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as targeted therapy and immunotherapies, many patients 
fail to benefit due to low response rates, extensive adverse 
events and drug resistance. Thus, the development of 
novel therapeutic drugs and clarification of their anti-
melanoma mechanism are imperative to improve the 
clinical outcomes of melanoma patients.

Ferroptosis is a newly discovered form of non-apop-
totic cell death characterized by iron-dependent lipid 
peroxidation [3]. The accumulation of reactive oxygen 
species (ROS) and free iron leads to lipid peroxidation, 
which ultimately triggers ferroptosis [4]. In the pursuit 
of proliferation and progression, cancer cells harbor 
higher levels of catalytic Fe2+ than normal cells, suggest-
ing the induction of ferroptosis may selectively inhibit 
tumor proliferation and progression [4]. Recent studies 
have increasingly demonstrated that ferroptosis exerts 
inhibitory effects on cancer cell growth across various 

Introduction
Melanoma, an aggressive malignancy originating from 
pigment-producing melanocytes, is primarily localized 
at the epidermal-dermal junction in human skin, con-
tributing significantly to skin cancer-related fatalities 
[1]. Although surgery can often cure primary melano-
mas in the early stages, approximately 20% of patients 
still advance to metastatic disease [2]. Despite substan-
tial achievements in current therapeutic strategies such 
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Abstract
Artesunate (ART), a natural product isolated from traditional Chinese plant Artemisia annua, has not been 
extensively explored for its anti-melanoma properties. In our study, we found that ART inhibited melanoma cell 
proliferation and induced melanoma cell ferroptosis. Mechanistic study revealed that ART directly targets Ido1, 
thereby suppressing Hic1-mediated transcription suppression of Hmox1, resulting in melanoma cell ferroptosis. In 
CD8+ T cells, ART does not cause cell ferroptosis due to the low expression of Hmox1. It also targets Ido1, elevating 
tryptophan levels, which inhibits NFATc1-mediated PD1 transcription, consequently activating CD8+ T cells. Our 
study uncovered a potent and synergistic anti-melanoma efficacy arising from ART-induced melanoma cell 
ferroptosis and concurrently enhancing CD8+ T cell-mediated immune response both in vivo and in vitro through 
directly targeting Ido1. Our study provides a novel mechanistic basis for the utilization of ART as an Ido1 inhibitor 
and application in clinical melanoma treatment.
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malignancies [5, 6]. Therefore, targeting ferroptosis to 
eliminate tumors is considered a promising strategy for 
cancer therapy.

Traditional Chinese medicine (TCM) have a long his-
tory of clinical practice, and in recent years, they have 
garnered increased attention for their promising anti-
cancer potential. In clinical, many anticancer drugs are 
obtained from natural products or their derivatives [7]. 
Artesunate (ART), a water-soluble semi-synthetic deriva-
tive of artemisinin, was first discovered by Youyou Tu 
in 1972 from Artemisia annuaL. Beyond its traditional 
anti-malarial effect, recent studies have unveiled numer-
ous bioactivities of ART, including anti-inflammatory, 
anti-viral, especially anticancer effects both in vitro and 
in vivo [8–11]. Moreover, ART has demonstrated robust 
antitumor effects in select types of cancers with mini-
mal toxicity towards normal cells, which has also been 
proved in clinical trials [12–14]. However, studies inves-
tigating the effects of ART on melanoma are scarce, and 
the underlying molecular mechanisms of its anticancer 
effects remain unclear.

Recently, ART was found to regulate immune cells 
and promote antitumor immunity [15, 16]. Considering 
the importance of immune-evasion in melanoma ther-
apy and the central contribution of CD8+ T cells to the 
anti-tumor immune response, it is essential to explore 
whether ART affects CD8+ T cell function and remodels 
the tumor microenvironment (TME). Indoleamine2,3-
dioxygenase 1 (Ido1), a cytosolic heme-containing 
enzyme, catabolizes the degradation of tryptophan (Trp) 
and the production of Kynurenine (Kyn). Ido1 is fre-
quently overexpressed in various cancer types, exhibiting 
an inverse correlation with the overall survival of cancer 
patients [17–20]. Ido1 promotes the immunosuppressive 
regulatory T cells (Tregs) and suppresses CD8+ T effector 
cells, facilitating an immunosuppressive microenviron-
ment [21–23]. Thus, Ido1 emerges as an attractive target 
for anticancer drug development [24]. Recent findings 
indicate that Ido1 inhibitors possess anticancer effects in 
preclinical models, clinical trials, thus, the clinical appli-
cation of Ido1 inhibitors would enhance the outcomes of 
cancer treatment [25, 26].

In this study, we found that ART effectively inhibits the 
proliferation of multiple melanoma cells and induces fer-
roptosis by elevating ROS and MDA production, along 
with lipid peroxidation. Mechanistically, ART triggers 
ferroptosis in melanoma cells by directly targeting Ido1, 
consequently suppressing Hic1-mediated transcription 
suppression of Hmox1. Moreover, ART also actives CD8+ 
T cells by targeting Ido1, thereby increasing tryptophan, 
decreasing NFATc1, inhibiting the transcription of PD1 
and finally enhancing effector function of CD8+ T cells. 
Our study provided a novel mechanistic basis for the 
application of ART in the treatment of melanoma.

Materials and methods
Reagents and antibodies
Artesunate (HY-N0193) was purchased from MedChem-
Express (MCE), Ferrostatin-1 (Fer-1, S7243) and Erastin 
(S7242) were purchased from Selleck. BODIPY 581/591 
C11 (D3861) was purchased from Thermo Fisher Scien-
tific. FerroOrange (F374) was purchased from DOJINDO.

Cell culture
Cell lines (B16F10, SK-MEL-28) in this study were 
obtained from American Type Culture Collection 
(ATCC, USA). Cells were grown in DMEM supple-
mented with 10% fetal bovine serum (Lonsera, S711-001) 
added and Penicillin-Streptomycin Solution (Beyotime, 
C0222). Then cells were cultured in an incubator at 37℃ 
and 5% CO2.

Cell viability assay and morphological observation
Cells were seeded into a 96-well plate and cultured over-
night. Cell medium was replaced and cultured with dif-
ferent concentrations of ART (0, 10, 20, 40, 80,160 µM) 
for 24  h. After arriving the time point, the Cell Count-
ing Kit-8 (CCK-8, Beyotime, C0039) reagent (10 µL) was 
added into each well and cultured for another 1 h. Absor-
bance at 450 nm was measured using a microplate reader. 
The cell viability was presented as mean ± SD at the per-
centage of control. For examination of morphological 
changes, cells were treated with ART and the changes 
of cell morphology were observed under the inverted 
microscope (Olympus, Tokyo, Japan).

