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Artesunate synergizes with sorafenib to induce ferroptosis in
hepatocellular carcinoma
Zhong-jie Li1, Hui-qi Dai2, Xiao-wei Huang2, Ji Feng2, Jing-huan Deng3, Zi-xuan Wang2, Xiao-mei Yang1, Yu-jia Liu1, Yong Wu2,
Pan-hong Chen1, Huan Shi1, Ji-gang Wang2,4,5, Jing Zhou1 and Guo-dong Lu1,2,3,6,7

Sorafenib is the first-line medication for advanced hepatocellular carcinoma (HCC), but it can only extend limited survival. It is
imperative to find a combination strategy to increase sorafenib efficacy. Artesunate is such a preferred candidate, because
artesunate is clinically well-tolerated and more importantly both drugs can induce ferroptosis through different mechanisms. In this
study we investigated the combined effect of sorafenib and artesunate in inducing ferroptosis of HCC and elucidated the involved
molecular mechanisms. We showed that artesunate greatly enhanced the anticancer effects of low dose of sorafenib against Huh7,
SNU-449, and SNU-182 HCC cell lines in vitro and against Huh7 cell xenograft model in Balb/c nude mice. The combination index
method confirmed that the combined effect of sorafenib and artesunate was synergistic. Compared with the treatment with
artesunate or sorafenib alone, combined treatment induced significantly exacerbated lipid peroxidation and ferroptosis, which was
blocked by N-acetyl cysteine and ferroptosis inhibitors liproxstatin-1 and deferoxamine mesylate, but not by inhibitors of other
types of cell death (z-VAD, necrostatin-1 and belnacasan). In Huh7 cells, we demonstrated that the combined treatment induced
oxidative stress and lysosome-mediated ferritinophagy, two essential aspects of ferroptosis. Sorafenib at low dose mainly caused
oxidative stress through mitochondrial impairments and SLC7A11-invovled glutathione depletion. Artesunate-induced lysosome
activation synergized with sorafenib-mediated pro-oxidative effects by promoting sequential reactions including lysosomal
cathepsin B/L activation, ferritin degradation, lipid peroxidation, and consequent ferroptosis. Taken together, artesunate could be
repurposed to sensitize sorafenib in HCC treatment. The combined treatment can be easily translated into clinical applications.
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INTRODUCTION
Hepatocellular carcinoma (HCC), which constitutes 90% of
primary liver malignancies, is a deadly cancer. The 5-year
survival rate of HCC is only ~15% due to late diagnosis and
impaired liver function [1]. HCC cells are commonly resistant to
chemotherapeutic drugs [2]. There are two first-line systemic
medications, namely, sorafenib and lenvatinib, available for
advanced HCC [2]. These two targeted medications, along with
another second-line drug, regorafenib, are chemical inhibitors of
tumor angiogenesis involving multiple kinases (VEGFR, PDGFR,
FGFR, etc.). However, the survival benefit of sorafenib is
moderate, and only an extra 2–3 months of overall survival
can be achieved based on two phase III multicenter randomized
clinical trials [3]. The SHARP study demonstrated that sorafenib
administration extends median overall survival from 7.9 to
10.7 months [3], while another study conducted in HBV-
dominant Asian HCC patients also revealed an elongation of
median overall survival from 4.2 to 6.5 months [4]. Moreover,

many HCC patients do not tolerate sorafenib toxicity, and some
acquire adaptive resistance [5, 6]. It is thus imperative to find an
effective combination approach to sensitize HCC to systemic
sorafenib treatment and improve its efficacy.
Because sorafenib is the standard of care for advanced HCC,

