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A B S T R A C T

Artesunate, an anti-malarial drug, has been repurposed as an anticancer drug due to its induction of cell death
via reactive oxygen species (ROS) production. However, the molecular mechanisms regulating cancer cell death
and the resistance of cells to artesunate remain unclear. We investigated the molecular mechanisms behind the
antitumor effects of artesunate and an approach to overcome artesunate resistance in head and neck cancer
(HNC). The effects of artesunate and trigonelline were tested in different HNC cell lines, including three
cisplatin-resistant HNC cell lines. The effects of these drugs as well as the inhibition of Keap1, Nrf2, and HO-1
were assessed by cell viability, cell death, glutathione (GSH) and ROS production, protein expression, and
mouse tumor xenograft models. Artesunate selectively killed HNC cells but not normal cells. The artesunate
sensitivity was relatively low in cisplatin-resistant HNC cells. Artesunate induced ferroptosis in HNC cells by
decreasing cellular GSH levels and increasing lipid ROS levels. This effect was blocked by co-incubation with
ferrostatin-1 and a trolox pretreatment. Artesunate activated the Nrf2–antioxidant response element (ARE)
pathway in HNC cells, which contributed to ferroptosis resistance. The silencing of Keap1, a negative regulator
of Nrf2, decreased artesunate sensitivity in HNC cells. Nrf2 genetic silencing or trigonelline reversed the
ferroptosis resistance of Keap1-silenced and cisplatin-resistant HNC cells to artesunate in vitro and in vivo.
Nrf2–ARE pathway activation contributes to the artesunate resistance of HNC cells, and inhibition of this
pathway abolishes ferroptosis-resistant HNC.
Condensed abstract: Our results show the effectiveness and molecular mechanism of artesunate treatment on
head and neck cancer (HNC). Artesunate selectively killed HNC cells but not normal cells by inducing an iron-
dependent, ROS-accumulated ferroptosis. However, this effect may be suboptimal in some cisplatin-resistant
HNCs because of Nrf2–antioxidant response element (ARE) pathway activation. Inhibition of the Nrf2–ARE
pathway increased artesunate sensitivity and reversed the ferroptosis resistance in resistant HNC cells.

1. Introduction

Head and neck cancer (HNC) is the sixth most common type of
cancer worldwide, accounting for an estimated 650,000 new cancer
cases and 350,000 cancer deaths every year [1]. Squamous cell
carcinoma consists of more than 90% of HNCs that arise in the
essential organs responsible of respiration, swallowing, articulation
and speech, including the oral/nasal cavity, larynx, and pharynx. HNC
is commonly treated with the multimodal approach of surgery, radio-
therapy, and systemic chemotherapy. Radiotherapy and chemotherapy
are typically used to preserve the morphology and functionality of
HNC-affected organs [2–4]. Cisplatin is used as a first-line chemother-

apeutic agent in combination with radiotherapy in an organ preserving
protocol for HNC [5]. However, cisplatin is commonly associated with
acquired resistance and the toxicity of various organs in clinical
settings, which leads to a failure in cancer patient management [6].
Therefore, a new approach to circumventing cisplatin resistance and
toxicity is very urgent for the improved treatment of HNC [7]. Recently,
the induction of regulated nonapoptotic cell death was presented as a
useful strategy to eliminate cancer cells resistant to drug-induced
apoptosis [8].

Artesunate is a water-soluble semi-synthetic derivative of artemi-
sinin and a first-line treatment for malaria [9]. Artesunate has been
repurposed as an anticancer drug that induces cell death by reactive
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oxygen species (ROS) production [10–13]. Artemisinins enhanced
anticancer toxicity by utilizing ferrous iron to generate radicals that
could kill cancer cells [14,15]. Artesunate also induces lysosomal ROS-
mediated mitochondrial apoptosis and targets the DNA damage and
repair systems in conventional chemotherapeutic drug-resistant cancer
cells [16–20]. Furthermore, a recent report suggested that artesunate
induced iron-dependent, ROS-producing mitochondrial stress and
non-caspase apoptosis [21]. Recently, artesunate was identified as a
specific activator of a novel iron-dependent, caspase-independent,
nonapoptotic ferroptosis that killed resistant cancer cells with onco-
genic KRAS reprogramming [22]. Artesunate has been tested for its
anticancer effects on various types of human malignancies but rarely
using HNC cells [12,14,16–19,21,23–25].

