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Abstract
Osteosarcoma (OS) is a prevalent primary malignant bone tumor that lacks 
effective therapeutic interventions. Artesunate (ART) has been proved to have 
remarkable treatment effects on severe malaria and anti-tumor properties. This 
study aimed to investigate the anti-OS effects and underlying mechanisms of ART. 
The potential mechanisms of ART-mediated anti-OS activity were analyzed by 
using RNA sequencing, iron accumulation, lipid peroxidation, western blotting, 
and small interfering RNA (siRNA) transfection. In vivo, a xenograft mice model 
was adopted to explore the anticancer effect of ART. The present study revealed 
that ART significantly suppressed OS cell proliferation. Subsequent results 
suggested that ART exerted anti-OS activity mainly through the ferroptosis 
pathway. ART decreased the GSH/GSSG ratio, xCT and GPX4 expression, while 
increasing MDA and lipid peroxidation, which were reversed by Fer-1, DFO, 3-
MA, and NCOA4 silencing. Mechanistically, ART upregulated the expression 
of TFR and DMT1, and triggered ferritinophagy by upregulating the expression 
of NCOA4, which increased Fe2+ accumulation and triggered ferroptosis. In 
addition, cytoplasmic iron further activated Mfrn2-mediated transportation of 
cytoplasmic free iron into the mitochondria, resulting in mitochondrial iron 
overload, eventually leading to lipid peroxidation and ferroptosis. Furthermore, 
in an OS xenograft mouse model, administration of ART inhibited tumor growth 
by ferroptosis. Collectively, our findings indicated that ART has the potential 
anti-OS capacity through NCOA4-mediated ferritinophagy, which might shed 
light on the future of OS therapy.
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1   |   INTRODUCTION

Osteosarcoma (OS) is the most prevalent primary bone 
malignancy of mesenchymal origin in children and ado-
lescents, with 3.4 cases per million people worldwide.1,2 
Due to the elevated propensity for local recurrence and 
metastatic dissemination, the utilization of multimodal-
ity therapy has seen a surge in application.3 Currently, the 
primary approach to treating OS involves a multifaceted 
therapeutic strategy centered on surgery, coupled with ra-
diotherapy, chemotherapy, targeted therapy, and various 
other modalities. Although significant progress has been 
made in the early diagnosis and treatment of OS in recent 
years, the severe systemic toxicity caused by chemother-
apy often makes treatment ineffective, which is one of the 
important reasons why the recurrence rate and distant 
metastasis rate of OS patients are still high. Therefore, the 
development of new effective drugs with low toxicity and 
effectiveness is an urgent need to improve the efficacy of 
OS.

Artesunate (ART) was approved by the Food and 
Drug Administration (FDA) in 2020 as a new treatment 
for severe malaria.4 Recent studies have shown that 
ART exhibits various bioactivities associated with the 
treatment of cancer, inflammation, and other pharma-
cological effects.5,6 Numerous studies have shown that 
ART could inhibit the proliferation, migration, and in-
vasion of tumor cells by regulating gene expression and 
signaling pathways, thus playing a therapeutic role in 
the occurrence and development of various malignant 
tumors such as liver cancer, lung cancer, and bladder 
cancer.7–9 These studies suggested that ART might be an 
excellent potential candidate for clinical use and anti-
cancer therapy.

Programmed cell death (PCD) plays a significant role 
in the occurrence, development, and therapy of various 
malignant tumors.10 PCD mainly includes pyroptosis, 
apoptosis, necroptosis, ferroptosis, copper death, and 
PANoptosis.11 These forms of cell death differ in both 
morphology and the mechanisms by which they occur. 
For example, ferroptosis represents a novel type of PCD 
distinguished by its dependence on iron and the accumu-
lation of intracellular oxidants.12 Compared with normal 
cells, a high concentration of an unstable iron pool is an 
important substance and metabolic basis for abnormal 
proliferation, drug resistance, and the maintenance of 
tumor stem cells.13 Ferroptosis may thus be proposed as 
an alternative intervention for cancer therapy. Currently, 

there are several FDA-approved drugs that target ferro-
ptosis, such as erastin and deferoxamine mesylate (DFO). 
However, their unsatisfactory chemical properties, severe 
adverse reactions, and poor tumor targeting limit their 
clinical application. It is surprising that several natural 
chemicals could suppress tumor growth by the ferropto-
sis pathway, such as red ginseng polysaccharide,14 agri-
monolide,15 tiliroside16 and ginsenoside Rh3.17 Similarly, 
our previous study showed that shikonin suppresses the 
proliferation of OS cells by inducing ferroptosis through 
promoting Nrf2 ubiquitination and inhibiting the xCT/
GPX4 regulatory axis.18 To date, it has been reported that 
ART exhibits antitumor effects by inducing ferroptosis in 
multiple myeloma.19 Nevertheless, the ability of ART to 
inhibit the proliferation of OS cells, the specific cell death 
pathways involved, and the underlying mechanisms re-
main unknown.

In the present study, ART is reported for the first time 
to suppress OS cell growth in vitro and in vivo, primarily 
through the ferroptosis pathway. The findings could pro-
vide new insights for further improving the prognosis of 
patients with OS and provide a theoretical basis and solid 
foundation for the clinical application of ART.

2   |   MATERIALS AND METHODS

2.1  |  Cell lines and cell culture

Osteoblast cell line hFOB1.19 was obtained from the 
American Type Culture Collection (ATCC). OS cell lines 
MG63 and 143B were acquired from Procell (Wuhan, 
China). All cells were cultured in dulbecco's modified 
eagle medium (DMEM) (Vivacell Bioscience, Shanghai, 
China). In addition to DMEM, complete culture medium 
comprised 1% penicillin (Vivacell, Shanghai, China) and 
10% fetal bovine serum (FBS) (Thermo Fisher, Shanghai, 
China). The culture conditions were maintained at 5% 
CO2 and a temperature of 37°C.