multiple previous or ongoing studies have applied this combined
strategy in HCC experimental animal models and/or in rando-
mized clinical trials. Most studies have combined sorafenib with
existing clinical (or preclinical) drugs with a known mechanism of
action (MOA) [7]. For example, sorafenib has been combined with
inhibitors of mammalian target of rapamycin (everolimus) [8, 9],
tyrosine kinase (ibrutinib) [10], MEK (CI-1040) [11], 26S proteasome
(bortezomib) [12], etc. This strategy, however, requires precise
patient selection based on molecular subclassification and
biomarker availability. Because HCC is a highly heterogeneous
disease, a single combination regimen may only benefit a small
proportion of HCC patients. Furthermore, this approach is costly
and potentially unaffordable. To date, only one recent phase III
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clinical trial combining sorafenib with the VEGFR2 inhibitor
ramucirumab reached its primary endpoint of improving overall
survival in HCC patients with high serum alpha-fetoprotein levels
more than 400 ng/mL [13].
On the other hand, some other studies have aimed to increase

sorafenib sensitivity by using well-tolerated nutrients or phyto-
chemicals despite their lack of a clear MOA. This strategy, which is
characterized by low toxicity and good affordability, may benefit a
larger number of HCC patients. Vitamin K1 has been studied in
combination with sorafenib in HCC and other solid tumors [14]. In
addition, several phytochemicals, including fisetin [15], magnolol
[16] and extracts from Antrodia cinnamomea [17], have been
tested with sorafenib in preclinical studies. The synergistic effect
of these agents involves enhanced apoptosis and impaired cell
migration. It remains unclear whether these combinations are
effective in clinical settings.
Ferroptosis is a newly identified form of iron-dependent

programmed cell death that results from lethal lipid peroxidation
[18, 19]. Both iron chelators and lipophilic antioxidants can suppress
ferroptosis. Ferroptosis sensitivity can be enhanced by excessive iron
import through the interaction between transferrin and transferrin
receptor (TFRC) or through increased free iron availability resulting
from selective ferritin degradation (also referred to as ferritino-
phagy). In addition, impairments in phospholipid peroxidases,
particularly glutathione peroxidase 4 and the upstream cystine
transporter SLC7A11 (also called System Xc-), result in cell
vulnerability to uncontrolled lipid peroxidation and ferroptosis.
Thus, free iron accumulation and lipid peroxidation constitute two
essential aspects of ferroptosis. The direct effect of sorafenib on HCC
cells results from the induction of ferroptosis rather than apoptosis
[20]. Sorafenib can directly inhibit SLC7A11 and consequently
abolish glutathione biosynthesis [20]. As a result, depleted
glutathione (GSH) cannot further protect cells from oxidative stress
and lipid peroxidation. It is thus tempting to hypothesize that
compounds that are capable of targeting other essential aspects of
ferroptosis may synergize with sorafenib to inhibit HCC.
Artesunate is an ideal compound to test this hypothesis for the

following two reasons. First, artesunate can induce ferroptosis
independent of SLC7A11 [21, 22]. Our team [23] and others have
reviewed how artesunate and artemisinin exert their antimalaria
and non-antimalarial activities. We have convincingly shown that
artemisinin has distinct targets in malaria parasites [24] and in
cancer cells [25]. In malaria parasites, artemisinin’s action primarily
depends on heme biosynthesis. In contrast, artesunate preferably
accumulates in lysosomes, activates lysosome function, and
promotes ferritin degradation and free ferrous (Fe2+) release in
HeLa cervical cancer cells [25]. This artesunate-mediated effect on
the lysosome and cellular iron accumulation may also occur in
HCC cells, and artesunate may further synergize with sorafenib to
induce ferroptosis. Second, as a semisynthetic derivative of the
antimalarial magic drug artemisinin, water-soluble artesunate is
well tolerated in clinical patients and relatively affordable [23].
Therefore, we hypothesize that artesunate is a preferred candidate
to synergize with sorafenib to inhibit HCC. In the present study, we
investigated the combined effect of sorafenib and artesunate in
inducing ferroptosis in HCC cells in vitro and in xenograft tumors
in vivo and determined the involved molecular mechanisms.

MATERIALS AND METHODS
Cell culture and treatments
The HepG2, SNU-182 and SNU-449 HCC cell lines were purchased
from the American Type Culture Collection (Manassas, USA). Huh7
cell line was obtained from the Shanghai Institute of Biochemistry
and Cell Biology (Shanghai, China). These cells were maintained in
DMEM or RPMI-1640 medium containing 10% fetal calf serum
from Gibco (Newcastle, Australia) in a humidified 5% CO2

incubator at 37 °C.

