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A B S T R A C T   

The development of chemotherapy drugs has promoted anticancer treatment, but the effect on tumours is not 
clear because of treatment resistance; thus, it is necessary to further understand the mechanism of cell death to 
explore new therapeutic targets. As a new type of programmed cell death, ferroptosis is increasingly being 
targeted in the treatment of many cancers with clinical drugs and experimental compounds. Ferroptosis is 
stimulated in tumours with inherently high levels of ferrous ions by a reaction with abundant polyunsaturated 
fatty acids and the inhibition of antioxidant enzymes, which can overcome treatment resistance in cancers 
mainly through GPX4. In this review, we focus on the intrinsic cellular regulators against ferroptosis in cancer 
resistance, such as GPX4, NRF2 and the thioredoxin system. We summarize the application of novel compounds 
and drugs to circumvent treatment resistance. We also introduce the application of nanoparticles for the treat-
ment of resistant cancers. In conclusion, targeting ferroptosis represents a considerable strategy for resistant 
cancer treatment.   

1. Introduction 

Although our understanding of drug therapy has increased greatly in 
recent decades [1,2], cancer continues to be a major public health 
problem with few effective treatment options, treatment resistance and 
high mortality worldwide [3]. 

The primary mechanism of drug therapy is the induction of 
apoptosis, which has made tremendous contributions to cancer treat-
ment [4]. However, cancer cells can often develop mechanisms to pre-
vent apoptosis through drug-resistant phenotypes and increasing 
survival-promoting signals [5,6]. It is necessary to explore other forms 
of cell death to address drug resistance. In recent years, studies have 
shown that the induction of ferroptosis in cancer cells is expected to be a 
new cancer therapy strategy [7,8] and aim accelerate the clinical 
application of ferroptosis in cancer treatment [9]. 

Ferroptosis is a destructive form of passive cell death that is closely 
linked to drug-resistant diseases [10]. The initiation of ferroptosis re-
quires the accumulation of intracellular reactive oxygen species (ROS) in 
an iron-dependent manner [8]. Studies in the past several decades have 
shown that increased intracellular ROS play important roles in cancer 
tumorigenesis, angiogenesis, invasion, metastasis, and chemoresistance 

[11,12]. Moreover, advanced cancer cells often exhibit a variety of ge-
netic changes and elevated oxidative stress, which indicates that these 
cancer cells can be preferentially eliminated by using agents to either 
increase ROS generation or inhibit antioxidant defence [13,14]. The 
upregulation of antioxidant capacity to adapt to oxidative stress in 
cancer cells can promote cancer progression and treatment resistance 
[15,16]. 

Glutathione peroxidase 4 (GPX4) plays a major antioxidant role in 
cancer resistance. Hangauer et al. showed that mesenchymal cancer 
cells with high resistance to therapy were dependent on GPX4, which 
was also necessary for tumour recurrence in a melanoma xenograft 
model [17]. However, GPX4 is not the only key regulator through which 
cancer cells avoid ferroptosis. Recently, both Bersuker et al. and Doll 
et al. identified ferroptosis effector protein 1 (FSP1) as a novel coenzyme 
Q10 (CoQ10) plasma membrane oxidoreductase that protects cells from 
glutathione (GSH)-independent ferroptosis [7,18], which suggested that 
cancer escape from ferroptosis may be regulated by many antioxidation 
mechanisms, and targeting these proteins can be a therapeutic strategy 
for cancer treatment. 

In this review, we give a brief introduction to the mechanism of 
ferroptosis. We present the factors that inhibit ferroptosis in treatment- 
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resistant cancers and the use of diverse clinical agents that participate in 
the treatment of cancer. Additionally, we discuss the application of 
ferroptosis induction in combination with other technologies, such as 
nanoparticles, in cancer therapy. In conclusion, targeting ferroptosis in 
persistent cancer cells presents a therapeutic opportunity to treat resis-
tant cancers. 

2. Main pathways involved in the execution of ferroptosis 

The development of ferroptosis is a new field in cancer treatment and 
includes the development of the lethal ferroptosis drugs RSL3 and era-
stin (Fig. 1). Ferroptosis is mainly caused by abnormal increases in iron- 
dependent lipid oxygen free radicals and imbalances in the redox bal-
ance of cells, which brings new hope for the development of chemo-
therapy and the treatment of resistant cancers [19]. Ferroptosis can be 
controlled by GPX4, ferrous iron and lipid metabolism, as previously 
reported. Generally, ferroptosis involves the loss of GPX4 and excessive 
ferrous iron, which induce an increase in lipid peroxide-mediated cell 
death. 