2.2  |  Reagents and antibodies

ART, 3-methyladenine (3-MA), ferrostatin-1 (Fer-1), DFO, 
Z-VAD, necrostatin-1 (Nec-1) and N-acetylcysteine (NAC) 
purchased from MedChemExpress (MCE, State of New 
Jersey, USA), ferric amine citrate (FAC) was purchased 
from Yuanye Biotec (Shanghai, China), and the drug was 
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dissolved in DMSO and stored at −20°C for usage. The 
primary antibodies used in the experiments included β-
actin (Proteintech, Wuhan, China), GAPDH (Proteintech, 
Wuhan, China), proliferating cell nuclear antigen (PCNA) 
(Proteintech, Wuhan, China), recombinant glutathione 
peroxidase 4 (GPX4) (Proteintech, Wuhan, China), xCT 
(Proteintech, Wuhan, China), nuclear receptor coactivator 
4 (NCOA4) (Affinity, Jiangsu, China), microtubule-
associated proteins 1A/1B light chain 3I/II (LC3I/II) 
and P62 (Cell Signaling Technology, USA), transferrin 
receptor (TFR) (Proteintech, Wuhan, China), divalent 
metal transporter 1 (DMT1) (Absin, Shanghai, China), 
ferritin heavy chain 1 (FTH1) (Cell Signaling Technology, 
USA), Mitoferrins 2 (Mfrn2) and mitochondrial ferritin 
(Ftmt) (Absin, Shanghai, China).

2.3  |  Cell transfection

The siRNAs targeting NCOA4 and Mfrn2 (designated as 
siNCOA4 and siMfrn2, respectively) and non-targeting 
control siRNAs (siNC) were synthesized by Sangon 
Biotech (Shanghai, China). Following the manufacturer's 
instructions, RNA transfection was carried out using 
Lipofectamine 3000 reagent (Thermo Fisher Scientific) 
for a duration of 48 h.

2.4  |  Cell viability assay

MG63, 143B, and hFOB 1.19 cells were treated with or 
without ART for 24, 48, or 72 h, and the concentrations of 
ART were (0, 5, 10, 20, 30, 40, 60, 80, and 100 μM). According 
to the pretest results, the optimal drug concentration 
and drug action time of each group were determined. 
According to the experimental design, cells in each group 
were treated with the corresponding drug. Following this 
treatment, the drug-containing medium was removed, 
and a CCK-8 solution was diluted in accordance with the 
provided instructions. The cells were then incubated for 
a duration of 2 h. Then, the absorbance was measured at 
450 nm by an enzyme-labeled apparatus. Data collection 
and statistics were performed using GraphPad Prism 8.0 
software (San Diego, CA, USA).

2.5  |  Giemsa staining

Giemsa staining was performed to observe the impact of 
ART on the change in cell morphology. MG63 and 143B 
were plated in 12 well plates. ART was added to MG63 
and 143B cells at varying concentrations (0, 20, 40, 80 μM) 
for a duration of 24 h after the cells were completely 

adhered to the wall. After being fixed for 20 min in 4% 
paraformaldehyde (PFA) (Solarbio, Beijing, China), the 
cells were stained for 20 min with 1% Giemsa staining 
solution (Solarbio, Beijing, China), and they were gently 
rinsed 3 times with phosphate-buffered saline (PBS). Cell 
morphology was evaluated using an optical microscope 
(Olympus Corporation, Tokyo, Japan).

2.6  |  Colony formation assay

MG63 and 143B cells, during their logarithmic growth 
phase, were inoculated into 6-well plates at a density of 
500 cells per well in the form of a single-cell suspension. 
Following a 48 h incubation period, these cells were 
treated with various concentrations of ART or a vehicle 
control, with each group consisting of three wells. The 
cells were subsequently maintained for two weeks, with 
the growth medium being refreshed every three days. 
After this treatment period, the cells were fixed using 
4% PFA and stained with 0.1% crystal violet (Solarbio, 
China) for a duration of 10 min. The staining results were 
analyzed using Image J software.

2.7  |  Cell cycle analysis

MG63 and 143B were thoroughly mixed with the medium 
and inoculated on 6-well plates. Once the cells reached 
80% confluence, the complete medium was removed, the 
wells were rinsed with PBS, and the cells were incubated 
with the corresponding drug-containing medium for 
24 h. After this incubation, the medicated medium was 
discarded. The cells were then digested, centrifuged at 
low speed, transferred to 1.5 mL sterile culture tubes, and 
treated with anhydrous ethanol overnight. Subsequently, 
PI and RNase A were added and incubated according to 
the kit instructions. Finally, the cell cycle of each group 
was assessed using flow cytometry with the Accuri C6 
Plus instrument and analyzed quantitatively. For details, 
please refer to our previous study.18

2.8  |  RNA sequencing

MG63 cells were treated with 40 μM of ART for a duration 
of 24 h. Following this treatment, RNA was extracted 
from the cells using TRIzol reagent, which was sourced 
from ThermoFisher Scientific (USA). The extracted RNA 
samples were then stored on dry ice. Subsequently, the 
process of library construction and RNA sequencing 
was carried out by Biomarker Technologies (Biomarker, 
Beijing, China).
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2.9  |  Transmission electron microscopy

According to the experimental protocol, MG63 and 143B 
cells were inoculated into culture dishes. MG63 and 143B 
cells were treated with or without 40 μM ART for 24 h. 
Following their digestion with pancreatic enzymes free 
of ethylenediaminetetraacetic acid (EDTA), the cells were 
centrifuged. Subsequent steps included the immobiliza-
tion and dehydration of the cell masses using anhydrous 
ethanol. Finally, after processing the samples, the cell 
structures were observed by a transmission electron mi-
croscope (Olympus Corporation, Tokyo, Japan).

2.10  |  5-Ethynyl-2-deoxyuridine 
(EdU) assay

MG63 and 143B cells were plated in a 24-well plate at a 
density of 5 × 104 cells per well. Following a 24 h drug treat-
ment, EdU working solution was added to the cells, and 
they were incubated at 37°C for 2 h. The cells were then 
fixed with methanol for 30 min and permeabilized with 
Triton-X for 40 min to allow for the penetration of stain-
ing reagents. Next, a click reaction solution was added and 
incubated for 40 min to label the EdU-incorporated DNA. 
Subsequently, the cells were stained with Hoechst-33342 
solution to visualize the nuclei. Finally, all samples were 
observed and imaged under a confocal microscope pro-
vided by Nikon (Japan).