Reagents and antibodies
Sorafenib was obtained from TargetMol (Shanghai, China);
artesunate was obtained from Macklin (Shanghai, China); liprox-
statin-1, ferrostatin-1, deferoxamine (DFO) mesylate, necrostatin-1
(Necro-1), SAR405, belnacasan, and z-VAD-FMK (z-VAD) were
obtained from MedChemExpress (Shanghai, China); and N-acetyl
cysteine (NAC), L-buthionine sulfoximine (BSO) and other chemi-
cals were obtained from Sigma-Aldrich (Shanghai, China) unless
otherwise indicated. Specific primary antibodies against FTL
(ab69090) and FTH (ab75972), transferrin (ab82411) and TFRC
(ab84036) were purchased from Abcam (Shanghai, China); and α-
tubulin antibody (#T-5168) was purchased from Sigma-Aldrich.

Detection of cell viability, cell death, and colony formation
Cell viability was assessed by the MTT assay (Beyotime, Shanghai,
China). The effect of the drug combination was determined by the
combination index (CI) method using CompuSyn software [26]. Cell
death was determined by two different methods using a CytoFLEX
flow cytometer (Beckman Coulter, Atlanta, USA) as described
previously [27]. In the first method, subG1 (dead) cells were
detected. The second method, the propidium iodide (PI) exclusion
assay, captured cells with impaired cell membranes. For the colony
formation assay, one thousand cells were seeded in 12-well plates
and treated with the indicated drugs for 10 days. After crystal violet
staining, colony images were analyzed with ImageJ software [28].

Determination of ROS levels and the mitochondrial membrane
potential
CM-H2DCFDA and MitoSOX Red (Thermo Fisher, Shanghai, China)
were used for the detection of reactive oxygen species (ROS) and
mitochondria-derived superoxide. Tetramethylrhodamine, methyl
ester (TMRM, purchased from Thermo Fisher) was used to
monitor the mitochondrial membrane potential. TMRM fluores-
cent signals were analyzed by both flow cytometry and an
inverted EVOS™ fluorescence microscope (Thermo Fisher).

Determination of lipid peroxidation
BODIPY™ 581/591 C11 (Thermo Fisher) was used to detect lipid
peroxidation according to the manufacturer’s instructions. The
contents of GSH and malondialdehyde (MDA) were quantified by
respective biochemical assay kits (BioVision, Milpitas, USA) with a
SPARK 10M multimode microplate reader (Tecan, Morrisville, USA).

Measurement of ATP and the metabolic oxygen consumption rate
ATP levels were quantified with an assay kit from Beyotime. A
Seahorse live-cell metabolic assay (Agilent, Santa Clara, USA) was
used to determine the mitochondrial oxygen consumption rate
(OCR) as previously described [29]. Briefly, after 20,000 cells had
been seeded in the plate overnight, the medium was replaced with
XF medium. The cells were then assayed under basal conditions
with or without drug treatments for 1 h, subsequently with
mitochondrial poisons according to the manufacturer’s instructions.

Measurement of lysosomal activity and free Fe2+ ion levels
Lysosomal enzymatic activity was detected with Magic Red
Cathepsin B or Cathepsin L reagents (Bio-Rad, Shanghai, China).
After being treated as indicated, the cells were reacted with the
reagents for 30 min before fluorescence measurements. Lyso-
TrackerTM Red (Thermo Fisher) was used to determine lysosomal
acidity. The cellular content of free Fe2+ ions was determined by a
biochemical kit obtained from Sigma-Aldrich as instructed by the
manufacturer’s manual.

Nude mouse xenograft study
The mouse experiment was approved by the Guangxi Medical
University Institutional Animal Care and Use Committees and
carried out in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines. A total of 20
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male Balb/c nude mice aged 6–8 weeks were purchased from
Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China). Five
million Huh7 cells were inoculated into the right flanks of the
mice. When the tumor size reached 80–100 mm3, the mice
were randomly divided into four groups and administered
artesunate (30 mg/kg mouse weight) alone, sorafenib (20 mg/kg
mouse weight) alone, a combination of artesunate and sorafenib,
or the same volume of PBS by gavage every other day. The size of
the tumor nodules was measured with a digital caliper every day
using the formula (length × width2)/2.