Clone formation assay
Crystal violet was employed to detect colony formation. 
B16F10 and SK-MEL-28 cells were inoculated into a 5-cm 
dish at a concentration of 200 cells/well. The next day, 
cells were treated with ART at 0, 10, 20, 40 µM for 24 h. 
After cultured for 14 days (during which the medium 
was changed each 3 days), cells were washed with PBS 
and fixed for 15  min. After that, clones were stained 
with 0.2% crystal violet and colonies were photographed. 
Three independent experiments were performed.

Immunofluorescence
After treated with different concentrations of ART, cells 
were washed and fixed, then permeabilized with 0.5% 
Triton X-100. Later, cells were stained with primary 
antibodies at 4℃ overnight. On the next day, they were 
cultured with related secondary antibodies coupled with 
Alexa 488 for 1  h at 37℃. DAPI were used to stain the 
nuclei and the immunofluorescence were examined by 
fluorescence microscopy (Olympus, Japan).
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Cell cycle analysis
After treated with different concentrations of ART (0, 10, 
20, 40 µM), cells were harvested and fixed with 75% cold 
ethanol and stored at -20℃ overnight. Then, the cells 
were incubated with propidium iodide in the dark for 
30 min and the cell cycle was analyzed by flow cytometry 
on a BD Fortessa cytometer.

Western blot analysis
Cell proteins were extracted with cell lysis buffer (Beyo-
time, P0013) containing with the protease inhibitor 
PMSF (Beyotime, ST506) and separated with 10% sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). 
The proteins were then transferred onto a PVDF mem-
brane for 3 h at 400 mV. After that, the membrane was 
blocked in 5% non-fat milk prepared with TBST buffer at 
room temperature for 2 h. Then, membranes were incu-
bated with related primary antibodies (Supplementary 
Table  1) at 4℃ overnight. On the next day, the mem-
brane was washed with TBST for three times and incu-
bated with the horseradish peroxidase (HRP)-conjugated 
secondary antibodies at room temperature for 2 h. Then, 
the membranes were washed three times with TBST and 
finally visualized by Clarity Western ECL Sbustrate (Bio-
Rad, 1,705,061).

RNA-sequencing analysis
B16F10 or CD8+ T cells were seeded on 6-well plates and 
treated with 20 µM ART. Subsequently, the total RNA 
was extracted using Trizol reagent (Takara, 9109) for 
whole-genome transcriptome profiling by RNA-sequenc-
ing. Each group included three replicates. The qual-
ity control, library construction and RNA-sequencing 
experiments were performed by BGI (Beijing Genomics 
Institute). The differentially expressed genes (DEGs) were 
screened using R software with a cut-off of | log2(fold 
change) | > 1 and P-value < 0.05. Gene set enrichment 
analysis (GSEA) was performed by the Broad Institute 
GSEA version 3.0 software using gene sets downloaded 
from the Molecular Signatures Database (MsigDB). Nor-
malized enrichment score (NES) and false discovery rate 
(FDR) were used to determine the statistical significances 
according to a previous report [27]. The functional analy-
sis of the DEGs were performed by the Gene Ontology 
(GO) enrichment analyses.

Reactive oxygen species (ROS) assay
The production of ROS was assessed by ROS-specific flu-
orescent probe 2’,7’-Dichlorofluorescin diacetate (DCFH-
DA) kit (Beyotime, S0033M). Briefly, cells were treated 
with ART at 0, 10, 20, 40 µM for 24 h, then washed with 
PBS, and incubated with 10 µM DCFH-DA for 30  min 
at 37℃ in the dark. The ROS levels were detected with 

a flow cytometer or observed under a fluorescence 
microscope.

Detection of intracellular ferrous iron content
To detect intracellular ferrous ions, cells were grown on 
24-well cell culture plates, washed with PBS and cultured 
with 1 µM FerroOrange (Dojindo, F374) for 30  min at 
37℃. Finally, the fluorescence was observed by fluores-
cence microscope.

Determination of lipid peroxidation
Cells were cultured in 6-well plate and treated with dif-
ferent concentrations of ART (0, 10, 20, 40 µM). Cells 
were harvested for BODIPY 581/591 C11 (Thermo 
Fisher, D3861) staining for 30 min in 37℃ to detect lipid 
peroxidation. Cells were washed twice with PBS, then the 
fluorescence intensity was detected using flow cytom-
etry. Results were analyzed by FlowjO V10 software, and 
the mean fluorescence intensity (MFI) of oxidized C11 
(FITC) was calculated. All data were normalized to the 
control samples.

Measurement of malondialdehyde (MDA)
Cellular MDA contents were assessed by cell malondi-
aldehyde (MDA) assay kit (Beyotime, S0131M). In brief, 
cells were cultured in a 6-well plate overnight, and then 
treated with ART (0, 10, 20, 40 µM) for 24 h. Cells were 
harvested, lysed and protein were quantified. After that, 
MDA working solution was added and heated, the super-
natant was collected. Finally, the level of MDA was mea-
sured at 532 nm using a microplate reader.

Real-time PCR
Total RNA was extracted from cells using Trizol reagent. 
Real-time PCR amplification was performed using an 
ABI PRISM 7900 thermocycler with SYBR Premix Taq 
(Applied Biosystems) according to the manufacturer’s 
protocol. The threshold cycle (CT) values for each gene 
were normalized to those of Actin, and the 2−ΔΔCT 
method were employed for quantitative analysis. The 
primers used in this study were shown in Supplementary 
Table 2.

CRISPR/Cas9 mediated gene knockout
The gene sequence of Hmox1/Hic1/Creb1/Ido1 was 
obtained from the NCBI database, and the appropri-
ate Hmox1/Hic1/Creb1/Ido1 sgRNAs were synthesized 
from Shanghai Sangon Co., Ltd (Shanghai, China). Their 
sequences are shown in Supplementary Table 2. sgRNAs 
were assembled into Lenti-V2 CRISPR/Cas9 backbone 
(Addgene, 52961) and then transfected into cells using 
Lipo8000 (Beyotime, C0533) according to the manufac-
turer’s instructions. After that, monoclonal cells with 
CRISPR/Cas9-mediated Hmox1, Hic1, Creb1 or Ido1 



Page 4 of 17Liu et al. Cell Communication and Signaling          (2024) 22:378 

deletion were screened and the gene editing was verified 
by sanger sequencing.