Ferroptosis is a new form of regulated cell death that is distinct
from apoptosis, necroptosis, and autophagic cell death at morphologi-
cal, biochemical, and genetic levels [26]. In addition, the inhibition of
cystine/glutamate antiporter (xCT), a key molecule related to ferrop-
tosis, may induce the eradication of cancer cell resistance to conven-
tional radiotherapy or chemotherapy [27]. Recently, activation of the
p62- Keap 1 (Kelch-like ECH-associated protein 1)-Nrf2 (nuclear
factor erythroid 2-related factor 2) pathway was shown to determine
the therapeutic response to ferroptosis-targeted therapies in cancer
cells [28].

Our prior study suggested that cisplatin resistance in HNCs can be
overcome by the induction of ferroptosis [29]. In addition, artesunate
downregulates RAD51 and increases γH2AX formation, which results
in sensitizing ovarian cancer cells to cisplatin [20]. However, the
molecular mechanisms regulating cancer cell death and artesunate
resistance remain unclear. The resistance of cancer cells to artesunate-
induced ferroptosis has been largely unstudied in human cancers,
including HNCs. Investigations on this topic will lead to a better
molecular and therapeutic understanding of how artesunate overcomes
HNC resistance to conventional chemotherapy. Here we investigated
the molecular mechanisms of artesunate-based antitumor effects and
resistance and identified an approach for overcoming HNC resistance.
Activation of the Nrf2-antioxidant response element (ARE) pathway
contributed to the ferroptosis resistance of cisplatin-resistant HNC
cells and a combined therapy targeting the Nrf2-ARE pathway with
artesunate eliminated HNC resistance in vitro and in vivo.

2. Materials and methods

2.1. Cell lines

HNC cell lines (HN2–10) and SNU cell lines were purchased from
the Korea Cell Line Bank (Seoul, Republic of Korea) and authenticated
by short tandem repeat-based DNA fingerprinting and multiplex
polymerase chain reaction (PCR). The cells were cultured in Eagle's
minimum essential medium or Roswell Park Memorial Institute
(RPMI) 1640 (Thermo Fisher Scientific, Waltham, MA, USA) with
10% fetal bovine serum at 37 °C in a humidified atmosphere containing
5% CO2. Normal oral keratinocytes or fibroblasts were obtained from
patients undergoing oral surgery and used for in vitro assays. Three
cisplatin-resistant HNC cell lines (HN3-cisR, HN4-cisR, and HN9-
cisR) were developed from the parental HN3, HN4, and HN9 cells,
respectively, by subjecting them to continuous exposure of increasing
cisplatin concentrations [30]. The half-maximal inhibitory concentra-
tions (IC50) of cisplatin (Sigma-Aldrich, St. Louis, MO, USA) in the
parental (2.2–3.5 µM) and cisplatin-resistant (25.5–38.9 µM) HNC
cells were determined using cell viability assays.

2.2. Cell viability assays

Cell viability after exposure to artesunate (1–100 μM, Sigma-
Aldrich) and/or trigonelline (100 μM, Sigma-Aldrich) with or without
Nrf2 genetic inhibition and activation was assessed using MTT, trypan

blue exclusion, and clonogenic assays. For the MTT assay, cells were
incubated with the tetrazolium compound MTT (3-[4]-2,5-diphenyl-
2H-tetrazolium bromide; Sigma-Aldrich) for 4 h, followed by a solubi-
lization buffer for 2 h. Next, the absorbance was measured at 570 nm
using a SpectraMax M2 microplate reader (Molecular Devices,
Sunnyvale, CA, USA). The trypan blue exclusion assay was performed
with 0.4% trypan blue staining, and cells were counted using a
hemocytometer. The clonogenic assay was performed with a 0.5%
crystal violet solution and quantification of the number of colonies ( >
50 cells) after 14 days in culture. A cell death assay was performed
using annexin V and propidium iodide (PI) (Sigma-Aldrich) staining.
Positively stained cells were counted using flow cytometry and Cell
Quest Pro software (BD Biosciences, Franklin Lakes, NJ, USA). All
assays were performed with triplicate samples and repeated three
times. The combination index (CI) of drug interaction was calculated
using the Chou–Talalay method with a CI < 1 defined as a synergistic
interaction (ComboSyn, Inc., Paramus, NJ, USA) [31].