Immunohistochemical (IHC) staining and Western blotting
IHC staining was conducted as previously described [29]. Briefly,
tumor tissue sections were incubated with specific primary
antibodies overnight at 4 °C before detection with a standard
Biotin-Streptavidin HRP detection system (Zsbio, Beijing, China).
The tissue sections were also stained according to a standard
hematoxylin and eosin (H&E) staining protocol. Western blotting
was conducted by enhanced chemiluminescence [29].

Statistical analyses
All statistical analyses were performed using SPSS 21.0 software
(IBM SPSS Statistics for Windows). ANOVA followed by LSD and
two-sided Student’s t test were applied to analyze the experi-
mental differences. A P value < 0.05 was regarded as statistically
significant.

RESULTS
Artesunate sensitized HCC cells to sorafenib to induce death of
HCC cells in vitro
We first examined whether sorafenib and artesunate act
synergistically in HCC cells. Artesunate alone inhibited the
proliferation of HepG2 cells. When combined with increasing
doses of sorafenib, artesunate further decreased cell proliferation
(Fig. 1a). The synergistic effect was more evident in Huh7, SNU-
449, and SNU-182 cells, even when sorafenib was administered at
doses as low as 0.5–2 μM (Fig. 1a). The combination index method
confirmed that the combined effect of sorafenib and artesunate
was synergistic (Supplementary Fig. 1a). Thus, in the following
experiments, we applied the combination of 25 μM artesunate
and 2 μM sorafenib to study the molecular mechanisms involved
in their synergistic effect.
Cell survival analysis demonstrated that the combined treat-

ment caused extensive cell death. More importantly, this cell
death was blocked by pretreatment with NAC (an ROS scavenger)
or SAR405 (a PIK3C3/Vps34 inhibitor that prevents autophagy)
(Fig. 1b) but not inhibitors of different types of cell death, namely,
z-VAD (a pan-caspase inhibitor that prevents apoptosis), Necro-1
(a RIP kinase inhibitor that prevents necroptosis), and belnacasan
(a caspase-1 inhibitor that prevents inflammation-mediated
pyroptosis). These results suggest the possible involvement of
oxidative stress and autophagy in the induction of cell death. The
colony formation assay further confirmed that the combined
treatment markedly decreased colony growth after 10 days of
treatment (Fig. 1c). Taken together, the above results indicated
that artesunate and sorafenib had synergistic effects on ROS-
dependent cell death.

The combined treatment inhibited xenograft tumors in vivo
through extensive cell death
Next, we explored whether combined treatment with sorafenib
and artesunate can inhibit HCC tumor growth in vivo. The Balb/c
nude mice with ectopic xenograft HCC were given artesunate
(30 mg/kg body weight), sorafenib (20 mg/kg), combined treat-
ment or the same volume of PBS (as control) by gavage every
other day. The combined treatment did not have observable toxic
effects on the weight of the mice (Fig. 2a, left panel) but

compared with PBS control and single treatment, significantly
retarded tumor growth (Fig. 2a, right panel) and reduced the size
of the tumor nodules (Fig. 2b). More importantly, H&E pathological
staining (Fig. 2c) revealed that the combined treatment caused
extensive cell death, as evidenced by smeared cell morphology
and the disappearance of nuclear staining. Although treatment
with sorafenib alone or artesunate alone also caused cell death,
the cell death areas in the sorafenib alone- and artesunate alone-
treated groups were significantly smaller than that in the
combined treatment group. The Ki-67 IHC staining results further
suggested that in vivo tumor cell proliferation was significantly
impaired by the combined treatment (Fig. 2d). Therefore, the
results observed in the xenograft mice consistently demonstrated
that sorafenib and artesunate had a synergistic effect in impairing
HCC xenograft tumor growth and inducing cell death in vivo.

