is one of the active components from
red ginseng. A previous report has demonstrated that RGP is a
promising immune-stimulating modifiers and has potential value
for tumour therapy (Zhou et al. 2014). Moreover, a high level of
RGAP is closely associated with the increased activity of the
immune system; RGP is believed to have the function to activate
immune activity (Youn et al. 2020). However, the detailed
molecular mechanism of PGP is still not fully understood.

Lung cancer is the most common cancer with poor prognosis
worldwide, and breast cancer is the most prevalent cancer diag-
nosed among women (Siegel et al. 2020). Although extensive
efforts have been focussed on research and therapeutic regimens
for these cancers, favourable clinical efficacy has yet to be
achieved (Duda et al. 1999; Corbit et al. 2006; Park et al. 2011;
Zhou et al. 2014; Ahuja et al. 2018; Yu et al. 2018). Therefore,
exploring and developing novel therapeutic strategies is eagerly
desired for patients with lung or breast cancer.

Ferroptosis is a non-apoptotic type of regulated and con-
trolled cell death that is biochemically and genetically disparate
from other major cell deaths, such as apoptosis, autophagy and
necrosis (Dixon 2017; Mou et al. 2019; Xu et al. 2019). It is iron-
dependent and is accompanied by the accumulation of lipid
reactive oxygen species (ROS) due to ROS imbalance. Ferroptosis
is characterized by the downregulation of the antioxidant perox-
idase glutathione peroxidase 4 (GPX4) which regulates clearance
of ROS, followed by the accumulation of lipid peroxidation
products (Friedmann Angeli et al. 2014; Dixon and Stockwell
2019; Seibt et al. 2019). Ferroptosis inducers include artesunate/
erastin and sulfasalazine (SAS), which act directly or indirectly
on glutathione peroxidase (GPXs) through diverse pathways,
resulting in decreased cell antioxidant capacity and ROS accumu-
lation and eventually causing oxidative cell death (Dolma et al.
2003; Dixon et al. 2012). It has been reported that ferritinoph-
agy-mediated ferroptosis is an essential mechanism contributing
to sepsis-induced cardiac injury. Targeting ferroptosis is recog-
nized as a therapeutic strategy for its treatment (Li N et al.
2020). Moreover, targeting ferroptosis alleviates methionine-
choline deficient (MCD)-diet induced NASH by suppressing liver
lipotoxicity (Li X et al. 2020). Moreover, the induction of ferrop-
tosis has been implicated in cancer cell resistance to chemothera-
pies or targeted therapies (Hangauer et al. 2017; Friedmann
Angeli et al. 2019).

Currently, ferroptosis-inducing drugs are gaining attention
and exhibiting promising potential in cancer therapy. Here, we
evaluated the therapeutic implication of RGP in cancer cells,
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characterized its ferroptosis induction effect, and propose a
rational therapeutic approach for disease treatment.

Materials and methods

Chemicals

Red ginseng polysaccharide was synthesized and purchased from
JRDUN Biological Technology Co., Ltd. (Shanghai, China).
Ferrostatin-1 (F129882) and erastin (E126853) were obtained
from Aladdin (Shanghai, China).

Cell culture

A549 (human non-small cell lung cancer cell line) and MDA-
MB-231 (human triple-negative breast cancer cell line) cells were
bought from the Shanghai Cell Bank, Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in DMEM
medium supplemented with 10% foetal bovine serum and 1%
penicillin–streptomycin, and incubated in a humidified atmos-
phere at 37 �C with 5% CO2.

GPX4 overexpression

The full-length human GPX4 cDNA sequence was cloned into
pcDNA3.1(þ) vector (Invitrogen, Carlsbad, CA) by Genewiz
(Suzhou, China). The plasmids were verified by restriction
enzyme digestion and Sanger sequencing. GPX4 (oeGPX4) or
empty vector constructs were transfected into A549 and MDA-
MB-231 cells using LipofectamineTM 2000 (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions (Ma et al. 2014).