Dual-luciferase reporter assay
The promoter region of Hmox1 was amplified and prod-
uct was inserted into the luciferase vector pGL6-TA 
(Beyotime, D2105) to construct the Hmox1 promoter 
reporter plasmid pGL6-TA-Hmox1. Finally, pGL6-TA-
Hmox1 firefly luciferase reporter plasmid and Renilla 
luciferase reporter plasmid were co-transferred into 
B16F10 cells using Lipo8000. After 24  h post-transfec-
tion, cell lysates were assayed for luciferase activity using 
Dual-Luciferase Assay system according to the manufac-
turer’s instructions (Beyotime, RG017 and RG010M) and 
the luciferase activity of the reporter gene was normal-
ized to Renilla luciferase activity.

Chromatin immunoprecipitation (CHIP) assay
A commercial CHIP kit (Beyotime, P2083S) was used 
for CHIP assay. Briefly, B16F10 cells were fixed with PFA 
for 10 min’ crosslink, followed by sonication to fragment 
the DNA into lengths ranging from 100 to 800 bp. Next, 
DNA fragments were mixed with IgG or Hic1 antibody 
for immunoprecipitation over night at 4℃. Then, the 
precipitated chromatin fragments were collected, puri-
fied and analyzed through PCR. PCR products were elec-
trophoresed on 2% agarose gels.

Molecular docking
The structure of ART in sdf format was downloaded from 
the PubChem database and transformed into a three-
dimensional structure by ChemBio3D energy minimiza-
tion saved as mol2 format. Then, the 3D structure of Ido 
was downloaded from PDB database and PyMol software 
was used to delete the water molecule as well as the origi-
nal ligand. Afterwards, Ido protein was used as receptor 
and ART molecule as ligand, the active sites of molecu-
lar docking were determined by the coordinates of the 
ligands in the target protein complex, followed by molec-
ular docking using AutoDock Vina, and mapping correla-
tion by PyMol.

Surface plasmon resonance (SPR) assay
Biacore T200 (Cytiva, United States) and Sensor Chip 
CM5 (Cytiva, United States) were used for the mea-
surement of the interaction of ART with Ido1. Mouse 
Ido1 protein (Sino Biological, 57,213-M08E) was diluted 
to final concentration of 20  µg/mL with pH  4.0 sodium 
acetate. On the experimental channel Fc2, the mixture 
of EDC (0.2  mol/L) and NHS (50 mmol/L) at a ratio of 
1:1 was used to activate the surface of the CM5 chip 
for 420  s. After the horizontal ~ 12400RU was fixed, it 
flowed through Ethanolamine on the chip surface to seal 
the excess sites. The reference channel Fc1 was directly 

blocked after activation. Moreover, ART was diluted to 
50, 25, 12.5, 6.25, 3.125 µM with Running buffer. The ana-
lyte flows through both the experimental channel and the 
reference channel. The obtained data were fitted accord-
ing to the analysis software, the time as the abscissa and 
the response value as the ordinate to analyze the binding 
kinetics between ART and Ido1.

Cellular thermal shift assay (CETSA)
After treated with ART for 24 h, B16F10 cells were lysed 
and centrifuged. Then the supernatant was divided into 
five aliquots and individually heated at various tempera-
tures (40, 44, 48, 52 and 56℃) for 3  min, followed by 
rapid cooling at 4℃. Subsequently, the cell lysates were 
detected by western blotting with Ido1 antibody.

Mouse tumor models
Animal experiments were followed the guidance of the 
Institutional Animal Care and Use Committee of Army 
Medical University. 1 × 105 B16F10 cells in serum-free 
medium were subcutaneously injected into the right 
flanks of six-week-old female C57 mice. When the tumor 
volume reached 100 mm3, mice were randomly divided 
into three groups: control group (n = 5), ART (100  mg/
kg/day, n = 5), ART (200  mg/kg/day, n = 5). Tumor size 
and body weight were measured each 2 days. Tumor 
volumes were calculated by length×width2/2. Mice were 
sacrificed and tumors were collected and weighted after 
9 days following injection. Tumors were fixed with 10% 
formalin and embedded in paraffin for immunohisto-
chemical staining. For CD8+ T cell depletion, mice were 
i.p. injected with InVivoMab anti-mouse CD8α (BioX-
Cell, BE0117) antibody or corresponding isotype control 
(200 µg per dose per mouse) on day − 13 and − 6.

Flow cytometry of tumor tissues
Tumor tissues were homogenized and digested. Single 
cell suspension was filtered and then subjected to dis-
continuous Percoll (Cytiva, 17089109) gradient centrifu-
gation to isolate lymphocyte-enriched compartments. 
From the middle cloudy layer, we got the immune cells. 
Red blood cells were lysed by Red Blood Cell Lysis Buffer 
(Beyotime, C3702). Cells were added with CD107a, then 
incubated with Brefeldin A (Invitrogen, 00-4506-51) and 
Monensin (Invitrogen, 00-4505-51) for another 6 h. Then, 
cells were labeled with biomarkers: CD45, CD3, CD4, 
CD8, PD1, CD69, TNFα, IFNγ (listed in Supplementary 
Table 1) for subsequent flow cytometry detection. Sam-
ples were detected on a flow cytometer (BD LSRFort-
essa™) and the results were analyzed by the FlowJo V10.3 
software.
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Fig. 1 (See legend on next page.)
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Isolation and activation of splenic CD8+ T cells
CD8+ T cells were isolated from mouse spleens using the 
EasySep™ Mouse CD8+ T Cell Isolation Kit (Stemcell, 
19853). These cells were subsequently seeded into 6-well 
plates pre-coated with anti-CD3 monoclonal antibody 
(2.5 µg/mL, eBioscience, 16-0032-86) in the presence of 
soluble anti-CD28 monoclonal antibody (1 µg/mL, eBio-
science, 16-0281-86) and 200 U/mL mouse interleukin-2 
(IL-2, PEPROTech, 212 − 12). Then, CD8+ T cells were 
cultured for another 3 days to achieve activation before 
further use.

CD8+ T cell-mediated tumor cell killing assay
B16F10 cells were co-cultured with activated CD8+ T 
cells to assess the cytotoxicity of CD8+ T cells, then 
determined using the CCK8 assay. In brief, B16F10 cells 
and CD8+ T cells were separately treated with ART for 
24  h, followed by co-culturing B16F10 cells with acti-
vated CD8+ T cells for 48 h, Then, the CD8+ T cells were 
collected and washed, CCK8 solution (10 µL) was added 
to each well, incubating for an additional 2 h. Cell viabil-
ity was analyzed at 450 nm through a microplate reader 
[28]. Furthermore, the CD8+ T cells were harvested for 
flow cytometry.