2.3. Glutathione synthesis and ROS measurement

Cellular GSH levels were measured in the lysates of cells exposed to
different drugs for 24 h using a GSH colorimetric detection kit
(BioVision Inc., Milpitas, CA, USA). Cellular ROS generation in the
supernatant of HNC cell lysates treated for 24 h was measured by
adding 10 µM 2ʹ,7ʹ-dichlorofluorescein diacetate (DCF-DA) (cytosolic
ROS; Enzo Life Sciences, Farmingdale, NY, USA) or 2 µM C11-BODIPY
C11 (lipid peroxidation; Thermo Fisher Scientific) for 30 min at 37 °C.
The ROS levels were analyzed using a FACSCalibur flow cytometer
equipped with CellQuest Pro (BD Biosciences).

2.4. RNA interference and gene transfection

For the silencing of the KEAP1 gene, cisplatin-sensitive HN9 cells
were seeded. For the silencing of NFE2L2 and HMOX1 genes,
cisplatin-resistant HN3- and HN9-cisR cells were seeded. Cells were
transfected 24 h later with 10 nM small interfering RNA (siRNA) or
scrambled control siRNA (Integrated DNA Technologies, Coralville, IA,
USA). For stable KEAP1 or NFE2L2 knockdown, the HN9-cisR cells
were transfected with a lentiviral vector containing small hairpin RNA
(shRNA) directed against KEAP1 or NFE2L2 or control shRNA
(Transomic, Huntsville, AL, USA). Cells with a stable transfection were
selected using 2 µg/mL puromycin (Sigma-Aldrich). The siRNA or
shRNA-induced gene silencing was confirmed using Western blotting
and reverse transcription–quantitative PCR (RT–qPCR) from 1 to 2 µg
of total RNA from each sample using the SuperScript® III RT-PCR
system (Thermo Fisher Scientific).

2.5. Western blotting

Cells were plated, grown to 70% confluence, and then subjected to
treatment with the indicated drugs. Cells were lysed at 4 °C in a
radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher
Scientific). A total of 50 µg of protein was resolved by SDS-PAGE on
10–12% gels, transferred to nitrocellulose or polyvinylidene difluoride
membranes, and probed with primary and secondary antibodies. The
following primary antibodies were used: Nrf2, Keap1, NQO1, HO-1
(Abcam, Cambridge, UK), xCT, p53, RAD51, and CD44 (Cell Signaling
Technology, Danvers, MA). β-actin (Sigma-Aldrich) was used as a
loading control. All of the antibodies were diluted between 1:500 and
1:5000.

2.6. Nrf2 transcriptional activity assay

The transcriptional activity of Nrf2 was assayed using a Cignal
Antioxidant Response Reporter kit (Qiagen, Valencia, CA, USA)
according to the manufacturer's instructions.
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2.7. Preclinical studies

All animal procedures were approved by the Institutional Animal
Care and Use Committee of our institution. Six-week-old athymic
BALB/c male nude mice (nu/nu) were purchased from Central Lab
Animal Inc. (Seoul, Republic of Korea). HN9 cells (5×106) with or
without a control or KEAP1 shRNA transfection were injected sub-
cutaneously into each flank. The mice with palpable nodules after the
cell injections underwent a vehicle, artesunate, or trigonelline treat-
ment. After euthanasia, the tumors were extracted and compared
among groups. In another set of preclinical experiments, HN9-cisR
cells (5×106) with or without a control or NFE2L2 shRNA transfection
were injected subcutaneously into the flank of nude mice. Beginning on
the day that gross nodules from tumor implants were detected, the
mice were subjected to six different treatments: vehicle, artesunate
(50 mg/kg daily, oral administration), or trigonelline (50 mg/kg daily,
oral administration) with control or NFE2L2 shRNA transfections.
After euthanasia, the tumors were isolated and analyzed for cellular
GSH measurements and immunofluorescence staining of γH2AX
formation. Arbitrary fluorescence units (AFU) were compared between
the differently treated tumors. Two-tailed Mann–Whitney U tests were
used to compare the statistical differences between the treatment
groups.