Cell proliferation assay

Cell proliferation was assessed by CCK-8 assay (Jiancheng
Bioengineering, Nanjing, China). Cells were seeded at 3000 cells
per well in opaque 96-well plates at 37 �C overnight. Then, cells
were cocultured with RGP in different concentrations for 0, 12,
24 and 48 h, respectively, including 0, 50, 100, 200, 400, 800 and
1600 mg/mL. After that, 10 lL of CCK-8 was dispensed to each
well at various time points, followed by 3 h incubation in the
dark. The absorbance was detected at 450 nm with a microplate
reader (model 550, BioRad, Richmond, CA). The cell viability
was calculated by the normalization of mean optical densities
(ODs) to the negative control using the following equation:
OD450nm at 0, 12, 24 and 48 h/average OD450nm at 0 h in
0 mg/mL group.

Detection of lactate dehydrogenase (LDH)

Lactate dehydrogenase release was assessed using LDH release
assay kit (Jiancheng Bioengineering, Nanjing, China). Briefly,
1� 104 A549 and MDA-MB-231 cells were plated in 96-well
plates, and RGP (200lg/mL) was added to the cells and incu-
bated for 48 h at 37 �C. Then, the medium solution was trans-
ferred to new 96-well plates and LDH reaction mix was added
according to the instruction of the manufacturer. Absorbance
was detected at 450 nm with a plate reader (model 550, BioRad,
Richmond, CA).

Lipid peroxidation assay using flow cytometry

Lipid ROS levels were assessed by using C11-BODIPY assay fol-
lowing the manufacturer’s protocol (D3861, Thermo Fisher
Scientific, Waltham, MA). Cells were treated with RGP (200 lg/
mL) for 48 h at 37 �C as indicated above, then 10mM C11-
BODIPY-containing medium was replenished for 1 h. Cells were
then collected by trypsinization and washed with PBS containing
1% BSA. Lipid ROS levels were determined with a flow cytome-
ter (FACSCantoTM II, BD Biosciences, San Jose, CA).

Immunoblotting

Total protein lysates were prepared using radioimmunoprecipita-
tion assay (RIPA) buffer containing proteinase inhibitor
(Beyotime, Shanghai, China). Proteins were separated on sodium
dodecyl sulphate-polyacrylamide (SDS-PAGE) gels and trans-
ferred onto nitrocellulose membranes (Millipore, Billerica, MA).
After blocking with 5% non-fat milk, membranes were incubated
with primary antibodies at 4 �C for overnight. Subsequent to
washing, membranes were incubated with anti-rabbit IgG HRP-
conjugated secondary antibody (A0208, Beyotime, Shanghai,
China) at room temperature for 1 h. Enhanced chemilumines-
cence (ECL) system (MilliporeSigma, Burlington, MA) was used
for signal detection. Antibodies used were GPX4 (Ab125066,
Abcam, Cambridge, UK), GAPDH (60004-1-1G, Proteintech,
Wuhan, China).

Statistical analysis

Statistical analyses were carried out using GraphPad Prism soft-
ware (version 6.0, San Diego, CA). Student’s t-test and analysis
of variance (ANOVA) were used to conduct the data analysis. A
p value of less than 0.05 was considered statistically significant.

Results

Red ginseng polysaccharide prevented cancer cell
proliferation

To evaluate the anticancer activity of RGP, human non-small cell
lung cancer cell line A549 and human triple-negative breast can-
cer cell line MDA-MB-231 were treated with serial concentra-
tions of RGP. CCK-8 cell viability assay showed that starting
from 200lg/mL treatment, RGP significantly inhibited cancer
cell proliferation at 24 h in both A549 and MDA-MB-231 cells
(Figure 1(A,B)). Furthermore, longer incubation revealed that as
low as 50 lg/mL of RGP treatment resulted in potent anticancer
activity at 48 h. RGP therefore displays potent anticancer activity
against cancer cells, suggesting its potential as a therapeutic
drug. Importantly, our results suggested the IC50 RGP in human
A549 or MDA-MB-231 is 376.2 or 311.3 lg/Ml, respectively.
Taken together, the following analysis was conducted by using
RGP at the concentration of 200 lg/mL.

RGP treatment leads to LDH release and
ferroptosis induction

To further understand the physiological and therapeutic basis of
RGP, we measured the levels of LDH release upon RGP treat-
ment given that cytosolic LDH is promptly released into the cell
medium when the plasma membrane and cell membrane were
compromised. As the concentration of RGP increased, the
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cellular cytotoxicity was gradually increasing in both A549 and
MDA-MD-231 cells (Figure 2(A,B)).