2.11  |  Flow cytometric analysis of 
detecting reactive oxygen species (ROS), 
lipid peroxidation, mitochondrial 
membrane potential (MMP), Fe2+ 
content and FITC-Annexin V/PI 
staining assay

Flow cytometry was applied to detect ROS, lipid per-
oxidation, apoptosis, and Fe2+. Briefly, for the detec-
tion of ROS, cells were stained with DCFH-DA (10 μM) 
(Invitrogen, Carlsbad, CA, United States) for 30 min at 

37°C in the dark. For the detection of intracellular lipid 
peroxidation, C11-BODIPY (Thermo Fisher Scientific, 
Waltham, USA) was used to detect the level of lipid 
peroxidation. JC-1 (KeyGEN BioTECH, Jiangsu, China) 
was used to detect the level of MMP. FerroOrange is 
a product offered by DOJINDO (Shanghai, China) for 
quantifying the concentrations of different groups of 
Fe2+. The method uses FerroOrange (1 μM) as a colori-
metric agent, changes its color according to the presence 
of Fe2+, and determines its concentration by flow cytom-
etry. The FITC-Annexin V/PI staining assay was used to 
detect the effect of ART on OS cell apoptosis. Collected 
data were analyzed using FlowJo 10.7.1 software.

2.12  |  Measurement of malondialdehyde 
(MDA) levels and GSH/GSSG ratio

Intracellular concentrations of MDA and the GSH/GSSG 
ratio were measured using specific assay kits (Jiancheng, 
Nanjing, China). The MDA assay kit and the GSH/GSSG 
ratio assay kit were employed, and all measurements were 
conducted in accordance with the detailed instructions 
provided by the manufacturer.

2.13  |  Immunofluorescence analysis

Intracellular Fe2+ and mitochondrial Fe2+ levels were 
detected using FerroOrange (Dojindo, Shanghai, China) 
and Mito-FerroGreen (Dojindo, Shanghai, China) re-
spectively. According to the protocol, the cells were 
seeded in confocal dishes, and after corresponding treat-
ment with drugs for 24 h, the cells were incubated with 
FerroOrange (0.5 μM) or Mito-FerroGreen for 30 min. 
For the detection of mitochondrial ROS, the cells were 
incubated with 5 μM Mito-SOX (Dojindo, Shanghai, 
China) for 30 min. Following the incubation period, 
the cells were observed under a confocal microscope 
(Nikon, Japan) to visualize and quantify the Mito-SOX 
fluorescence, which is indicative of mitochondrial ROS 
levels.

F I G U R E  1   ART inhibited the proliferation of OS cells. (A) The molecular and 3D structure of ART. (B–D) The effect of ART on the 
viability of MG63,143B and HFOB1.19 cells was measured by CCK-8 assay after being treated for 24, 48, and 72 h. (E, F) Giemsa staining 
was used to observe the effect of ART on the cell morphology of MG63 and 143B. (G, H) Colony formation and (I, J) EdU staining were 
used to observe the impact of ART on the cell proliferation of MG63 and 143B. (K, L) The cell cycle was evaluated in MG63 and 143B cells 
using flow cytometry analysis with PI staining. (M, N) Western blot was used to detect the expression of the cell cycle protein Cyclin D1 and 
CDK4. (O, P) Western blot was used to detect the expression of the proliferation protein PCNA. Data represent mean ± SD. Significance in 
(B–D), (F), (H), (L), (N) and (P) was calculated using one-way ANOVA with Dunnett's multiple comparisons test. n = 3; *p < .05; **p < .01; 
***p < .001; ns, no significant.
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F I G U R E  2   ART inhibited the proliferation of OS cells through the ferroptosis pathway. (A) DEGs following treatment with ART 
(40 μM) for 24 h compared to controls (DMSO for 24 h) in MG63 cells, assessed via RNA sequencing assay. (B) The GO enrichment analysis 
of DEGs. (C) Top 20 KEGG pathway enrichment results of DEGs. (D) Intracellular Fe2+ was observed by using laser scanning confocal 
microscopy (LSCM) after the intervention of ART after 24 h in MG63 and 143B cells (scale bar: 50 μm). (E, F) Western blot was used to 
detect the expression of ferroptosis proteins TFR, DMT1, and FTH1. Data represent mean ± SD; significance in (F) was calculated using one-
way ANOVA with Dunnett's multiple comparisons test. n = 3; **p < .01; ***p < .001.
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2.14  |  Western blot assay

MG63 and 143B cells were inoculated in cell culture dishes. 
Once the cells were fully adhered to the surface, they were 
treated with the corresponding drugs for 24 h, in accord-
ance with the experimental design. Subsequently, the 
samples were washed with pre-cooled PBS, and the cells 
were digested and collected using pancreatic enzymes. 
Then, following the instructions in the manual, protein 
quantification was performed using the BCA protein 
quantification kit method. The SDS-PAGE gel was pre-
pared according to the guidelines provided by the reagent 
manufacturer. After the electrophoresis of the sample was 
completed, the gel containing the sample was placed on 
a polyvinylidene fluoride membrane for the transfer step. 
Samples were incubated with 5% buttermilk for a duration 
of 2 h. The sample should be gently agitated overnight on 
a shaker at a temperature of 4°C. The samples that had 
been incubated with the corresponding secondary anti-
bodies were allowed to incubate for 2 h, after which they 
were again washed with TBST. Subsequently, exposure 
and image acquisition were performed. The results were 
processed using Image Lab and Image J software. For de-
tails, please refer to our previous study.18

2.15  |  OS intra-tibia 
tumor-bearing model

This animal experiment was conducted in accordance 
with the guidelines outlined in the National Institutes of 
Health (NIH) publication “Guide for the Care and Use 
of Laboratory Animals” (NIH Publications No. 8023, re-
vised 1978). It received approval from the Animal Ethics 
Committee of Wuhan Sevier Biotechnology Co. (2024030 
on March 7, 2024). A total of 20 BALB/c nude mice, aged 
4–5 weeks, were purchased for the study. Each mouse 
received an injection of 1 × 106 143B cells in a volume of 
100 μL into the tibial bone marrow cavity. Once the tu-
mors became palpable or measurable, the animals were 
randomly assigned to four groups, with five mice in each 
group: the control group (10% DMSO + 40% PEG300 + 5% 
Tween-80 + 45% Saline), the Fer-1 group (0.8 mg/kg/day), 
the ART group (200 mg/kg/day) and the ART+Fer-1 
group. Each group of mice received daily intraperitoneal 
injections of the drug for 2 weeks. The weight of the mice 
and the volume of the tumors were measured every three 
days. Tumor volume (mm3) was calculated using the 
formula: (length × width2)/2, where “length” represents 
the longest axis of the tumor and “width” is the measure-
ment perpendicular to the length. Once the experiment 
was completed, the mice were euthanized, and all tumors 
were collected for further analysis.