The combined treatment-induced lipid peroxidation and
ferroptosis
By using the ferroptosis inhibitors liproxstatin-1 (Lipro) and DFO,
we confirmed that the induced cell death by the combined
treatment resulted from ferroptosis (Fig. 3a). Lipro neutralizes lipid
peroxidation, while DFO chelates iron; both of these processes are
essential aspects of ferroptosis. The combined treatment consis-
tently caused lipid peroxidation, as assessed by BODIPY C11
(Fig. 3b) and MDA production (one of the final products of
polyunsaturated fatty acid peroxidation, Fig. 3c). NAC and Lipro,
however, prevented the induction of lipid peroxidation (Fig. 3b). It
is noteworthy that artesunate alone had a stronger stimulatory
effect than sorafenib alone on the induction of lipid peroxidation
(Fig. 3b, c), suggesting that artesunate may act mainly through
modulation of lipid peroxidation. In contrast, GSH was diminished
by the combined treatment and sorafenib alone but not
artesunate alone (Fig. 3d). This sorafenib-mediated GSH reduction
is consistent with the previous finding that sorafenib can block
SLC7A11 function and subsequent GSH synthesis [20].
Artesunate alone was previously reported to induce ferroptosis

[21, 22]. We thus used higher doses to replicate these results.
Artesunate at concentrations as high as 200 µM reduced HCC cell
viability, and the effect was reversed by pretreatment with the
ferroptosis inhibitors Lipro, DFO and ferrostatin-1 but not z-VAD or
Necro-1 (Supplementary Fig. 1b). These results suggested that a
high dose of artesunate induced ferroptotic cell death. Consis-
tently, a high dose of artesunate (200 µM) increased lipid
peroxidation, which was reversed by Lipro and ferrostatin-1
pretreatment (Supplementary Fig. 1c). Taken together, the above
results showed that the combined treatment-induced lipid
peroxidation and ferroptosis.

The combined treatment and sorafenib alone impaired
mitochondrial functions
We further investigated the possible role of mitochondria in the
induction of ROS-dependent cell death. The DCFDA assay results
(Fig. 4a) showed that the combined treatment, but not sorafenib
alone or artesunate alone, augmented cellular ROS production. In
addition, the combined treatment increased the generation of
mitochondrial-derived ROS (MDR; as assessed by MitoSOX Red in
Fig. 4b). Notably, this effect was mainly elicited by sorafenib,
although artesunate alone also induced a moderate increase in
MDR levels. Consistently, sorafenib alone and the combined
treatment caused a reduction in the mitochondrial membrane
potential, as shown by decreased TMRM signaling (Fig. 4c). The
essential role of ROS was further validated by NAC. NAC
pretreatment abolished combined treatment-induced ROS (Fig. 3a)
and MDR generation (Fig. 4b).
Mitochondria are the major subcellular organelles responsible

for energy production. As expected, the combined treatment
significantly repressed ATP production (Fig. 4d). Furthermore, NAC
rescued ATP production (Fig. 4d). The Seahorse metabolic assay
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Fig. 1 Artesunate sensitized HCC cells to sorafenib-induced death. a HepG2, Huh7 and SNU-449 cells were treated with artesunate (Art)
and/or sorafenib (Sora) as indicated for 24 h, while SNU-182 cells were administered the same treatments for 12 h. Cell proliferation was
measured by the MTT assay. b Huh7 cells were treated with Art (25 μM) and/or Sora (2 μM) in the presence or absence of pretreatment with
different inhibitors for 24 h. These inhibitors included NAC (an ROS scavenger, 5 mM), SAR405 (an inhibitor of PIK3C3/Vps34 and consequent
autophagy, 1 µM), z-VAD (a pan-caspase inhibitor, 40 μM), necrostatin-1 (an inhibitor of RIP kinase and consequent necroptosis, 20 µM), and
belnacasan (an inhibitor of caspase-1 and consequent pyroptosis, 20 µM). The cell survival rate was determined by the PI exclusion assay.
c Huh7 cells were seeded in 12-well plates and treated with Art (10 μM) and Sora (1 μM) for 10 days. A+ S, the combination of Art and Sora;
**P < 0.01 compared with Art alone or Sora alone; ##P < 0. 01 compared with the combination of Art and Sora.
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confirmed that the combined treatment reduced the ATP-linked
respiratory OCR (Fig. 4e). The combined treatment caused protons
to leak out of mitochondria, which was in line with the increases in
MDR and ROS levels (Fig. 4a, b). Thus, these results demonstrated
that the combined treatment impaired mitochondrial functions,
particularly mitochondrial superoxide homeostasis and ATP
generation.