Since ROS-induced lipid peroxidation is well-defined mechan-
ism in ferroptosis induction, we employed BODIPY 581/591
undecanoic acid to detect ROS upon RGP treatment. As shown
by flow cytometry, notable shifts in C11-BODIPY signal follow-
ing RGP treatments were observed in both A549 and MDA-MD-
231 cells, indicating ROS induction (Figure 2(C,D)).

Furthermore, the expression of GPX4, a phospholipid hydro-
peroxidase that protects cells from membrane lipid peroxidation
and an essential regulator of ferroptosis, was significantly
reduced in response to RGP treatment in a dose-dependent man-
ner (Figure 2(E,F)). Together, these data demonstrated that RGP
treatment induced significant cellular toxicities in cancer cells
and ferroptosis, resulting in LDH release, accumulation of lipid
ROS, and GPX4 downregulation.

RGP treatment elicits its effects through
ferroptosis induction

To verify RGP treatment-induced ferroptosis, we introduced fer-
rostatin-1, a ferroptosis inhibitor, and erastin, a ferroptosis
inducer, in both A549 and MDA-MB-231 cells. Cells were
treated with either 200lg/mL of RGP itself, or combined with
either ferrostatin-1 or erastin for 48 h. Consistently, 200 lg/mL
of RGP treatment exhibited ferroptotic cell deaths in A549 and
MD-MB-231 cells. Correspondingly, 35lM of erastin treatment
synergized with RGP and significantly suppressed cell prolifer-
ation. In contrast, when combined with 2 lM of ferrostatin-1,
RGP-induced ferroptosis was abolished (Figure 3(A,B)).

Likewise, the release of LDH and the accumulation of lipid
ROS resulting from RGP treatment were significantly inhibited
by ferrostain-1 treatment but elevated by erastin treatment, as
shown by LDH release assay (Figure 3(C,D)) and C11-BODIPY
assay (Figure 3(E,F)), respectively.

As for GPX4, treatment with erastin strongly suppressed
GPX4 expression while treatment with ferrostatin-1 abolished
RGP-induced GPX4 downregulation (Figure 3(G,H)).
Collectively, these data demonstrated the anticancer activity of
RGP via ferroptosis induction.

Enforced GPX4 expression abrogated the anticancer activity
of RGP

Given that GPX4 expression was significantly reduced upon RGP
treatment, we assessed the effects that would be elicited when

Figure 2. RGP treatment dose-dependently resulted in LDH release, ROS accumu-
lation and GPX4 downregulation in A549 and MDA-MB-231 cells. A549 and MDA-
MB-231 cells were treated with 0, 100, 200 and 400lg/mL of RGP and incubated
for 48 h. (A, B) Levels of LDH release were measured. (C, D) Lipid ROS accumula-
tion was determined by BODIPYTM 581/591 C11 using a flow cytometer. (E, F)
GPX4 expression was examined by Western blotting. �p< 0.05, ��p< 0.01
and ���p< 0.001.

Figure 1. RGP inhibited cancer cell proliferation in A549 and MDA-MB-231 cells. Lung cancer cell line A549 (A) and breast cancer cell line MDA-MB-231 (B) were incu-
bated with increasing concentrations of RGP for 24 and 48h. Cell viability was measured using CCK-8 assay and normalized to 0 h using the following equation:
OD450 nm at 0, 12, 24 and 48 h/average OD450 nm at 0 h in 0 mg/mL group. �p< 0.05, ��p< 0.01 and ���p< 0.001.
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GPX4 expression was restored. Western blot confirmed overex-
pression of GPX4 in both A549 and MDA-MB-231 cells (Figure
4(A,B)). Consistently, 200 lg/mL of RGP downregulated the
expression of GPX4 in cells transduced with vector control, and
this effect was disrupted in GPX4 overexpressing cells (oeGPX4)
(Figure 4(A,B)). More importantly, the overexpression of GPX4
itself stimulated cell proliferation in both cell lines. While RGP
treatment inhibited cell viability as expected, oeGPX4 abrogated
RGP activity and facilitated cell viability when compared to the
control (Figure 4(C,D)). Similarly, GPX4 overexpression led to
the decline of LDH release in both cell lines without RGP treat-
ment. Moreover, oeGPX4 significantly abolished RGP-induced

LDH release in cells with RGP treatment (Figure 4(E,F)).
Strikingly, oeGPX4 reversed the accumulation of ROS in cells
with or without RGP treatment in spite of the enhanced accu-
mulation of lipid ROS upon RGP treatment, as demonstrated by
C11-BODIPY assay (Figure 4(G,H)).