3. Results

3.1. Artesunate selectively kills cancer cells while preserving normal
cells

Artesunate decreased the viability of both cisplatin-sensitive (HN3,
HN4, and HN9) and cisplatin-resistant (HN3-cisR, HN4-cisR, and
HN9-cisR) HNC cells in a dose-dependent manner (Fig. 1A). HN9 was

more sensitive to artesunate than HN3 or HN4; however, all cells were
killed by 100 μM artesunate. All three cisplatin-resistant HNC cell lines
showed relatively lower artesunate sensitivity when compared with
their parental cisplatin-sensitive cell lines. The cell viability of HNC cell
lines and normal cells were assessed to determine artesunate sensitiv-
ity. The viability of most HNC cell lines significantly decreased, while
the majority of normal human oral keratinocytes (HOK) and oral
fibroblasts (HOF) survived treatment with 50 μM artesunate (Fig. 1B).
Colony forming ability was significantly decreased in cisplatin-sensitive
HNC cells and preserved in normal cells when compared with cisplatin-
resistant HNC cells (Fig. 1C). The representative microphotographs of
cell growth inhibition by artesunate are shown in Fig. 1D.

3.2. Artesunate induces ferroptotic cell death in HNC cells

Artesunate significantly decreased the numbers of cells and colonies
(all P < 0.001) (Fig. 2A and B). The cell viability (from annexin V–PI
staining and ATP measurements) was significantly decreased in HNC
cells (P < 0.001) (Fig. 2C). The viability further decreased with the
addition of holo-transferrin (20 μg/mL), whereas this effect was
markedly blocked by pretreatment with the iron chelator deferoxamine
(100 mM) or the antioxidant trolox (0.5 mM) (P < 0.01). Furthermore,
the total ROS and lipid ROS levels (from DCF-DA and BODIPY C11
measurements) significantly increased in artesunate-treated HNC cells,
and this effect was markedly blocked by the co-incubation of HNC cells
with ferrostatin-1 (20 μM) or trolox (0.5 mM) but not necrostatin-1
(20 μM) (Fig. 2D). Taken together, our findings suggested that
artesunate induced ferroptotic cell death in HNC cells.

Fig. 1. Artesunate selectively kills head and neck cancer (HNC) cells but not normal cells. (A, B) Cell viability was assessed after exposure to different concentrations of artesunate (Arts)
in normal cells (HOK and HOF) and HNC cells, including cisplatin (cis)-resistant cells (HN3-cisR, HN4-cisR, and HN9-cisR) and their parental cells (HN3, HN4, and HN9). (C)
Clonogenic assays of HNC cells and normal cells exposed to different concentrations of Arts were performed in triplicate. (D) Microphotographs show cis-sensitive (parental) and
-resistant HNC cells after exposure to vehicle or 50 μM Arts for 72 h.
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3.3. Nrf2 activation contributes to the resistance of HNCs to
artesunate-induced ferroptosis

Artesunate decreased the levels of xCT, RAD51, and Keap1
proteins, but increased the levels of p53 and Nrf2 proteins in HN9
and HN9-cisR cells (Fig. 3A). Basal Nrf2 levels were higher in cisplatin-
resistant HNC cells when compared with cisplatin-sensitive cells, and
Nrf2, its ARE, HO-1, and NQO1 were activated in HNC cells after
exposure to artesunate (Fig. 3B). Artesunate activated Nrf2 by inhibit-
ing Keap1, as shown by the ferroptosis inducers erastin and sulfasa-
lazine (Fig. 3C). However, the Nrf2 mRNA levels were unchanged in
three cisplatin-resistant HNC cells exposed to artesunate or erastin
(Fig. 3D). The expression of Nrf2 in the nuclear extracts of HNC cells
treated with artesunate or erastin was markedly increased (Fig. 3E).
Artesunate and erastin also induced the transcriptional activity of the
Nrf2 promoter-luciferase reporter, ARE, HO-1, and NQO1 (Fig. 3F and
G). The silencing of the KEAP1 gene activated the Nrf2-ARE pathway
and subsequently increased the number of artesunate-treated sensitive
HN9 cells (Fig. 4A–C). The decreased sensitivity of Keap1-silenced
HN9 cells to artesunate was reversed by a combined treatment
including Nrf2 silencing or use of the Nrf2 inhibitor trigonelline
(100 μM) (Fig. 4D). Artesunate significantly decreased cellular glu-
tathione (GSH) levels and caused lipid ROS accumulation, and this
effect was significantly augmented by the co-incubation of trigonelline
in HN3-cisR cells (P < 0.05) (Fig. 4E and F).