Enzyme-linked immunosorbent assay
CD8+ T cells were plated in a 6-well plate overnight. On 
the next day, cells were pretreated with ART (20 µM) or 
Epa (100 nM) for 24 h. Finally, the supernatant was col-
lected for the determination of Tryptophan (Meimian, 
MM-0756M1), Kynurenine (FineTest, EM1862), TNFα 
(Boster, EK0527) and IFNγ (Boster, EK0375) by the 
ELISA kit following the manufacturer’s instructions.

Bioinformatic analysis
Ferroptosis driver genes were downloaded from the 
FerrDb database (http://www.zhounan.org/ferrdb/cur-
rent/). The list of ferroptosis-driver genes was shown in 
Supplementary Table 3. A protein-protein interaction 
(PPI) network was constructed based on the string data-
base (https://cn.string-db.org/). Cytoscape software was 
used to visualize the PPI network and screen the hub 
genes with the Cytoscape plugin cytoHubba [29]. Poten-
tial transcription factors of Hmox1 were predicted by 
multiple tools, including JASPAR (https://jaspar.elixir.

no/), Animal TFDB (http://bioinfo.life.hust.edu.cn/Ani-
malTFDB/#!/) and GeneHancer (https://www.genecards.
org/). The SDF file of ART (Compound CID: 6917864) 
was downloaded from the Pubchem database (https://
pubchem.ncbi.nlm.nih.gov/). SwissTarget (http://www.
swisstargetprediction.ch/) and SuperPRED prediction 
web server [30] (https://prediction.charite.de/subpages/
target_prediction.php) and chEMBL (https://www.ebi.
ac.uk/chembl/) were used to predicate the potential tar-
get of ART. The symbol corresponding to the protein tar-
get name was standardized using the uniProt database 
(https://www.uniprot.org/).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
8.0 software. All data were expressed as the mean ± SD. 
The t-test was used for comparison of two groups. One-
way or two-way analysis of variance (ANOVA) was used 
for multiple groups comparison. All experiments were 
conducted at least in triplicate. The results were consid-
ered significant at *p<0.05, **p<0.01, ***p<0.001.

Results
ART induced melanoma cells ferroptosis
To assess the cytotoxic effects of ART (Fig. 1A) on mel-
anoma cells, melanoma B16F10 and SK-MEL-28 cells 
were treated with different concentrations of ART (0, 
10, 20, 40, 80,  160 µM) for 24  h, and results of CCK8 
assay revealed that ART inhibited the cell viability of 
both B16F10 and SK-MEL-28 cells in a dose-dependent 
manner (Fig.  1B). Microscopic observation displayed 
that ART dependently caused notable morphological 
alterations, like reduced cell number, cell volume and 
cell-cell junction (Fig. 1C). In order to explore the under-
lying mechanisms of ART-induced cancer cell inhibition. 
B16F10 cell were treated with or without ART, RNA-
sequencing analysis (RNA-seq) was performed and the 
volcano plot was shown (Fig. 1D). The results of enrich-
ment analysis of Gene Ontology (GO) revealed that 
the differentially expressed genes (DEGs) were mainly 
enriched in Lipid metabolic process, Negative regula-
tion of cell proliferation, Fatty acid metabolic process, 
etc. (Fig. 1E). First, we confirmed that ART significantly 
inhibited melanoma cell proliferation by analyzing the 
cell proliferation-related makers in the RNA-seq data, 

(See figure on previous page.)
Fig. 1  ART induced melanoma cells ferroptosis. (A) The chemical structure of ART was displayed. (B) B16F10 and SK-MEL-28 cells were treated with dif-
ferent concentrations of ART (0, 10, 20, 40, 80,160 µM) for 24 h, cell viability was assessed by CCK8 assay. (C) B16F10 and SK-MEL-28 cells were treated with 
different concentrations of ART (0, 10, 20, 40 µM) for 24 h, cell morphological alterations were observed. (D) The volcano plot of RNA-seq. (E) GO analysis: 
Biological process of differentially expressed genes (DEGs). (F) GSEA analysis of RNA-seq data. (G and H) B16F10 cells and SK-MEL-28 cells were treated 
with indicated concentrations of ART (0, 10, 20, 40 µM) for 24 h, cells were stained with FerroOrange and photographed by fluorescence microscopy. (I 
and J) Fluorescence microscopy and flow cytometry were used to detect the ROS levels by staining with DCFH-DA probe. (K and L) Cells were treated 
with indicated concentrations of ART (0, 10, 20, 40 µM) or Erastin (10 µM) for 24 h, flow cytometry detected the lipid peroxidation level by staining with 
C11-BODIPY. (M) Levels of malondialdehyde (MDA) in cells. (N) Cells were treated with ART (40 µM) and/or Fer-1 (10 µM) for 24 h, flow cytometry detected 
the lipid peroxidation. *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.05; ###P < 0.001
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clone formation assay and Ki67 staining (Supplemen-
tary Figs. 1–2). Additionally, our data showed that ART 
induced melanoma cell cycle arrest at the G2/M phase 
(Supplementary Fig.  3). Next, our RNA-seq data dem-
onstrated that ART did not affect the expression of 
apoptosis-related makers (Supplementary Fig.  4), while 
ART significantly increased the expression of ferropto-
sis driver markers (Supplementary Fig. 5). Furthermore, 
Gene Set Enrichment Analysis (GSEA) analysis also 
indicated that ART treatment obviously enriched in the 
ROS_Pathway and Ferroptosis_Driver_Genes (Fig.  1F). 
To validate the RNA-seq findings, we employed FerroOr-
ange, a Fe2+ iron probe, to access the intracellular Fe2+ 
levels, and we observed an obviously increase in orange 
fluorescence in ART-treated cells (Fig. 1G-H). Since the 
cytotoxicity of ferroptosis is dependent on ROS produc-
tion, cytotoxicity [31], we evaluated ROS levels follow-
ing ART treatment using the DCFH-DA probe. Flow 
cytometry results showed that ART dose-dependently 
increased the generation of ROS in SK-MEL-28 and 
B16F10 cells (Fig. 1I-J). Meanwhile, melanoma cells were 
labeled with the lipid peroxidation sensor C11-BODIPY, 
and we confirmed that ART dose-dependently increased 
the lipid peroxidation (Fig. 1K-L). We also measured lipid 
peroxidation by detecting the levels of malondialdehyde 
(MDA), which is an end-product of lipid peroxides. The 
results were in consistent with our previous finding that 
ART significantly promoted the generation of MDA in a 
dose-dependent manner (Fig.  1M). Moreover, we found 
that ART-induced ferroptosis can be reversed by ferrop-
tosis inhibitor ferrostatin-1 (Fer-1) (Fig. 1N). Collectively, 
our findings demonstrate that ART effectively inhibits 
melanoma cell proliferation and induces ferroptosis by 
elevating ROS and MDA production, along with lipid 
peroxidation.