2.1. GSH 

GSH metabolism is mediated by system XC
− , which is connected by 

the disulfide-linked heterodimers SLC7A11 (xCT) and SLC3A2 (4F2hc, 
or CD98hc), which form the extracellular oxidized forms of cysteine; 
cystine enters the cells and exchange intracellular glutamate, which is 
excluded [20]. The suppression of system XC

− can promote ferroptosis 
(Table 1). As a precursor of GSH synthesis, cystine plays an important 
role in the regulation of ferroptosis. Preliminary observations indicated 
that cystine deprivation inhibited cell growth [21,22], and this type of 
cell death could be inhibited by lipophilic antioxidants and iron chela-
tors [22–25]. Inhibiting the entry of cystine results in decreased intra-
cellular GSH levels [7,26], and the depletion of cysteine or cystine 
induced ferroptosis in pancreatic ductal adenocarcinoma (PDAC) [27]. 
In addition, glutamate metabolism (glutaminolysis) is necessary for 
ferroptosis caused by cystine deprivation [28]. P53 can induce gluta-
minase 2 (GLS2) expression to favour glutaminolysis, which promotes 
ferroptosis through the accumulation of glutamate [29] (Fig. 2a). 

GSH can be stimulated as a cofactor of selenium-dependent GPX4 to 
reduce lipid hydroperoxides [30,31]. Therefore, the inactivation of 
GPX4 can be achieved by targeting the consumption of GSH [7,32,33]. 
In addition, the mevalonate pathway is involved in the synthesis of 
GPX4 and antioxidant reactions. Isopentenyl pyrophosphate (IPP), a 
direct metabolite of mevalonate, is essential for cholesterol biosynthesis 
and selenocysteine (Sec)-tRNA and CoQ10 production [34] (Fig. 2b). 

Nicotinamide adenine dinucleotide phosphate (NADPH), which is 

involved in the synthesis of GSH, can predict sensitivity to ferroptosis- 
inducing compounds and is essential for maintaining intracellular GSH 
levels [35,36]. Further transcriptome analysis revealed that NADPH was 
produced by the pentose phosphate pathway (PPP). Studies have shown 
that the inhibition of the PPP and two PPP enzymes (glucose-6-phos-
phate dehydrogenase (G6PD) and phosphoglycerate dehydrogenase 
(PGD)) can inhibit erastin-induced ferroptosis in lung cancer cells [7]. 
However, the PPP can also provide NADPH for NADPH oxidases (NOXs), 
thus promoting ROS production and ferroptosis in colorectal cancer cells 
[37]. 

2.2. Ferrous iron 

Iron ions are involved in lipid peroxidation and have been identified 
as novel players in ferroptosis [19]. Iron regulatory protein (IRP) con-
trols iron metabolism genes post-transcriptionally through the 
iron-responsive element (IRE)-IRP system and plays a critical role in 
controlling iron homeostasis in cells [38]. These iron metabolism genes 
include ferritin heavy peptide 1 (FTH1), ferritin light chain (FTL), 
transferrin (TF, TRF), transferrin receptor (TFRC), ferroportin (FPN, 
SLC40A1) and divalent metal transporter 1 (DMT1) [39]. 

TF, an iron binding serum protein, can be taken into the cell through 
endocytosis mediated by transferrin receptor 1 (TfR1) [40]. In addition, 
the ZRT/IRT-like protein (ZIP) family transporters ZIP8 and ZIP14 were 
recently identified as crucial for transporting non-transferrin bound iron 
(NTBI) after the reduction of NTBI by prion protein (PRNP) [41,42]. TF 
is an important component of iron-dependent cell death. Gao et al. 
showed that adding holo-transferrin as an iron carrier protein in Bax/-
Bak double-knockout cells can induce ferroptosis [28]. In addition, Feng 
et al. indicated that TfR1 carrying iron into cells can function as a spe-
cific ferroptosis marker [43]. TF-TfR1 binding induces internalization to 
an acidic endosome, and then Fe3+ is released from TF and transformed 
to Fe2+ by six-transmembrane epithelial antigen of prostate 3 (STEAP3) 
[44]. Finally, Fe2+ is transported in the cytoplasm by DMT1 or ZIP8/14 
(Fig. 2c). Knockdown of FPN accelerates erastin-induced ferroptosis in 
neuroblastoma cells by increasing iron-dependent lipid ROS accumula-
tion [45]. HSPB1 can mediate iron uptake by downregulating TfR1, and 
HSPB1 overexpression slows the endocytosis and circulation of TF [46]. 