3.4. Inhibition of the Nrf2-ARE pathway reversed resistance to
artesunate-induced ferroptosis

Silencing of Nrf2 and/or HO-1 genes decreased the cell viability of
cisplatin-resistant HNC cells more than siRNA control cells after
exposure to artesunate (Fig. 5A and B). In HN3-cisR cells transfected
with siNrf2, the cell viability and cellular GSH level significantly
decreased and the cellular ROS levels significantly increased when
compared with the siRNA control. These effects were blocked by
pretreatment with the antioxidant trolox (P < 0.01) (Fig. 5C–E).

The in vivo effects of Nrf2 genetic or pharmacological silencing in
HNC cells were examined. Artesunate-induced inhibition of tumor
growth was reduced in nude mice treated with Keap1 shRNA-trans-
fected HN9 cells when compared with shRNA control mice (Fig. 6A).
However, co-treatment with trigonelline significantly decreased in vivo
tumor growth and cellular GSH levels in mice that received Keap1-
silenced, Nrf2-activated HN9 cells (Fig. 6B and C). The tumor volumes
were markedly lower in nude mice treated with shNrf2-transfected
HN9-cisR cells or trigonelline (Fig. 6D). Cellular GSH levels greatly
deceased and γH2AX formation greatly increased in the tumors of mice
co-treated with artesunate and shNrf2 transfection or trigonelline
when compared with shRNA control mice or mice treated with
artesunate or trigonelline alone (P < 0.05) (Fig. 6E and F). Therefore,
artesunate induced artesunate sensitivity in resistant HNC cells in vivo
via γH2AX formation and GSH depletion.

Fig. 2. Artesunate induces iron-dependent, ROS-mediated ferroptosis in HNC cells. (A) Change in the number of cis-sensitive HN9 cells with treated with 50 μM Arts at different
treatment days. The cells received no pretreatment or pretreatment with holo-transferrin (HTF, 20 μg/mL), the iron chelator deferoxamine (DFO, 100 mM) or the antioxidant trolox
(0.5 mM). The error bars represent the standard error from three independent experiments each performed in triplicate. (B) Colony forming assay for cis-resistant HNC cells treated
with 50 μM Arts for 72 h. (C) Cell death was determined with annexin V and PI staining and flow cytometry. Cell viability was measured by cellular ATP levels in HN9 cells exposed to
50 μM Arts for 72 h. The cells were pretreated with HTF, DFO, or trolox. (D) Elevation of total ROS (DCF-DA) and lipid (BODIPY C11) ROS in HN9 cells exposed to 50 μM Arts for 24 h
with or without necrostatin-1 (Nec-1, 20 μM), ferrostatin-1 (Fer-1, 20 μM), and trolox (0.5 mM). The error bars represent the standard error from three replicates. *P < 0.01 relative to
Arts alone.
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4. Discussion

The present study examined if artesunate effectively eliminated
HNCs in vitro and in vivo. Artesunate selectively killed HNC cells by
inducing an iron-dependent, ROS-accumulated ferroptosis. However,
this may be suboptimal in some cisplatin-resistant HNCs because of
activation of the Nrf2–ARE pathway. Silencing of Keap1, a negative
regulator of Nrf2, induced activation of Nrf2-ARE pathway and
decreased artesunate sensitivity in HNC cells, thus producing ferrop-
tosis-resistant HNC cells. Nrf2 genetic silencing or trigonelline re-
versed the ferroptosis resistance of Keap1-silenced and cisplatin-
resistant HNC cells. Therefore, treatment with artesunate in combina-
tion with the targeting of the Nrf2-ARE pathway effectively eliminated
resistant HNC cells in vitro and in vivo. This study is the first to report
the molecular mechanisms of artesunate-induced HNC cell death and
resistance as well as an effective method to overcome ferroptosis
resistance.

Artesunate is an anti-malarial agent used in preference to quinine
as the first-line treatment for severe malaria in endemic areas, e.g.,
Plasmodium falciparum malaria [32]. Artesunate is a semi-synthetic,
water-soluble derivative of artemisinins, a group of drugs discovered in
the 1970s by Tu Youyou, one of the 2015 Nobel Prize winners in
Physiology or Medicine [33]. Artemisinin was isolated from qinghao
(Artemisia annua L or sweet wormwood) and used as an herbal
medicine in Chinese traditional medicine for at least 2000 years [34].
The death of parasites is caused by the activation of heme and iron
oxide, which resulting in the generation of free radicals that damage
susceptible proteins [35].