ART induced melanoma cell ferroptosis is dependent on 
Hmox1
To explore the underlying mechanisms of ART-induced 
melanoma cell ferroptosis, we used a Venn diagram to 
overlap upregulated DEGs with ferroptosis driver genes 
downloaded from the FerrDb database, resulting in the 
intersection of 19 genes (Fig.  2A). Their expression was 
displayed in Fig.  2B. The protein-protein interaction 
(PPI) network was generated by String website and Cyto-
scape, and based on the scores and degrees in cytoHubba 
method, we proposed that Hmox1 may be the key target 
for ART-induced melanoma cell ferroptosis (Fig. 2C-D). 
To further verify the role of Hmox1, qPCR assay was per-
formed and we found that the Hmox1 was dose-depend-
ently upregulated in ART-treated B16F10 cells (Fig. 2E), 
and this increasing expression was confirmed by immu-
nofluorescence and western blot (Fig.  2F-G). Subse-
quently, to confirm the role of Hmox1 in ART-induced 

ferroptosis, we utilized the Crispr-Cas9/gRNA method 
to knock out Hmox1 in B16F10 cells, confirming knock-
out efficiency via western blot (Fig. 2H). Hmox1 knock-
out significantly suppressed the ferroptosis indicators 
including ROS, MDA production and lipid peroxidation, 
while slightly increased cell proliferation in B16F10 cells 
(Supplementary Fig.  6). Additionally, Hmox1 knockout 
further abrogated ART-induced increases in ROS, lipid 
peroxidation and MDA production (Fig.  2I-K). Further-
more, we constructed a Hmox1-overexpression plas-
mid and found that Hmox1 overexpression in B16F10 
cells significantly enhanced ART-induced ferroptosis, 
as evidenced by the increased ROS, lipid peroxidation 
and MDA production (Fig. 2L-O). Taken together, these 
results suggest that ART-induced ferroptosis in mela-
noma cells is dependent on Hmox1.

ART directly targets Ido1, inhibiting Hic1-mediated 
transcription suppression of Hmox1
The regulatory mechanism by which ART increases 
Hmox1 transcription is unclear. We first predicted 
the transcription factors of Hmox1 using three online 
transcription factor prediction tools: JASPAR, Animal 
TFDB and GeneHancer, followed by overlapping with 
DEGs, revealing two candidate genes that may regulate 
the transcription of Hmox1: Creb1 and Hic1 (Fig.  3A). 
The JASPAR predicted scores of Creb1 and Hic1 were 
shown in Fig.  3B. Our western blot reminded us that 
ART dose-dependently downregulated the expression 
of Hic1 (Fig.  3C). Conversely, no significant correla-
tion was observed between Creb1 and Hmox1, and our 
qPCR indicated that Creb1 knockout had no effect on 
Hmox1 mRNA expression (Supplementary Fig.  7). Sub-
sequently, we knocked out Hic1 in B16F10 cells and 
observed a significantly increase in the mRNA levels of 
Hmox1 (Fig.  3D-E), indicating that Hic1 may act as a 
transcriptional suppressor of Hmox1. To validate the 
transcriptional repression role of Hic1 on Hmox1, lucif-
erase reporter gene assays were performed. The Hmox1 
promoter was cloned into a luciferase expression vec-
tor and co-transferred with Renilla luciferase reporter 
plasmid into B16F10 cells. Results showed that Hic1 
knockout substantially enhanced the Hmox1 promoter 
activity (Fig.  3F). Then, six Hmox1 promoter fragments 
(P1 to P6) were cloned into luciferase vectors (Fig. 3G). 
Among them, P6 emerged as the pivotal fragment regu-
lating Hmox1 transcription under the influence of Hic1. 
P1, P3 and P5 fragments without P6 sequence effectively 
blocked the increased luciferase activity resulting from 
Hic1 knockout (Fig. 3H). Furthermore, three Hic1 bind-
ing sites in P6 were predicted by JASPAR, and their dele-
tion mutant luciferase plasmids were constructed. We 
further clarified that the deletion of site 2 completely 
abolished the increased luciferase activity associated 
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Fig. 2  ART induced melanoma cell ferroptosis is dependent on Hmox1. (A) The Venn diagram of UP DEGs and Ferroptosis driver genes. (B) Heatmap for 
the 19 overlapping genes. (C) The PPI network of these overlapping genes. (D) Cytohubba scores were displayed. (E) qPCR detected the mRNA expres-
sion of Hmox1 in ART-treated B16F10 cells. (F and G) Fluorescence microscopy and western blot was employed to detect the expression of Hmox1 in 
ART-treated B16F10 cells. (H) western blot assay detected the expression of Hmox1 in B16F10 cells after Crispr-cas9/gRNA knockout. The ROS levels (I), 
The lipid peroxidation (J) and the MDA levels (K) in B16F10 Scramble and sgHmox1 cells after ART treatment (20 µM). (L) Hmox1-overexpression plasmid 
was constructed and transferred into B16F10 cells, western blot assay detected the expression of Hmox1 after ART treatment (20 µM). The ROS levels (M), 
The lipid peroxidation (N) and the MDA levels (O) in B16F10 Vector and Over-Hmox1 cells. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 3 (See legend on next page.)
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with Hic1 knockout (Fig. 3I). Additionally, amplification 
primers were designed at the left and right of site 2, and 
CHIP experiments using anti-Hic1 were performed, con-
clusively confirming site 2 as the binding site for Hic1 
(Fig. 3J).

Identifying the direct targets of a drug is particularly 
important for elucidating its mechanism. We intersected 
4 potential targets of ART from SwissTarget prediction, 
SuperPRED and chEMBL (Fig. 3K). And these 4 potential 
targets were individually molecular docking with ART, 
with Ido1 having the highest absolute affinity score with 
ART (Fig. 3L). ART exhibits a strong affinity not just for 
mouse Ido1 (Fig. 3M), but also for human IDO1 (Supple-
mentary Fig. 8).