The combined treatment increased lysosomal function and ferritin
degradation
Because of the dependency of ferroptotic cell death induction on
iron (Fig. 3a), we further investigated how iron metabolism is

affected by the combined treatment. Ferritin and transferrin are two
key iron-binding and iron-regulatory proteins in the body. The
former stores iron within the cytoplasm, while the latter transports
iron in the blood or body fluids. The results shown in Fig. 5a reveal
that the combined treatment inhibited the expression of both
ferritin light chain (FTL) and heavy chain (FTH). TFRC expression was
decreased by the combined treatment as well. Bafilomycin A1 is a
lysosomal inhibitor. Bafilomycin A1 pretreatment, however, mark-
edly blocked FTL reduction, suggesting that FTL was degraded by
the lysosome. Notably, bafilomycin A1 pretreatment also protected
against induced cell death (Fig. 5b), further confirmed the essential
role of the lysosome in the induction of ferroptosis. This result is

Fig. 2 The combined treatment inhibited xenograft tumors in vivo through extensive cell death. a Once the size of the inoculated
xenograft nodules reached 80–100mm3, the mice were randomly divided into four groups (n= 5 per group) and treated by gavage with Art
(30mg/kg body weight), Sora (20 mg/kg), the combination of Art and Sora or PBS (control) every other day. The weight of the mice (left panel)
and tumor growth (right panel) were monitored regularly. The arrows indicate drug treatment. b The mice were sacrificed, and the tumors
were resected for subsequent experiments. c Xenograft tumor sections were stained with H&E. The area of cell death was indicated by
smeared cell morphology and faint nuclear staining. The area of cell death is presented in the right panel. d Tumor cell proliferation status was
analyzed by IHC staining for Ki-67. **P < 0.01.
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consistent with the cell-protective effect of pretreatment with
SAR405 (another autophagy inhibitor, Fig. 1b). Examination of
lysosomal activity with LysoTracker Red dye revealed that the
combined treatment and artesunate alone caused lysosomal
activation (Fig. 5c). Moreover, lysosomal activation was further
evidenced by increases in lysosomal cathepsin L and cathepsin B
activities, while bafilomycin A1 consistently reversed the activation
of both enzymes (Fig. 5d, e). Taken together, these results suggested
that lysosomal activation and ferritin degradation were essential for
combined treatment-induced ferroptosis.
Finally, we determined the in vivo effects of the combined

treatment on FTL degradation, free Fe2+ contents and lipid
peroxidation. Similar to what was observed in the in vitro cell

experiments (Fig. 5a), FTL protein expression in resected tumors
was significantly repressed by the combined treatment (Fig. 6a).
Consistently, the concentrations of free Fe2+ ions were increased
in tumor nodules after combined treatment (Fig. 6b). In contrast,
the MDA content in the tumor nodules (Fig. 6c) was increased by
artesunate alone and increased more significantly by the
combined treatment, which was in line with the results observed
in cells in vitro (Fig. 3c).

DISCUSSION
The present study found that sorafenib and artesunate act
synergistically to inhibit HCC through ferroptosis induction. Sorafenib

Fig. 3 The combined treatment-induced lipid peroxidation and ferroptosis. a Huh7 cells were treated as indicated with or without
Liproxstatin-1 (Lipro, 10 μM) and deferoxamine (DFO, 100 μM). The cell survival rate was quantified by the PI exclusion assay. b Huh7 cells were
treated as indicated with or without Lipro or NAC. The level of lipid peroxidation was determined with BODIPY 581/591 C11. After cell
treatments, MDA production (c) and GSH content (d) were measured with respective assay kits as described. BSO (10 μM) was used as a
positive control. **P < 0.01.