Early research assessed the anticancer effects of artemisinin and its
derivatives in hepatocellular carcinoma and other cancer types [36].
ROS is released when the peroxide lactone group in the drug structure
contacts the high iron concentrations common in cancer cells. Thus,
mitochondrial apoptosis occurs from the iron-dependent generation of
cytotoxic oxidative stress [14–17]. Artesunate also induces oxidative

Fig. 3. Artesunate increases Nrf2 expression levels during ferroptosis in HNC cells. (A, B) Western blot analyses of cis-sensitive HN9 and three cis-resistant HNC cells exposed to Arts
for 24 h. β-actin was used as a loading control. (C) Change in Nrf2, Keap1, and HO-1 protein levels after exposure to dimethyl sulfoxide as a control (NT), 50 μM Arts, 20 μM erastin, or
2 mM sulfasalazine (SAS) in HN9-cisR cells. *P< 0.01 relative to control. (D) Nrf2 mRNA levels were assessed in three types of cisplatin-resistant HNC cells exposed to 50 μM Arts or
20 μM erastin for 24 h. (E, F) Expression of Nrf2 in nuclear extracts and the transcriptional activity of Nrf2 in HN3-cisR cells treated with 50 μM Arts or 20 μM erastin for 24 h. (G)
Changes in HO-1 and NQO1 mRNA levels in cis-resistant HNC cells exposed to 50 μM Arts or 20 μM erastin for 24 h. The error bars represent the standard error from three replicates. *
P < 0.01 relative to NT control.
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Fig. 4. Nrf2 activation contributes to the resistance of HNC ferroptosis. (A-D) Cis-sensitive HN9 cells were transfected with siRNA control (siCtr), siKeap1, or siNFE2L2. The mRNA
(A), proteins (B), cell numbers (C), and cell viability (D) were measured after transfection with or without Arts. (E, F) Cellular GSH and lipid ROS levels were measured in HN3-cisR cells
exposed to 25 or 50 μM Arts with or without trigonelline (Trig; 100 μM). The error bars represent the standard error from three replicates. *P < 0.05 relative to control; *P< 0.01
between the groups.

Fig. 5. Nrf2 inhibition reversed the resistance to artesunate. (A, B) Silencing of Nrf2 and HO-1 genes was examined using an siRNA control (siCtr) and siRNA against NFE2L2 and
HMOX1. *P < 0.01 relative to siCtr, **P < 0.01 relative to siNFE2L2 transfection. (C–E) Changes in cell number, cellular GSH, and total ROS levels of HN3-cisR cells exposed to 25 or
50 μM Arts, trolox (0.5 mM) or the combinations. *P < 0.05 and **P < 0.01 compared between groups.
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DNA damage, sustained DNA double-strand breaks, and the damage
response in cancer cells [18–20]. These effects were clearly observed in
cisplatin-sensitive and -resistant HNC cells in our study. However, the
pattern of cell death induced by artesunate appeared to be a novel form
of regulated cell death, i.e., ferroptosis, based on its iron-dependence,
ROS production, and caspase-independent cell death. Recent two
reports also identified artesunate as a specific activator of ferroptosis,
thus highlighting its potential to overcoming the resistance of cancer
cells [21,22].

The current study showed that artesunate induced ferroptosis in
HNC cells via cellular glutathione depletion and ROS accumulation.
The effects were abrogated by enhanced cellular iron chelation and
ROS scavenging. Iron is an essential dietary nutrient that has increased
concentrations in cancer cells to support cell growth. Noncancer cells
are more susceptible to iron addition than iron depletion [37]. Iron
cycles between oxidized and reduced forms, thus contributing to free
radical formation and the modulation of cell death with ROS [38].
Ferroptosis is a recently characterized form of iron-dependent, non-
apoptotic cell death with distinct morphological and mechanistic
characteristics [26]. Ferroptosis causes cell death through the iron-
mediated accumulation of lipid ROS and interference of cellular
integrity and membrane fluidity and permeability [38]. Our work as
well as previous observations identified artesunate as a specific inducer
of ferroptosis in cancer cells with distinct cell death patterns, namely
glutathione depletion and lipid ROS accumulation. Similar to reports
on erastin and sulfasalazine, artesunate-based effects may the result of
the activation of ferrous iron and blocking cystine-glutamate transpor-

ters [26]. However, our study further showed that artesunate sensitiv-
ity decreased in some cisplatin-resistant HNCs because of Nrf2–ARE
pathway activation. In fact, this pathway was also shown to decrease
artesunate sensitivity in sensitive HNC cells, thus contributing to the
ferroptosis resistance of HNC cells.