Ferritin is the main iron storage protein in cells; the utilization of iron 
ions occurs nuclear receptor coactivator 4 (NCOA4)-mediated auto-
phagy of ferritin, and NCOA4-mediated ferritinophagy (autophagic 
degradation of ferritin) is involved in erastin-induced ferroptosis [47, 
48]. Prominin2 mediates the formation of ferritin-containing multi-
vesicular bodies (MVBs) and exosomes that transport iron out of breast 
carcinoma cells [49] (Fig. 4g). In contrast, phosphatase kinase G2 
(PHKG2) regulates iron availability to lipoxygenase enzymes, which in 

Fig. 1. The development of ferroptosis in cancer research. 
The key development of ferroptosis in cancer research including the discovery of important regulatory factors, such as lipoxygenases 12 (LOX12), glutathione 
peroxidase 4 (GPX4), coenzyme Q10 (CoQ10) and ferroptosis effector protein 1 (FSP1), the synthesis of ferroptosis inducers such as 1S,3R-RSL3 (RSL3) and RSL5 and 
the relationship of ferroptosis with other fields such as immunity, autophagy and cancer resistance. 
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Table 1 
Modulation of ferroptosis in cancer research.  

Factors Protein Function Modulatory Effect Cancers Refs 
GSH      

SLC7A11 Solute carrier family 7 member 11 Subunit of system XC
− to import 

cystine in the cell 
Inhibition induces ferroptosis LUAD, fibrosarcoma [7] 

TP53 Tumor protein P53 Regulate cell cycle arrest, 
apoptosis, senescence, DNA 
repair, metabolism 

Inhibit cystine uptake and sensitizes 
cells to ferroptosis by repressing 
SLC7A11 and induced GLS2 

NSCLC, BRCA, osteosarcoma [62] 

IFNγ Interferon γ Triggers a cellular response to 
viral and microbial infections 

Derived from CD8+ T cells and 
promote ferroptosis by suppress 
SLC7A11 

Melanoma, fibrosarcoma, ovarian 
cancer 

[63, 
64] 

BECN1 Beclin1 Regulates autophagy and proteins 
metabolism 

Promote ferroptosis by blocking 
SLC7A11 

CRC, PAAD, LUAD, fibrosarcoma, 
cervical carcinoma 

[65] 

ATF3 Activation transcription factor 3 Involved in the complex process 
of cellular stress response 

Repressing SLC7A11 expression and 
promote erastin induced ferroptosis 

COAD, PRAD, fibrosarcoma, 
osteosarcoma 

[66] 

ATM Ataxia- Telangiectasia mutated 
gene 

Regulate p53 BRCA1, CHK2, RAD 
9/17, NBS1 

Activate by radiotherapy and 
promote ferroptosis by suppress 
SLC7A11 

Melanoma, fibrosarcoma, ovarian 
cancer 

[64] 

GCL Glutamate-cysteine ligase Enzyme involved in GSH 
synthesis 

Inhibition induces ferroptosis DLBLC, RCC, fibrosarcoma 
osteosarcoma 

[32] 

NADPH Nicotinamide adenine 
dinucleotide phosphate 

Reduce oxidized glutathione to 
GSH 

Knockdown sensitizes erastin, RSL3, 
FIN56 induced ferroptosis 

RCC, LUAD, PRAD, CRC, PAAD, BRCA, 
fibrosarcoma melanoma, sarcoma, 
osteosarcoma 

[36] 

CARS Cysteinyl-tRNA synthetase Synthetases translation tRNA Knockdown suppresses erastin 
induced ferroptosis by activation of 
transsulfuration 

RMS, PAAD, PHCC, fibrosarcoma, 
osteosarcoma 

[67] 

CBS Cystathionine-b- synthase Converts homocysteine to 
cystathionine 

Knockdown sensitizes erastin induced 
ferroptosis in CARS knockdown cells 

PAAD, PHCC fibrosarcoma 
rhabdomyosarcoma, osteosarcoma 

[67] 

ABCC1/ 
MRP1 

ATP binding cassette/ multidrug- 
resistance protein 1 

Mediates GSH and 
chemotherapeutics efflux from 
cells 

Overexpression sensitizes to erastin2, 
cyst(e)inase, RSL3, ML162 induced 
ferroptosis 

NSCLC, osteosarcoma, fibrosarcoma, 
glioblastoma 

[68] 

GLS2 Glutaminase 2 Catalyzes the hydrolysis of 
glutamine to glutamate and 
ammonia 

Promote ferroptosis by excessive 
glutamate to inhibit cysteine 

NSCLC, BRCA, osteosarcoma, gastric 
cancer 

[69, 
70] 

CHAC1 ChaC glutathione specific 
γ-glutamylcyclotransferase 1 

Transferase activity, transferring 
acyl groups 

Degrade GSH enhances cystine- 
starvation-induced ferroptosis 

TBNC [71]  

Ferrous 
iron 

Protein Function Modulatory Effect Cancers Refs 

TF Transferrin Iron-binding serum protein Silencing decreases siramesine and lapatinib 
induced ferroptosis 

BRCA [72] 