2.16  |  Histological examination and 
immunohistochemistry

The collected tumor samples were fixed in 5% formalde-
hyde overnight to preserve their structure and morphol-
ogy. Following fixation, the tumor tissues were subjected 
to a gradient alcohol dewatering method to remove ex-
cess water and facilitate embedding in paraffin wax. The 
paraffin-embedded tissues were then sectioned to produce 
thin slices for further analysis. After sodium citrate buffer 
repair, peroxides were added to seal. Next, specific primary 
and secondary antibodies were added to target and bind 
to the antigens of interest within the tissue. DAB working 
solution was added, and hematoxylin staining was per-
formed. Finally, images of the stained sections were cap-
tured under a microscope for further analysis.

2.17  |  Statistical analysis

The data obtained from these experiments were pre-
sented as the mean ± standard deviation (SD). To deter-
mine whether there were significant differences among 
the groups, a one-way or two-way analysis of variance 
(ANOVA) was performed. This statistical test allows for the 
comparison of multiple groups and assesses whether there 
are any statistically significant differences in the mean val-
ues among the groups. If a significant difference was de-
termined by the ANOVA, multiple-comparison tests were 
applied to identify which specific pairs of groups were sig-
nificantly different. *p < .05, **p < .01, and ***p < .001.

3   |   RESULTS

3.1  |  ART inhibited the proliferation of 
OS cells

The molecular structure and 3D structure of ART were 
obtained from the PubChem database (https://​pubch​em.​
ncbi.​nlm.​nih.​gov) (Figure  1A). To explore the effect of 
ART on the cell viability of OS cells and the osteoblast 
cell line HFOB1.19, we applied different concentrations 
of ART (0, 5, 10, 20, 30, 40, 60, 80 and 100 μM) to inter-
vene. The CCK-8 assay suggested that the cell viability of 
MG63 and 143B cells decreased in a dose-dependent and 
time-dependent manner after ART treatment. The IC50 
values of MG63, 143B, and HFOB1.19 cells treated with 
ART for 24 h were 40.12, 45.9 and 167.4 μM (Figure 1B–D). 
Therefore, 20, 40 and 80 μM concentrations of ART were 
selected for the following experiments. Giemsa staining 
indicated that cell morphology crumpled and the nucleus 
had deep staining, decreased OS cell status, and viability 

https://pubchem.ncbi.nlm.nih.gov
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after ART intervention for 24 h (Figure 1E,F). The results 
of the colony formation assay were consistent with those 
of the CCK-8 assay (Figure 1G,H) and EdU proliferation 
assays (Figure 1I,J). The flow cytometry assay showed that 
ART could induce cell cycle arrest at the G1→S phase, de-
crease the percentage of cells in the G1 phase, and increase 
the percentage of cells in the S and G2/M phases in MG63 
and 143B (Figure 1K,L). Further research found that ART 
downregulated the expression of Cyclin D1 and CDK4 
(Figure  1M,N). PCNA is a cofactor of DNA polymerase 
and plays important roles in DNA replication and cell pro-
liferation.20 In the present study, we found that ART sig-
nificantly downregulated the expression of PCNA in MG63 
and 143B in a dose-dependent manner (Figure 1O,P). In 
addition, we examined whether ART could induce apop-
tosis of OS cells, and the results showed that ART induced 
apoptosis of OS cells in a dose-dependent manner, but the 
proportion of apoptotic cells was still very low under the 
action of ART (80 μM), which indicated that ART may in-
hibit the proliferation of OS cells mainly through pathways 
other than apoptosis (Figure S1A,B).

3.2  |  ART inhibited OS cell proliferation 
mainly through the ferroptosis pathway

In order to explore the main ways that ART inhibits the 
proliferation of OS cells, transcriptome sequencing and 
bioinformatics analysis were performed to identify the dif-
ferentially expressed genes (DEGs) in the control and ART 
treated cells with MG63. 262 upregulated genes and 233 
downregulated genes were detected in ART-treated cells 
compared with cells of the control group (Figure 2A). The 
gene ontology (GO) enrichment analysis of DEGs was illus-
trated (Figure 2B). The results of the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analy-
sis were visualized on a bubble map, with the top 20 most 
significantly changed pathways displayed (Figure  2C). 
Notably, ferroptosis emerged as one of the most altered 
pathways. Given its close association with cancer therapy, 
it is plausible that ferroptosis could serve as the primary 
mechanism underlying ART-induced OS cell death. To fur-
ther confirm which form of cell death is induced by ART, 
this study combined ART with different cell death inhibitors 
for CCK-8 rescue experiments, including Z-VAD (10 μM), 

Nec-1 (10 μM), 3-MA (1 mM), DFO (50 μM), NAC (5 mM) 
and Fer-1(10 μM). Further studies showed that ferroptosis-
related inhibitors Fer-1, DFO, and the autophagy inhibitor 
3-MA significantly reversed the inhibitory effect of ART on 
the proliferation of OS cells (Figure  S1C). Moreover, the 
combination of Fer-1 with 3-MA had a synergistic effect 
on reversing the inhibition of OS cell proliferation by ART 
(Figure S1D). Together, these results suggested that ferrop-
tosis and autophagy are the main pathways by which ART 
inhibits the proliferation of OS cells.