The kinetics/affinity between ART and Ido1 were fur-
ther determined by the SPR assay. SPR results indicated 
that ART exhibited concentration-dependent binding 
responses with Ido1 protein in vitro (Fig.  3N). And the 
results illustrated a KD value of 8.568e-7 M, underscor-
ing the robust interaction capability between ART and 
Ido1 (Fig. 3O). Furthermore, the CETSA assay indicated 
increased stability of the Ido1 protein in the presence of 
ART across a range of temperatures (40, 44, 48, 52, 56℃) 
(Fig.  3P). Western blot assay results demonstrated a 
dose-dependent downregulation of Ido1 induced by ART 
(Fig.  3Q). To validate the pivotal role of Ido1 in ART-
mediated Hic1 suppression and Hmox1 upregulation, we 
proceeded to knockout Ido1 in B16F10 cells or treated 
cells with the Ido1 inhibitor Epacadostat (Epa). The 
results revealed that the ART-induced downregulation of 
Ido1/Hic1 was further attenuated, and the ART-induced 
upregulation of Hmox1 was further enhanced (Fig.  3R-
S). Conversely, overexpression of Ido1 in B16F10 cells 
effectively reversed the ART-induced downregulation 
of Ido1/Hic1 and the upregulation of Hmox1 (Fig.  3T). 
These findings collectively indicate that ART directly tar-
gets Ido1, resulting in the suppression of Hic1 and conse-
quent elevation in the transcription of Hmox1.

ART enhanced effector function of CD8+ T cells in vitro 
through targeting Ido1
Recently, ART was reported to regulate immune cells and 
promote antitumor immunity [15, 16]. To further con-
firm the effects of ART on CD8+ T cells, we firstly con-
ducted a qPCR assay, revealing that ART upregulated 
activation markers (CD69, TNFα, and IFNγ) in mouse 
CD8+ T cells in vitro (Fig. 4A). These findings were fur-
ther validated by flow cytometry (Fig. 4B), suggesting that 
ART augmented the effector function of CD8+ T cells in 
vitro. The toxicity assessment of ART on CD8+ T cells 
demonstrated selective toxicity to B16F10 cells below a 
concentration of 20 µM, with no significant cytotoxicity 
observed in CD8+ T cells (Fig. 4C). Intriguingly, ferropto-
sis was observed in B16F10 cells but not in CD8+ T cells 
following ART treatment, possibly attributed to distinct 
mRNA expression of Hmox1 in CD8+ T cells and B16F10 
cells (Supplementary Fig. 9).

To validate the functional impact of ART-induced 
CD8+ T cell activation, B16F10 cells were co-cultured 
with CD8+ T cells in the presence of ART. The cell via-
bility of B16F10 cells was assessed using a CCK8 assay, 
revealing a dose-dependent promotion of CD8+ T 
cell-mediated killing of B16F10 cells by ART (Fig.  4D). 
Subsequently, CD8+ T cells were collected for flow 
cytometry analysis, demonstrating an upregulation of 
both TNFα+CD8+ and IFNγ+CD8+ T cells, suggesting 
that ART induced the activation of CD8+ T cells in the 
co-culture system (Fig.  4E). To delve into the mecha-
nisms underlying ART-enhanced effector function of 
CD8+ T cells, mRNA from ART-treated mouse CD8+ T 
cells were isolated for RNA-seq analysis, and 378 upreg-
ulated genes, 1363 downregulated genes were identi-
fied (Fig. 4F). The GO enrichment analysis revealed that 
DEGs were highly enriched in Regulation of T cell acti-
vation, Interferon-gamma production, Immune response, 
etc. (Fig.  4G). GSEA analysis revealed increased TNFα 
signaling via NFkB (Fig. 4H). Furthermore, our RNA-seq 
data supports above qPCR and flow cytometry findings, 
confirming that ART significantly upregulating activation 
markers (Cd69, Cd107a and TNFα) on mouse CD8+ T 
cells (Supplementary Fig. 10).

(See figure on previous page.)
Fig. 3  ART directly targets Ido1, inhibiting Hic1-mediated transcription suppression of Hmox1. (A) The results of three online transcription factor pre-
diction tools: JASPAR, Animal TFDB and GeneHancer were intersected with DEGs. (B) JASPAR predicted scores of Hic1 and Creb1. (C) Hic1 expression in 
ART-treated B16F10 cells. (D) Knockout of Hic1 in B16F10 cells and the expression of Hic1 and Hmox1 was detected by western blot. (E) qPCR detected 
the mRNA expression of Hmox1 in Hic1 knockout B16F10 cells. (F) Luciferase reporter assay of Homx1 promoter with Hic1 knockout. (G) Schematic of 
Hmox1 promoter fragments luciferase plasmids construction. (H) Luciferase activity of different Hmox1 promoter fragments (Full length, P1, P2, P3, P4, 
P5, P6) were detected after Hic1 knockout. (I) Luciferase reporter assay of site deletion plasmids of P6, and the sequence of Hic1 binding site. (J) The CHIP 
assay confirmed the direct binding site of Hic1 on Hmox1 promoter. (K) The ART potential target predication from SwissTarget prediction, SuperPRED and 
chEMBL websites. (L) Molecular docking results of ART with 4 human potential targets. (M) Molecular docking of ART with mouse Ido1. (N and O) SPR 
assay detected the kinetics/affinity between ART with Ido1. (P) CETSA assay for detecting the stability of the Ido1 protein in the presence of ART. (Q) Ido1 
expression in B16F10 cells treated with different concentrations of ART. (R) After B16F10 cells were treated with ART and/or Ido1 inhibitor Epacadostat 
(Epa), the expression of Ido1, Hic1 and Hmox1 was detected by western blot. (S) The expression of Ido1, Hic1 and Hmox1 after Ido1 knockout and/or ART 
treatment. (T) The expression of Ido1, Hic1 and Hmox1 in Ido1-overexpressed B16F10 cells treated with or without ART. **P < 0.01; ***P < 0.001
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We aforementioned Ido1 is the target of ART, more-
over, Ido1 is reported to suppress CD8+ T effector cells 
and facilitate an immunosuppressive microenvironment 
[21]. To explore if Ido1 plays a significant role in CD8+ T 
cells, we first detected the expression of Ido1 by western 

blot and confirmed that both ART and Epa treatments 
led to decreased levels of Ido1 in CD8+ T cells (Fig. 4I). 
ELISA analysis demonstrated that ART or Epa treat-
ment increased Tryptophan and decreased kynuren-
ine production in CD8+ T cell supernatants (Fig.  4J-K). 