Nrf2 is the central player for the regulation of antioxidant mole-
cules in cells [39]. Indeed, Nrf2 is an oncogenic transcriptional factor
that plays a key role against environmental or intracellular stress and
controls the abundant cellular antioxidant systems responsible for GSH
production in cancer cells [40]. Cancer cells frequently show Nrf2
overexpression, which is linked to increased resistance to anticancer
therapies and poor survival outcomes in cancer patients [41]. Because
Nrf2 is constantly degraded by the proteasomal activity of Keap1, the
inhibition of Keap1 can activate the Nrf2-ARE pathway upon oxidative
and electrophilic stresses [42]. The sensitivity of cancer cells to
ferroptosis-targeted therapies is determined by the activation of p62-
Keap1-Nrf2 antioxidant signaling pathway. This pathway is a key
negative regulator of ferroptosis in hepatocellular carcinoma cells
[28]. Inhibition of p62, the ARE of HO-1, NQO1, and ferritin heavy
chain-1 significantly enhanced the antitumor activity of ferroptosis
inducers, e.g., erastin, sulfasalazine, and sorafenib, in hepatoma cells
[28]. P62 knockdown promotes the accumulation of Keap1 protein and
enhanced Keap1-mediated Nrf2 degradation, suggesting that the
interaction p62-Keap1 is responsible for Nrf2 expression during
ferroptosis [28]. In the present study, the ferroptosis induced by
artesunate was suboptimal in some resistant HNC cells because of
activation of the Nrf2–ARE pathway. The cisplatin-resistant cancer cell

Fig. 6. Nrf2 genetic or pharmacological silencing sensitizes resistant HNC cells to Arts. (A) Arts sensitivity was increased by Nrf2 genetic inhibition in HN9 cells after Keap1 shRNA
transection in nude mice. *P < 0.05 versus the shRNA control. (B, C) Measurement of tumor growth and cellular GSH levels of tumors harvested in nude mice implanted with HN9 cells
with control or Keap1 shRNA transfection. *P < 0.05 compared between two groups. (D) In vivo growth of HN3-cisR cells with control or Nrf2 shRNA and the daily oral administration
of 50 mg/kg Arts or trigonelline (Trig). (E, F) Immunofluorescence staining of γH2AX formation (red color) and cellular GSH measurement in control or Nrf2 shRNA-transfected HN9-
cisR tumors after treatment with Arts or Trig. Arbitrary fluorescence units (AFU) were compared between groups. The error bars represent the standard error. *P < 0.05 compared
between two groups; ** P < 0.01 relative to control or compared between two groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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lines showed less susceptibility to artesunate-induced ferroptotic cell
death. Furthermore, genetic inhibition of Nrf2 and/or HO-1 or
treatment with trigonelline enhanced growth suppression, ROS accu-
mulation, and ferroptotic cell death when co-administered with
artesunate. The inhibition of Nrf2 combined with ferroptosis inducers
effectively killed resistant HNC cells (Fig. 7).

Artesunate has been successfully repurposed as an anticancer drug
for various cancer types [10–13]. The role of artesunate as an effective
anticancer drug is under active examination in phase I–II clinical trials
[43,44]. The selective killing of cancer cells but not normal cells may be
the major advantage of artesunate, which is already known to be
generally safe and well tolerated, even in the fetus during first-
trimester pregnancies [45]. However, Nrf2 inhibitory therapy com-
bined with artesunate will be cautiously examined in the preclinical
setting because Nrf2 has a protective effect against oxidative damage in
normal tissue [46,47]. Our study will lead to a better molecular and
therapeutic understanding of ferroptosis and artesunate, which may
lead to the elimination of resistant cancer cells, e.g., cisplatin-resistant
HNC cells.

5. Conclusion

Our study showed that artesunate selectively killed HNC cells by
inducing a novel form of iron-dependent, lipid ROS-accumulated
ferroptosis. However, ferroptotic cell death by artesunate may be
suboptimal in some cisplatin-resistant HNCs because of activation of
the Nrf2–ARE antioxidant signaling pathway. Inhibition of the Nrf2–
ARE pathway increased artesunate sensitivity and reversed the ferrop-
tosis resistance in HNC cells. Additional in vivo and clinical investiga-
tions should be conducted to explore this promising artesunate-based
combination cancer therapy for patients with resistant cancer types.
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