The disturbance of intracellular iron metabolism, 
especially the increase of ferrous ion content, is the ini-
tial factor of ferroptosis. The Fenton reaction, which in-
volves the interaction of Fe2+ with endogenous hydrogen 
peroxide (H2O2), generates ROS. These ROS can subse-
quently promote lipid peroxidation, a critical process in 
the induction of ferroptosis.21 We detected a significant 
increase in intracellular Fe2+ levels after ART treatment 
in a concentration-dependent manner (Figure 2D). TFR, 
a membrane protein expressed as a homodimer on the 
cell surface, binds to transferrin and mediates the inter-
nalization of iron into the cell. This process is crucial for 
cellular iron uptake and plays a significant role in regu-
lating oxidative stress levels. Once inside the cell, the in-
tracellular metal reductase STEAP3 reduces Fe3+ to Fe2+, 
which is then released into the dynamic iron pool of the 
cytoplasm via DMT1.22 Excess Fe2+ are mainly stored in 
FTH1 to inhibit iron overload and ferroptosis in cells.23 
Western blot results showed that ART treatment for 24 h 
could upregulate the expression of TFR, DMT1 proteins 
and downregulate the expression of FTH1 protein in OS 
cells (Figure 2E,F).

3.3  |  Decreased intracellular iron levels 
protect OS cells against ART-induced 
ferroptosis

Fe2+ plays an important role in ferroptosis; we co-treated 
OS cells with DFO and ART (40 μM) to decrease intra-
cellular iron concentration. Intracellular Fe2+ levels 
increased significantly after ART treatment and were 
effectively rescued by DFO (Figure  3A). Similarly, the 
DFO-treated group reversed ART-induced lipid peroxida-
tion accumulation (Figure 3B,C). In line with this, ART 

F I G U R E  3   Decreased intracellular iron levels protected OS cells against ART-induced ferroptosis. (A) Intracellular Fe2+ was observed 
by using LSCM after the intervention of ART with or without DFO after 24 h in MG63 and 143B cells (scale bar: 50 μm). (B, C) Lipid 
peroxidation was evaluated in MG63 and 143B cells after the intervention of ART with or without DFO after 24 h by using flow cytometry 
analysis with C11-BODIPY 589/591 staining, followed by quantitative analysis. (D, E) Western blot was used to detect the expression of 
protein xCT and GPX4, and quantification was analyzed. (F, G) Intracellular Fe2+ and (H, I) Lipid peroxidation were observed by flow 
cytometry after the intervention of the drug after 24 h in MG63 and 143B cells. Data represent mean ± SD; significance in (C), (E) (G) and (I) 
was calculated using the one-way ANOVA with Dunnett's multiple comparisons test. n = 3; ***p < .001.
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downregulated the expression of xCT and GPX4 proteins 
in OS cells, which could be significantly reversed by DFO 
(Figure 3D,E). In summary, these results suggested that 
ART induced ferroptosis by causing iron overload in OS 
cells.

To further determine the role of iron in the ART-
induced ferroptosis, we treated OS cells with non-toxic 
concentrations of FAC (100 μM) to increase intracellular 
iron concentration combined with ART. Our results indi-
cated that FAC exacerbated ART-induced suppression of 
OS cell activity and could be partially reversed by DFO 
and Fer-1 (Figure  S1E). The FerroOrange fluorescent 
probe was used to detect Fe2+, and the results showed that 
FAC further exacerbated the increase of Fe2+ in OS cells 
induced by ART (Figure 3F,G). Similarly, lipid peroxida-
tion levels in OS cells were further increased and could be 
reversed by DFO and Fer-1 (Figure 3H,I). Together, these 
results suggested that iron overload further exacerbated 
ART-induced ferroptosis in OS cells.

3.4  |  Fer-1 reversed ART-induced 
ferroptosis in OS cells

Ferroptosis was characterized by the accumulation of 
iron, ROS, and lipid peroxidation overload, and was 
negatively regulated by xCT and GPX4.24 The levels of 
intracellular ROS and lipid peroxidation were measured 
separately using the fluorescent probe DCFH-DA and 
C11-BODIPY589/591, and the flow cytometry results 
showed that ART treatment for 24 h could significantly 
increase the intracellular ROS (Figure 4A,B) and lipid per-
oxidation (Figure 4C,D), which could be partially reversed 
by Fer-1. GSH and MDA are both important biomarkers 
in the context of ferroptosis.25 The results showed that the 
GSH content decreased (Figure 4E) and the MDA content 
increased (Figure 4F) in OS cells after ART treatment and 
could be partially reversed by Fer-1. xCT and GPX4 are the 
key proteins of ferroptosis; western blot results showed 
that ART downregulated the expression of xCT and GPX4 
proteins in OS cells (Figure  4G,H). Mitochondria, often 
referred to as the “energy generators” of cells, are essential 
organelles that maintain normal cellular metabolic activi-
ties.26 Transmission electron microscopy (TEM) was used 
to observe the morphological changes in MG63 and 143B 

cells after treatment with a compound called ART for 24 h. 
The TEM images revealed that the treated cells exhibited 
several typical morphological features of ferroptosis, in-
cluding mitochondrial shrinkage, a higher density of the 
mitochondrial membrane, and reduction or disappear-
ance of mitochondrial cristae (indicated by red arrows) 
(Figure 4I).

3.5  |  Inhibition of autophagy attenuated 
ART-induced ferroptosis in OS cells

In the transcriptome sequencing results, GO enrichment 
analysis showed that autophagy was also one of the path-
ways by which ART inhibited the activity of OS cells. In 
addition, autophagy inhibitor 3-MA partially reversed 
ART-induced inhibition of OS cell viability. We demon-
strated that ART could induce autophagy in OS cells. LC3 
I/II and P62 are the key proteins of autophagy; western blot 
analysis showed that ART could upregulate the expression 
of LC3 I/II protein and downregulate the expression of P62 
protein in OS cells (Figure  5A,B). Subsequently, we ex-
plored the relationship between ART-induced ferroptosis 
and autophagy in OS cells. Interestingly, autophagy inhibi-
tor 3-MA significantly inhibited ART-induced elevation of 
Fe2+ levels (Figure 5C,D) and lipid peroxidation accumu-
lation (Figure 5E,F) in OS cells. Analogously, 3-MA treat-
ment successfully reversed the expression of P62, xCT, and 
GPX4 proteins (Figure 5G,H). We further investigated the 
relationship between autophagy and the increase in Fe2+ 
levels induced by ART, as ART-induced ferroptosis in OS 
cells was dependent on Fe2+ elevation. Interestingly, treat-
ment with an autophagy inhibitor, 3-MA (1 mM), for 24 h 
markedly reversed the expression levels of FTH1 protein, 
while the expression of TFR and DMT1 proteins did not 
change significantly (Figure 5I,J).