Fig. 4  ART enhanced effector function of CD8+ T cells in vitro through targeting Ido1. (A and B) After mouse CD8+ T cells were treated with different 
concentrations of ART (0, 5, 10, 20 µM), the mRNA expression of CD69, TNFα, IFNγ was detected by qPCR assay and flow cytometry. (C) B16F10 and CD8+ 
T cells were treated with different concentrations of ART for 24 h, cell viability was assessed by CCK8 assay. (D and E) Co-culture assay of B16F10 cells and 
CD8+ T cells at the ratio of 1:25/1:50 in the presence of ART for 48 h, the cell viability of B16F10 cells were measured by CCK8 assay, and the CD8+ T cells 
were collected for flow cytometry assay to detect TNFα+ CD8+, IFNγ+ CD8+ cells. (F) The RNA-seq volcano plot of ART-treated CD8+ T cells. (G) GO analysis: 
Biological process of DEGs. (H) GSEA analysis of RNA-seq. (I) Western blot detected the change of Ido1 in CD8+ T cells after ART and Epa treatment. (J-M) 
ELISA was employed to assess the changes of Tryptophan, Kynurenine, TNFα and IFNγ in the supernatant of CD8+ T cells. (N) qPCR detected the mRNA 
expression of PD1 on CD8+ T cells. (O) Flow assay detected the expression of PD1 on CD8+ T cells. (P) Western blot detected the change of NFATc1 in CD8+ 
T cells. *P < 0.05; **P < 0.01; ***P < 0.001
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Moreover, they facilitated CD8+ T cells to release TNFα 
and IFNγ (Fig. 4L-M). Recent studies have proposed that 
Tryptophan enhances CD8+ T cells by downregulating 
surface PD1 through inhibiting the transcription factor 
NFATc1 [32]. To ascertain whether this mechanism is 
universal in ART-treated CD8+ T cells, we assessed PD1 
and NFATc1 expression following ART or Epa treatment. 
The results indicated that both ART and Epa treatment 
significantly decreased the mRNA and expression level of 
PD1 (Fig.  4N-O) and also caused a marked decrease in 
the transcription factor NFATc1 (Fig. 4P).

ART inhibited the growth of melanoma and induced tumor 
cell ferroptosis in vivo
To evaluate the in vivo anti-melanoma effect of ART, 
B16F10 tumor-bearing mice were treated with ART 
(100 mg/kg/day, 200 mg/kg/day, i.p.). Notably, ART treat-
ment significantly inhibited B16F10 tumor growth com-
pared to the control group (Fig. 5A-E). Importantly, there 
was no notable difference in body weight between the 
control group and the ART-treated group (Fig. 5F), and 
no morphological disparities were observed in liver and 
kidney H&E staining between the two groups (Fig. 5G). 
In contrast, histopathological examination illustrated 
morphological changes such as nuclei shrinkage and 
focal necrosis in ART-treated tumor sections, otherwise, 
immunohistochemistry analysis demonstrated that ART 
decreased the expression of Ki67 (Fig.  5H), suggesting 
that ART inhibited the growth of melanoma.

To explore whether ART caused tumor cell ferropto-
sis in our mouse model, tumor sections were stained by 
BODIPY and we found that ART induced dose-depend-
ently increasing of lipid peroxidation in vivo (Fig.  5I). 
Moreover, ART elevated Hmox1 expression while reduc-
ing the levels of Hic1 and Ido1, consistent with our in 
vitro findings (Fig.  5J). Together, ART inhibited the 
growth of melanoma and induced tumor cell ferroptosis 
in vivo.

ART augmented CD8+ T cell-mediated antitumor immunity 
in vivo
To investigated whether ART enhanced effector func-
tion of CD8+ T cells in vitro were applicable in vivo, 
single cell suspension from tumor tissues were prepared 
for flow cytometry analysis. Our findings revealed that 
ART treatment did not increase the proportion of tumor-
infiltrating CD4+ T cells and CD8+ T cells (Supplemen-
tary Fig. 11). However, it significantly activated CD8+ T 
cells in tumor TME, as evidenced by increased propor-
tion of TNFα+, IFNγ+, CD107a+ and CD69+ CD8+ T 
cells (Fig.  6A-D), accompanied by a reduction in the 
proportion of exhaustion-associated PD1+ CD8+ T cells 
(Fig.  6E). Immunofluorescence results further demon-
strated that ART elevated TNFα and IFNγ levels while 

decreasing PD1 level in tumors (Fig. 6F). However, these 
activation and exhaustion markers were unaffected in 
CD4+ T cells (Supplementary Fig. 12). Collectively, ART 
enhanced the antitumor immunity of CD8+ T cells, 
which synergized with ART-induced tumor cell ferropto-
sis in vivo.

To further explore the essential role of CD8+ T cells 
in the anti-tumor effects of ART in vivo, B16F10 tumor-
bearing mice were i.p. received the neutralizing anti-
CD8 antibody to deplete the CD8+ T cells (Fig. 6G). The 
potent efficacy of CD8+ T cell depletion in mouse blood 
was confirmed by flow cytometry (Fig.  6H) and immu-
nohistochemical staining of mouse tumor (Fig.  6I). Our 
results revealed that CD8+ T cell depletion slightly accel-
erated tumor growth in mice without ART treatment, but 
significantly reversed the tumor growth inhibited by ART 
(Fig.  6J-K). These results strongly suggest that CD8+ T 
cells play a pivotal role in the antitumor effects of ART in 
the B16F10 melanoma model.

Discussion
Ferroptosis, a non-apoptotic, iron-dependent form of 
cell death, is characterized by three major characteristics: 
iron accumulation, lipid peroxidation, and the accumu-
lation of malondialdehyde (MDA), a representative end-
product of lipid peroxidation. Uncontrolled proliferation 
is a fundamental driver of malignancy development, and 
inhibiting cell proliferation is an effective strategy for 
tumor control. Emerging evidence suggests that ferrop-
tosis functions as a novel cancer suppressor in cancer 
cell proliferation [33] and development [34]. Ferroptosis 
is intriguing because many cancer cells are susceptible to 
it, and can be widely seen in chemotherapy, radiotherapy, 
and immunotherapy, highlighting its potential as a viable 
strategy for cancer treatment [35, 36]. Recently, various 
natural compounds, including Artemisinin, a sesquiter-
pene lactone compound with a unique peroxide bridge, 
have been reported to sensitize tumor cells to ferroptosis. 
Artesunate (ART), a water-soluble semi-synthetic deriva-
tive of artemisinin, which has been reported to react with 
iron, triggering reactive oxygen species (ROS) production 
and resulting in tumor cell ferroptosis, without inducing 
apoptosis or necroptosis. Additionally, ART has demon-
strated synergy with sorafenib in inducing ferroptosis in 
hepatocellular carcinoma [37]. Although ART has been 
previously identified as a potential ferroptosis inducer, 
the precise mechanism remains unclear. In our study, we 
confirmed that ART triggered ferroptosis by enhancing 
intracellular ROS accumulation, lipid peroxidation and 
MDA production in melanoma B16F10 cells and SK-
MEL-28 cells. Moreover, we found that ART inhibited 
the proliferation of these melanoma cells by inducing 
cell cycle arrest at the G2/M phase. These findings sug-
gest that ART is a promising anti-melanoma compound 
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Fig. 5  ART inhibited the growth of melanoma and induced tumor cell ferroptosis in vivo. B16F10 cells were inoculated into C57 mice subcutaneously, 
mice were divided into 3 groups (Control, ART (100 mg/kg/day), ART (200 mg/kg/day)) (A-D) Tumor growth curve of each group. (E) Tumor weight of each 
group. (F) Body weight of each group. (G) Liver and Kidney H&E staining. (H) H&E stain of tumors, immunohistochemistry of Ki67. (I) Immunofluorescence 
of BODIPY stained tumor sections. (J) Immunohistochemistry of Hmox1, Hic1 and Ido1 expression in tumor sections. *P < 0.05; **P < 0.01; ***P < 0.001; 
#P < 0.05; ###P < 0.001
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capable of simultaneously inducing ferroptosis and inhib-
iting cell proliferation.