Artesunate synergizes with sorafenib in HCC
ZJ Li et al.

306

Acta Pharmacologica Sinica (2021) 42:301 – 310



mainly promoted oxidative stress via impairment of mitochondrial
function and blockage of SLC7A11-dependent GSH synthesis.
Artesunate acted primarily on lysosomes and synergized with
sorafenib to induce cathepsin B/L activation and ferritin degradation.
These two processes constitute the two essential aspects of
ferroptosis in HCC cells in vitro and in xenograft tumors in vivo.
The cartoon in Fig. 6d depicts the signaling pathways through which
the combined treatment sequentially induces ferroptosis.
Both sorafenib and artesunate are clinically available, so their

combined application is feasible in clinical settings. Both drugs
have the same MOA in inducing ferroptosis but act through
different molecular mechanisms [20, 21]. These common proper-
ties may enable them to be used in combination for HCC
treatment. On the one hand, sorafenib mainly acted on oxidative
stress. Even at concentrations as low as 2 μM, sorafenib alone
effectively disrupted the mitochondrial membrane potential
(Fig. 4c) and induced mitochondria-derived ROS generation
(Fig. 4b). Furthermore, sorafenib alone decreased GSH content
(Fig. 3d), as reported previously [20]. It has been observed that
artesunate can also dose-dependently decrease GSH levels in
head and neck cancer cells and ovarian cancer cells [30, 31].
However, in the present study, artesunate alone at a low dose had

minimal effects on GSH content (Fig. 3d). This inconsistency may
have been due to tissue specificity. Roh et al. reported that
artesunate can activate the NRF2 antioxidant response element
pathway and induce resistance to ferroptosis [30].
On the other hand, artesunate alone primarily increased

lysosomal activity (Fig. 5c) and lipid peroxidation (Fig. 3b, c). The
combined treatment further promoted lysosomal cathepsin B/L
activity (Fig. 5d, e) and lysosome-dependent FTL degradation
(Fig. 5a). This result, except for the difference in the dose of
artesunate, was also observed in our previous report conducted in
HeLa cells [25]. As a result of ferritin degradation, the cellular free
iron pool may be increased and become available for the Fenton
reaction and lipid peroxidation. Artesunate-induced lysosomal
activation and sorafenib-induced oxidative stress thus constitute
the two essential aspects of ferroptosis.
We also observed that the combined treatment downregulated

transferrin receptor expression (Fig. 5a). TFRC helps to internalize
transferrin-transported iron. TFRC has been found to be essential
for the cytotoxicity of artemisinin-transferrin conjugates in
prostate cancer cells [32]. In renal cell carcinoma cells, artesunate
can increase TFRC expression [33]. However, in the present study,
the combined treatment, but not artesunate alone, decreased

Fig. 4 The combined treatment impaired mitochondrial functions. Huh7 cells were treated as indicated in Fig. 3b. Then, the levels of ROS (a)
and mitochondrial-derived ROS (b) were measured with DCFDA and MitoSOX Red, respectively. c The mitochondrial membrane potential was
determined with TMRM by using flow cytometry (left panel) and fluorescence microscopy (right panel). d The cellular ATP levels were
determined by biochemical assays after the indicated treatments. e Huh7 cells were washed and recultured in fresh XF medium with the
indicated drugs for 1 h. Then, the mitochondrial respiratory OCR was determined by Seahorse metabolic assay. Basal respiration OCR, proton
leak-involved OCR and ATP-linked OCR are summarized. OCR oxygen consumption rate. **P < 0.01.
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TFRC expression. This decrease was also accompanied by the
degradation of FTL and FTH (Fig. 5a). In addition, bafilomycin A1
blocked TFRC protein degradation, suggesting that TFRC degrada-
tion was also dependent on lysosomal activation. We thus
speculate that the decrease in TFRC may have resulted from a
negative feedback of the increased free iron pool after FTL and
FTH degradation. However, this warrants careful examination in
future studies.
Notably, the synergistic effect of artesunate and sorafenib was