3.6  |  NCOA4-mediated ferritinophagy 
was involved in ART-induced intracellular 
iron overload

Previous reports have shown that autophagy could se-
lectively degrade ferritin through NCOA4 (namely 
ferritinophagy), which increases intracellular iron 

F I G U R E  4   Fer-1 reversed ART-induced ferroptosis in OS cells. (A, B) The ROS and (C, D) lipid peroxidation were evaluated in MG63 
and 143B cells by using flow cytometry analysis with DCFH-DA or C11-BODIPY 589/591 staining, followed by quantitative analysis. 
(E) Measurement of intracellular GSH/GSSG levels in MG63 and 143B cells. (F) Measurement of intracellular MDA levels in MG63 
and 143B cells. (G, H) Western blot was used to detect the expression of protein xCT and GPX4, and quantification was analyzed. (I) 
The mitochondrial morphology of MG63 and 143B cells treated with or without ART after 24 h was observed by transmission electron 
microscopy (Scale bar: 1 μm). Data represent mean ± SD, and significance in (B), (D), (E), (F) and (H) were calculated using the one-way 
ANOVA with Dunnett's multiple comparisons test. n = 3; *p < .05; **p < .01; ***p < .001.
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levels to promote ferroptosis.27 In addition, we found 
that ART could up-regulate NCOA4 expression in a dose-
dependent manner (Figure  6A,B). To further confirm 
whether increased NCOA4 contributed to ART-induced 
ferritinophagy, we established NCOA4 knockdown OS 
cells. The reversal of FTH1 downregulation by NCOA4 
knockdown indicated that NCOA4 plays a critical role 
in ART-induced ferritinophagy (Figure 6C,D). By target-
ing ferritin for degradation, NCOA4 may contribute to 
the release of iron and the induction of ferroptosis. The 
knockdown of NCOA4 blocked this process, leading to 
increased FTH1 levels and potentially decreased fer-
roptosis. Similarly, the knockdown of NCOA4 reversed 
the elevated Fe2+ (Figure 6E) and lipid peroxidation ac-
cumulation (Figure 6F,G). These results suggested that 
NCOA4-mediated ferritinophagy is involved in ART-
induced ferroptosis in OS cells.

3.7  |  Intracellular iron overload 
increased mitochondrial iron levels and 
dysfunction

Mitochondria are the core of redox homeostasis and iron 
homeostasis during ferroptosis. Excessive Fe2+ in mito-
chondria could produce a large number of ROS via the 
Fenton reaction, which could promote ferroptosis. Mito-
FerroGreen and mito-SOX fluorescent probes were used to 
detect the changes in Fe2+ and ROS levels in mitochondria 
of MG63 and 143B cells after ART treatment for 24 h, and 
the results showed that ART could increase the level of mi-
tochondrial Fe2+ (Figure 7A) and ROS (Figure 7B), which 
could be significantly reversed by DFO. Mitochondria are 
the primary sites for the production of ROS. An increase in 
ROS levels can lead to the opening of mitochondrial per-
meability transition pores (MPT).28 The opening of these 
pores leads to a reduction in MMP, ultimately resulting 
in mitochondrial damage.29 In addition to being impor-
tant indicators of mitochondrial damage and the start of 
ferroptosis, aberrant MMP changes are also a precursor 
to ferroptosis.30 The JC-1 fluorescent probe was used to 
detect the changes in the MMP levels in MG63 and 143B 
cells after ART treatment for 24 h, and the results showed 

that ART reduced MMP, and membrane depolarization 
was reversed by DFO treatment (Figure 7C,D).

3.8  |  Knockdown of Mfrn2 significantly 
rescued the increase in mitochondrial 
free iron

Mfrn1 and Mfrn2 are proteins that belong to the mito-
chondrial solute carrier family. They play a crucial role 
in transporting iron into the mitochondria. Ftmt plays a 
key role in maintaining iron homeostasis within the cell 
by binding to excess iron ions and forming ferritin com-
plexes. This helps to prevent damage to cellular struc-
tures and functions caused by excessive iron. We found 
that the expression of Mfrn2 was upregulated while Ftmt 
was downregulated after ART treatment, which could be 
significantly reversed by DFO (Figure  8A,B), suggesting 
that the increase in mitochondrial Fe2+ may be the result 
of enhanced iron input and decreased iron storage. In ad-
dition, the knockdown of Mfrn2 significantly decreased 
the levels of mitochondrial free iron and mitochondrial 
ROS (Figure 8C–F). All of these findings showed that mi-
tochondrial iron levels and dysfunction were elevated by 
cytosolic iron overload brought on by ART.

3.9  |  ART suppressed the tumor growth 
in vivo by inducing ferroptosis

To further confirm the anti-OS effects of ART in vivo, an or-
thotopic intra-tibia tumor-bearing model was established, 
and ART was administered via daily intraperitoneal injec-
tions. The results indicated that ART treatment did not 
significantly affect the body weight of the mice, while the 
tumor volume in the treatment group was significantly re-
duced compared to the control group (Figure 9A–D). These 
suppressive effects were partially antagonized by the Fer-1 
administration. To further explore the potential toxicity of 
ART, the biochemical parameters of the liver and kidney 
in mice were assessed, and the results showed that ART 
had no obvious toxic effect on the liver and kidney of the 
mice (Figure 9E–H). Hematoxylin and eosin (HE) staining 