Hmox1 is an endoplasmic reticulum (ER)-anchored 
enzyme which metabolizes heme into pro-oxidant 
ferrous iron, carbon monoxide and anti-oxidant bil-
iverdin. Increasing evidence indicates that upregula-
tion of Hmox1 induces iron overload, leading to lipid 

peroxidation and ferroptosis. Studies have reported that 
ART induces oxidative stress, resulting in the upregula-
tion of Hmox1 and triggering ART’s toxicity [38]. In our 
study, through RNA-seq analysis and genetic manipula-
tion, we identified Hmox1 as a key target in ART-induced 
melanoma cell ferroptosis. Hmox1 overexpression sig-
nificantly enhanced, while Hmox1 knockout significantly 

Fig. 6  ART augmented CD8+ T cell-mediated antitumor immunity in vivo. (A-E) Flow cytometric analysis of the proportion of TNFα+, IFNγ+, CD107a+, 
CD69+ or PD1+ CD8+ T cells in B16F10 tumors. (F) Immunofluorescence of TNFα, IFNγ and PD1 in tumor sections. (G) The schematic diagram of CD8 
depletion strategy in B16F10-bearing mice. Anti-CD8 antibody treatment was initiated on day − 13 and − 6 prior to ART administration (100 mg/kg/day 
for 9 days). (H) Flow cytometry was used to confirm the depletion efficacy of CD8+ T cells in mouse blood. (I) Immunohistochemical staining of mouse 
tumor to evaluate the depletion efficacy of CD8+ T cells. (J) Tumor growth curve of each mouse in different group. (K) Average of tumor volume of each 
group. **P < 0.01; ***P < 0.001
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suppressed ART-induced ferroptosis. Moreover, we 
revealed for the first time that ART-enhanced Hmox1 
transcription is dependent on the downregulation of the 
transcriptional suppressor Hic1. Additionally, we iden-
tified ART as a novel Ido1 inhibitor through molecular 
docking, CETSA and SPR assays. Ido1 has been reported 
to propagate anti-ferroptotic signaling, including enhanc-
ing ROS scavenging, activating NRF2 and aryl hydrocar-
bon receptor cell-protective pathway [39]. Consistent 
with this study, we further uncovered that ART targets 
Ido1, inhibiting Hic1, promoting Hmox1-mediated lipid 
peroxidation and melanoma cell ferroptosis [40–42]. The 
potent anti-melanoma efficacy of ART and the mechanis-
tic insights into ART-induced melanoma cell ferroptosis 
through the Ido1/Hic1/Hmox1 pathway were also vali-
dated in a B16F10 tumor-bearing mouse model.

Ido1 has also been reported to be highly expressed in 
multiple types of human cancer, demonstrating a nega-
tive correlation with patient prognosis. It functions as 

an immunosuppressive regulator in the TME, which can 
convert tryptophan into kynurenine, thereby inhibiting 
CD8+ T cells, NK cells and activating regulatory T cells, 
facilitating tumor cell evasion. We aforementioned ART 
as an Ido1 inhibitor guided us to explore whether ART 
activates anti-tumor immunity, and we found that ART 
could also targets Ido1 in CD8+ T cells, inhibiting the 
transition of tryptophan to kynurenine, decreasing the 
immune inhibitory receptor PD1 expression, and activat-
ing CD8+ T cell to release cytokines in vitro. Combined 
with the RNA-seq data, GSEA analysis and our in vitro 
results, we thought that TNFα releasing may play a sig-
nificant role in ART-induced CD8+ T cell activation. 
Furthermore, in B16F10 tumor-bearing mouse model, 
although ART did not significantly increase T cell infil-
tration into tumors, it effectively activated CD8+ T cell-
mediated antitumor immunity. Notably, CD8+ T cell 
depletion in the mouse model demonstrated that ART-
activated CD8+ T cell-mediated anti-tumor immunity, 

Fig. 7  Schematic illustrating the synergistic effect of ART in inducing tumor cell ferroptosis and activating CD8+ T cell-mediated anti-tumor immunity. 
(1) In B16F10 cells, ART directly targets Ido1, decreasing the level of Hic1, promoting the transcription of Hmox1, facilitating the ROS production and lipid 
peroxidation, inducing ferroptosis of melanoma cells, resulting in cell proliferation inhibition of melanoma; (2) In CD8+ T cells, ART directly targets Ido1, 
leading to the accumulation of tryptophan and a decrease in NFATc1 level, thereby inhibiting the transcription of PD1, activating CD8+ T cells to secrete 
TNFα and IFNγ, ultimately enhancing its anti-tumor efficacy
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coupled with its induction of tumor cell ferroptosis, gen-
erated a synergistic anti-tumor effect in vivo. Interest-
ingly, our study revealed that ART selectively induces 
ferroptosis in melanoma cells but not in CD8+ T cells, 
probably attributed to the much higher expression of its 
ferroptosis-inducing target, Hmox1, in melanoma cells 
compared to CD8+ T cells. This selective induction of fer-
roptosis property affords ART as a promising candidate 
for development and application in cancer treatment.

Conclusions
In summary, our investigation reveals that ART demon-
strates potent in vitro and in vivo anti-melanoma efficacy 
by inhibiting tumor cell proliferation, inducing ferrop-
tosis, and activating anti-tumor immunity. Mechanisti-
cally, in tumor cells, ART directly targets Ido1, thereby 
suppressing Hic1-mediated transcription suppression of 
Hmox1, resulting in ferroptosis. In CD8+ T cells, ART 
also targets Ido1 to increase tryptophan, leading to the 
inhibition of NFATc1-mediated PD1 transcription and 
ultimately activating CD8+ T cells  (Fig.  7). This study 
provides a novel mechanistic basis for the utilization of 
ART as an Ido1 inhibitor and application in clinical mela-
noma treatment.
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