studied previously. Vandewynckel et al. [34] reported that
artesunate might attenuate tumor neovascularization and syner-
gize with sorafenib to inhibit HCC cells in vitro and
diethylnitrosamine-induced HCC in vivo in mice. Consistently,
artesunate acts synergistically with sorafenib to inhibit metastatic
renal cell carcinoma through the same mechanism [33]. A recent
report also showed that artesunate sensitizes HCC cells to
sorafenib to induce apoptosis through impairment of the PI3K/
AKT/mTOR pathway [35]. In the present study, combined
treatment with artesunate and sorafenib caused extensive cell
death in xenograft nodules in vivo (Fig. 2). It seems that this
phenomenon could also be explained by impaired neoangiogen-
esis and consequent hypoxia and nutrient deprivation-induced

cell death. However, our in vitro cell death experiments were
carried out in the presence of sufficient oxygen and nutrients,
suggesting that the direct action of the combined treatment was
sufficient to induce cell death. Furthermore, we observed that the
combined treatment induced consistent FTL degradation and
accumulation of free Fe2+ ions and MDA (typical changes
associated with ferroptosis) both in vitro and in vivo (Figs. 5 and
6). Thus, the induction of cell death in the xenograft nodules may
have, at least partially, resulted from ferroptosis. More importantly,
the experiments involving pretreatment with different cell death
inhibitors (Fig. 1b) convincingly demonstrated that the combined
treatment caused ferroptosis rather than apoptosis, necroptosis, or
pyroptosis in HCC (Fig. 1). This conclusion is further supported
by other findings that ferroptosis is a direct result of sorafenib
alone [20].
The present findings might have important clinical indica-

tions. First, personalized HCC treatment with sorafenib may be
feasible. Detection of the basal levels or expression changes in
ferroptosis-dependent proteins via HCC biopsy or resected
samples could help identify HCC patients who are sensitive or
resistant to sorafenib. Several research groups including our
own reported that the basal level of ACSL4 [36, 37] predicts

Fig. 5 The combined treatment-induced lysosomal activation and ferritin degradation. a Huh7 cells were treated as indicated with or
without bafilomycin A1 (100 nM) for 12 h before Western blotting. b Huh7 cells were treated as indicated in (a) for 24 h before the cell survival
rate was quantified. c Huh7 cells were treated as indicated in Fig. 4a before lysosomal activity analysis using LysoTracker Red. d, e Huh7 cells
were treated as indicated with or without bafilomycin A1 (100 nM) pretreatment for 12 h. Then, the lysosomal enzyme activities of cathepsin L
(d) and cathepsin B (e) were quantified. **P < 0.01. ##P < 0.01.
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sorafenib sensitivity, while the induction of serum
metallothionein-1 after sorafenib treatment indicates poorer
overall survival in HCC patients [38]. Second, some HCC patients
are intolerant to sorafenib-induced side effects. Artesunate,
which is clinically available, could be an ideal sensitizing agent
for increasing the effects of sorafenib-resistance HCC at a dose
below the toxic threshold. However, the validity of these
proposed effects requires further clinical investigations. The
current preclinical study was conducted in an ectopic xenograft
tumor model inoculated with HCC cells. Primary rodent HCC
models and patient-derived xenograft (PDX) models may better
mimic the pathology observed in the clinic. These models
should be further explored in future studies.

CONCLUSIONS
In conclusion, the present study demonstrated that artesunate
and low-dose sorafenib have a synergistic effect in inducing HCC

ferroptosis in vitro and in vivo. Their distinct mechanisms involved
inducing oxidative stress and lysosomal activation work together
to induce ferroptosis. Because artesunate is well tolerated and
affordable, its combination with sorafenib may benefit a large
proportion of HCC patients. Furthermore, this combined treatment
may decrease potential unwanted sorafenib toxicity by lowering
its effective dosage.
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