F I G U R E  5   Inhibition of autophagy attenuated ART-induced ferroptosis in OS cells. (A, B) Western blot was used to detect the 
expression of autophagy related protein LC3 I/II and P62, and quantification was analyzed. (C, D) Intracellular Fe2+ was observed by flow 
cytometry analysis after the intervention of ART with or without 3-MA after 24 h in MG63 and 143B cells, followed by quantitative analysis. 
(E, F) The lipid peroxidation was evaluated in MG63 and 143B cells after the intervention of ART with or without 3-MA after 24 h by using 
flow cytometry analysis with C11-BODIPY 589/591 staining, followed by quantitative analysis. (G, H) Western blot was used to detect the 
expression of protein P62, xCT and GPX4, and quantification was analyzed. (I, J) Western blot was used to detect the expression of protein 
TFR, DMT1 and FTH1, and quantification was analyzed. Data represent mean ± SD, significance in (B), (D), (F), (H) and (J) were calculated 
using the one-way ANOVA with Dunnett's multiple comparisons test. n = 3; **p < .01; ***p < .001.
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F I G U R E  6   NCOA4-mediated ferritinophagy was involved in ART-induced intracellular iron overload. (A, B) Western blot was used 
to detect the expression of protein NCOA4; quantification was analyzed. (C, D) Western blot was used to detect the expression of protein 
NCOA4 and FTH1 after the intervention of ART with or without siNCOA4; quantification was analyzed. (E) Intracellular Fe2+ was observed 
by using LSCM after the intervention of ART with or without siNCOA4 after 24 h in MG63 and 143B cells (scale bar: 50 μm). (F, G) The 
lipid peroxidation was evaluated in MG63 and 143B cells after the intervention of ART with or without siNCOA4 after 24 h by using flow 
cytometry analysis with C11-BODIPY 589/591 staining, followed by quantitative analysis. Data represent mean ± SD; significance in (B), (D) 
and (G) was calculated using the one-way ANOVA with Dunnett's multiple comparisons test. n = 3; *p < .05; ***p < .001.



      |  15 of 22HUANG et al.

also demonstrated that ART significantly inhibited the 
growth of metastatic lung tumors, while Fer-1 administra-
tion notably diminished this inhibitory effect (Figure 9I). 
Moreover, the results of immunohistochemical staining 

indicated that ART administration could upregulate the 
expression of NCOA4 and downregulate the expression 
of Ki67 and GPX4, which were sharply reversed by Fer-1 
administration (Figure  9J). These results suggested that 

F I G U R E  7   Intracellular iron overload increased mitochondrial iron levels and dysfunction. (A) Mitochondrial Fe2+ was observed by 
Mito-FerroGreen staining after the intervention of ART with or without DFO after 24 h in OS cells, followed by quantitative analysis (scale 
bar: 50 μm). (B) Mitochondrial ROS contents were observed by using Mito-SOX staining after the intervention of ART with or without 
DFO after 24 h in OS cells, followed by quantitative analysis (scale bar: 100 μm). (C, D) Flow cytometry scatter plot of JC-1 MMP detection, 
showing the distribution of MG63 and 143B cells based on fluorescence intensity. Green fluorescence (FL1) is represented on the y-axis, 
while red fluorescence (FL3) is represented on the x-axis. Data represent mean ± SD; significance in (D) was calculated using the one-way 
ANOVA with Dunnett's multiple comparisons test. n = 3; ***p < .001.
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ART inhibited the growth of OS through the ferroptosis 
pathway in vivo.

4   |   DISCUSSION

OS has been the most common primary malignant bone 
tumor in children and adolescents.31 Due to the high de-
gree of malignancy of OS, the toxicity of effective thera-
peutic doses of first-line anti-cancer drugs, and multi-drug 
resistance, chemotherapy for OS faces significant chal-
lenges.18 Therefore, it is urgent to explore new therapeu-
tic targets and develop effective anti-OS drugs. ART is a 
more potent derivative of artemisinin, which has many 
pharmacological activities such as anti-malarial, anti-
inflammatory, and anti-tumor. However, further eluci-
dation of the target and mechanism of pharmacological 
action is essential for its development as an anticancer 
drug. In this study, we presented significant evidence sup-
porting the effective anti-OS activity of ART both in vitro 
and in  vivo, markedly inhibiting proliferation rates and 
inducing cell cycle arrest in a dose-dependent manner. 
Subsequently, the potential anti-OS mechanism of ART 
was discussed from the perspective of regulating the cell 
death subroutine. Notably, ferroptosis may be a critical 
pathway for ART to treat OS. Mechanistically, on the one 
hand, ART induced NCOA4-mediated ferritinophagy, 
leading to FTH1 degradation and iron release; on the 
other hand, ART upregulated the expression of TFR and 
DMT1. These factors jointly increased the level of intra-
cellular Fe2+ and activated Mfrn2 on the mitochondrial 
membrane. Mfrn2-mediated transport of cytoplasmic 
free iron into the mitochondria results in mitochondrial 
iron overload and excessive ROS production, eventually 
leading to lipid peroxidation and ferroptosis. In summary, 
these findings suggested that ART induced ferroptosis 
by promoting NCOA4-mediated ferritinophagy, which 
exerted its anti-OS effects, potentially providing new in-
sights into the therapeutic applications of ART in diseases 
related to oxidative stress and iron metabolism.

As a novel mode of PCD, ferroptosis is involved in the 
development and treatment of many diseases.18,32 The re-
cent interest in determining the critical role of ferropto-
sis in malignancy inhibition is increasing.33 For example, 

Polyphyllin I induced ferroptosis to suppress the pro-
gression of hepatocellular carcinoma via the Nrf2/HO-1/
GPX4 axis.34 Ginkgetin enhanced the therapeutic effect 
of cisplatin via ferroptosis in EGFR wild-type non-small-
cell lung cancer.35 Therefore, ferroptosis is a promising 
therapeutic strategy for inhibiting cancer progression. In 
the present study, transcriptome sequencing showed that 
ferroptosis is one of the most important ways of ART ac-
tion on OS cells. Subsequently, we combined multiple cell 
death pathway inhibitors to conduct rescue experiments 
and found that ferroptosis inhibitors Fer-1 and DFO could 
significantly reverse the inhibitory effect of ART on OS 
cells. In addition, intracellular Fe2+ content, ROS, and 
lipid peroxidation levels increased after treatment with 
ART, and these could be rescued by Fer-1. The morpholog-
ical changes of OS cells treated with ART were also con-
sistent with ferroptosis, implying that ART could cause 
ferroptosis in OS cells. Intracellular iron homeostasis is 
essential for cell survival, and the disturbance of intracel-
lular iron metabolism, especially the increase of Fe2+ con-
tent, is the initial factor of ferroptosis.36 Moreover, when 
iron overload in tumor cells leads to excess ROS produc-
tion through the Fenton reaction, it promotes ferroptosis 
and tumor inhibition.18 Triggering lipid peroxidation, de-
fined as the programmed process by which ROS strongly 
attack polyunsaturated fatty acids, is the canonical event 
that drives ferroptosis.37 In this study, we found that ART-
mediated iron accumulation primarily contributes to fer-
roptosis in OS cells.