Taken together, GPX4 abrogated the anticancer activity of
RGP and prevented the lipid hydroperoxides primed ferroptosis.

Discussion

Ferroptosis is a type of programmed and controlled cell death
first proposed by Dixon through a chemical screening (Dixon
et al. 2012). Emerging evidence has indicated the application of
suppressing ferroptosis induction in cancer treatment (Lu et al.
2017; Mou et al. 2019; Ye et al. 2020). Additionally, drug

Figure 4. GPX4 overexpression abrogated the effects of RGP. GPX4 or empty
vector was overexpressed in A549 and MDA-MB-231 cells, and cells were incu-
bated for 48 h, with or without 200lg/mL of RGP treatment. (A, B) Western blot-
ting, (C, D) cell viability assay and (E, F) LDH release assay were performed. (G,
H) Lipid ROS accumulation was determined according to C11-BODIPY signal
shift. ���p< 0.001.

Figure 3. Ferroptosis induction mediated the underlying effects of RGP treat-
ment. A549 and MDA-MB-231 cells were pre-treated with 200lg/mL of RGP, and
then ferrostatin-1 (2lM) or erastin (35lM) was added to cells. (A, B) Cell viability
assay, (C, D) LDH release assay and (E, F) C11-BODIPY assay were performed. (G,
H) GPX4 expression level was determined. �p< 0.05, ��p< 0.01
and ���p< 0.001.
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resistance and evasion of cell death in tumour cells could be
overcome by introducing and maintaining ferroptosis (Hangauer
et al. 2017), suggesting the potential of ferroptosis-inducing
agents in cancer therapy.

Ginseng has been traditionally administrated as a medicine in
Asia for centuries (Helms 2004). Red ginseng polysaccharide is
an active component from red ginseng that has been explored
extensively in cancer treatment. Previous reported that a neutral
polysaccharide fraction (WGPN) inhibits S180 tumour growth in
a bell-shaped dose-response curve and can be used as a potential
adjuvant for chemotherapeutic drugs (Ni et al. 2010). Moreover,
ginseng polysaccharides also provide anti-fatigue activity (Wang
J et al. 2010). In this report, we evaluated the activity of RGP in
lung and breast cancer cells, and investigated the underlying
mechanisms. Our findings suggested that RGP treatment signifi-
cantly inhibited the proliferation and promoted ferroptosis
induction in lung or breast cancer cells resulting in LDH release
and ROS accumulation and thus highlighting its potential in can-
cer treatment.

Considering the essential role of GPX4 in ferroptosis, we
therefore assessed the effects of RGP treatment on GPX4 expres-
sion. Interestingly, we found that RGP treatment downregulated
GPX4 expression and demonstrated that GPX4 overexpression
conferred drug resistance. We therefore propose that targeting
GPX4 is a promising therapeutic approach in the treatment of
lung and breast cancers. Importantly, it was the first time to
illustrated the role of RGP in the ferroptosis in lung or breast
cancer cells. Moreover, RGP suppressed the progression of lung
or breast cancer cells that might target GPX4. Our findings not
only enhanced the understating into the effects of RGP in the
progression of lung and breast cancer cells but also provided evi-
dence to indicate its potential role in developing the therapy for
patient with lung or breast cancer.

Conclusions

We evaluated the anticancer activity of RGP in lung and breast
cancer cells, and characterized the ferroptosis induction underly-
ing its basis of action. Our findings implied that RGP could
serve as a cancer-prevention agent in lung cancer and breast can-
cer. Furthermore, we revealed a rational approach to remove
cancer cell protection from ferroptosis by targeting GPX4.
Meanwhile, our long-term goals are to carry out animal experi-
ments to assess the in vivo anticancer activity of RGP, and
explore and improve the strategy using combination treat-
ment options.
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