NCOA4 functions as a cargo receptor that specifi-
cally targets ferritin within the autophagosome during 
the process of selective autophagy.38 NCOA4-mediated 
ferritinophagy increases intracellular Fe2+ content by de-
grading ferritin, resulting in the upregulation of NCOA4 
and the degradation of FTH1. This, in turn, triggers the 
accumulation of iron. In this study, we made an intriguing 
discovery that ART induced autophagy in OS cells, and 
subsequently we explored the relationship between ART-
induced ferroptosis and autophagy, finding that the inhi-
bition of autophagy weakened ferroptosis. Interestingly, 
our findings indicated that the silencing of NCOA4 effec-
tively reversed the ferroptosis induced by ART in OS cells, 
thereby suggesting that NCOA4 was essential for this 
process. Furthermore, an additional mechanism through 

F I G U R E  8   Knockdown of Mfrn2 significantly rescued the increase in mitochondrial free iron. (A, B) Western blot was used to 
detect the expression of Mfrn2 and Ftmt after the intervention of ART with or without DFO, quantification was analyzed. (C, D) Western 
blot was used to detect the expression of Mfrn2 after the intervention of ART with or without siMfrn2, quantification was analyzed. (E) 
Mitochondrial Fe2+ were observed after the intervention of ART with or without siMfrn2, followed by quantitative analysis, (scale bar: 50 
μm). (F) Mitochondrial ROS contents were observed after the intervention of ART with or without siMfrn2, followed by quantitative analysis 
(scale bar: 100um). Data represent mean ± SD, significance in (B) and (D) were calculated using the one-way ANOVA with Dunnett's 
multiple comparisons test. n = 3; *p < .05; **p < .01; ***p < .001.
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which ART elevated Fe2+ levels in OS cells involved the 
upregulation of TFR protein expression. The main route 
for iron ions to enter cells is through the TF/TFR-1 trans-
port system, and the presence of these channels and trans-
port systems allows iron ions to be absorbed and utilized 
by cells. Similar to TFR, DMT1 is also a positive regulator 
of iron accumulation, leading to ferroptosis.39 We found 
that ART treatment increased the expression of TFR and 
DMT1, which, together with the degradation of FTH1, 
promoted the increase of intracellular Fe2+, thereby in-
creasing the level of intracellular lipid peroxidation and 
triggering ferroptosis in OS cells.

xCT, a crucial component in the process of ferroptosis, 
is a cystine/glutamate antiporter responsible for exporting 
glutamate and importing cysteine.40 GPX4, a selenoprotein 
belonging to the glutathione peroxidase family, is a central 
regulator of ferroptosis that prevents ROS accumulation 
and reduces hydroperoxides, rescuing cell membranes 
from lipid peroxidation damage.41 As previously reported, 
GPX4 is an important negative regulator of ferroptosis, 
and the inhibition of GPX4 triggers ferroptosis.42 A previ-
ous study showed that ART inhibits the growth of insuli-
noma cells via SLC7A11/GPX4-mediated ferroptosis.43 In 

the present study, our results demonstrated that the ex-
pression of xCT and GPX4 was suppressed by ART in OS 
cells, and this suppression could be rescued by the ferro-
ptosis inhibitor Fer-1.

Mitochondria are the “energy generators” of cellular 
metabolic activities, and mitochondrial damage and mor-
phological changes are usually the early events of cell 
death.44 Compared with other types of PCD, ferroptosis 
has special mitochondrial morphological changes.45 In 
this study, we found that the mitochondrial morphology 
following ART treatment was consistent with the classi-
cal characteristics of ferroptosis, and the MMP decreased. 
Interestingly, ART-induced mitochondrial damage was al-
leviated when the endogenous Fe2+ was chelated by DFO. 
In addition, mitochondria are the primary organelles 
that regulate iron homeostasis in cells.46 In eukaryotic 
cells, cytosolic free Fe2+ is transported into the mitochon-
dria for heme and iron–sulfur (Fe/S) cluster synthesis.47 
Mitochondria are the main sites of ROS production and are 
closely related to the occurrence of ferroptosis.48 Consistent 
with this, we found that the accumulation of Fe2+ and ROS 
in mitochondria induced by ART in OS cellscould be res-
cued by DFO. Mitochondria are responsible for the import 

F I G U R E  9   ART suppressed the tumor growth in vivo through inducing ferroptosis. (A, B) The growth curve of tumor volumes and 
tumor weights were examined in the animals treated with control, ART, Fer-1 or Fer-1 + ART respectively. (C-D) The representative images 
of burdened tumors in each group. (E–H) The level of ALT (E), AST (F), CREA (G) and UREA (H) were measured in each group. (I) HE 
staining for the lung tissue in each group, (scale bar: 200 μm). (J) The immunohistochemical analyses of Ki67, GPX4 and NCOA4 were 
examined in tumor tissues, (scale bar: 200 μm). Data represent mean ± SD, Significance in (A), (B) and (E–H) were calculated using the one-
way ANOVA with Dunnett's multiple comparisons test. n = 5; *p < .05; **p < .01; ***p < .001; ns, no significant.

F I G U R E  1 0   Schematic illustration of the molecular mechanism for ART-induced ferroptosis of OS cells.
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and storage of iron, facilitated by the Mfrn2 and Ftmt pro-
teins, respectively.49 In this study, the expression of Mfrn2 
and Ftmt was elevated after ART treatment and could be 
reversed by DFO. Interestingly, when we silenced Mfrn2 
expression, the ART-induced elevation of mitochondrial 
Fe2+ and ROS was markedly reduced. These results sug-
gest that Mfrn2 plays an important role in ART-induced 
ferroptosis in OS cells.

5   |   CONCLUSION

In conclusion, our findings demonstrate that ART has ex-
erted anti-OS effects in vitro and in vivo by triggering fer-
roptosis. Mechanistically, ART triggers ferritinophagy by 
upregulating the expression of NCOA4, thereby leading to 
FTH1 degradation and ultimately inducing ferroptosis in 
OS cells, as shown in Figure  10. These findings provide 
novel insights into the function of ART in promoting fer-
roptosis in OS cells and reaffirm its potential as a promis-
ing pharmaceutical for the treatment of OS.
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