TfR1/ TFRC Transferrin receptor 1 Cellular transferrin-iron uptake Knockdown suppresses amino acid/cystine 
deprivation, erastin induced ferroptosis 

LUAD, COAD, PAAD, 
fibrosarcoma 

[28, 
48,73] 

HO1/ 
HMOX1 

Heme oxygenase 1 Catalytic degradation of heme to biliverdin, 
carbon monoxide and Fe2+

Knockdown suppresses withaferina, erastin, 
BAY 11-7058 induced ferroptosis 

Neuro- blastoma [74] 

IREB2 Iron response element- 
binding protein 2 

Regulating the translation and stability of 
mRNAs that affect iron homeostasis upon 
iron depletion 

Knockdown suppresses ferroptosis induced by 
erastin, amino acid/cystine deprivation in 
fibrosarcoma 

LUAD, fibrosarcoma [7,48] 

NCOA4 Nuclear receptor coactivator 
4 

Cargo receptor mediating ferritinophagy Knockdown suppresses ferroptosis LUAD, fibrosarcoma [48] 

PHKG2 Phosphorylase kinaseγ2 Regulation of iron availability to 
lipoxygenase enzyme 

Knockdown suppresses erastin induced 
ferroptosis 

RCC, fibrosarcoma, 
osteosarcoma 

[33] 

ACO1/ 
IREB1 

Aconitase 1/ iron-responsive 
element-binding protein 1 

Control cellular iron ion homeostasis Knockdown suppresses cystine deprivation 
induced ferroptosis 

LUAD, fibrosarcoma [48] 

FTH1& FTL Ferritin Concentrates intracellular iron in a 
mineralized, redox-inactive form 

Knockdown enhances erastin, sorafenib 
induced ferroptosis in LIHC 

LIHC, PAAD 
fibrosarcoma 

[47, 
73,75] 

FPN/ 
SLC40A1 

Ferroportin-1/ solute carrier 
family 40 member 1 

The only known cellular iron efflux pump Knockdown accelerated erastin induced 
ferroptosis 

CRC, neuro- blastoma [45, 
74,76] 

DMT1/ 
SLC11A2 

Divalent metal transporter 1 Transporting transferrin-bound iron from 
the endosome to the cytoplasm 

Inhibition promote lysosomal iron 
accumulation, production of ROS and 
ferroptosis 

BRCA, CSC [77, 
78] 

CP Ceruloplasmin Involved in the peroxidation of Fe2+

transferrin to Fe3+ transferrin 
Depletion of CP promoted erastin- and RSL3- 
induced ferroptosis 

LIHC [79]  

Lipid Regulators Function Modulatory Effect Cancers Refs 

ACSL4 Acyl-CoA synthetase longchain 
family member 4 

Catalyzes the reaction of long-chain fatty 
acids with coenzyme A to produce esteryl 
coenzyme A. 

Knockdown suppresses erastin, RSL3, 
GPX4 depletion induced ferroptosis 

LIHC, LAML, LCML PRAD, 
BRCA 

[51, 
53, 
80] 

ACSF2 Acyl-CoA synthetase family 
member 2 

Regulation of mitochondrial fatty acid 
metabolism 

Knockdown suppresses erastin 
induced ferroptosis 

LUAD, fibrosarcoma [7] 

CS Citrate synthase Regulation of mitochondrial fatty acid 
metabolism 

Knockdown suppresses erastin 
induced ferroptosis 

LUAD, fibrosarcoma [7] 

LPCAT3 Lysophos-phatidylcholine 
acyltransferase 3 

Incorporation of acylated fatty acids into 
membranes 

Knockdown suppresses RSL3 induced 
ferroptosis 

LCML, fibrosarcoma [52, 
80] 

ACACA Acetyl-CoA carboxylase alpha Converts acetyl-CoA to malonyl-CoA, the 
rate-limiting step in fatty acid synthesis 

Inhibition suppresses FIN56 induced 
ferroptosis 

LCML, LUAD, fibrosarcoma [80, 
81] 

(continued on next page) 
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turn drive ferroptosis through the peroxidation of polyunsaturated fatty 
acids (PUFAs) at the bis-allylic position, and PHKG2 silencing may play 
a role similar to that of iron chelators, such as DFO [33]. BTB domain 

and CNC homologue 1 (BACH1) is a regulator of haem and iron meta-
bolism that promotes ferroptosis by repressing the transcription of a 
subset of erastin-induced protective genes [50]. In general, a certain 

Table 1 (continued ) 

Lipid Regulators Function Modulatory Effect Cancers Refs 

LOX Lipoxygenases Catalyzes the dioxygenation of 
polyunsaturated fatty acids in lipids 

Knockout protects IKE, GPX4, RSL3 
induced ferroptosis 

RCC, PAAD, LUAD, 
osteosarcoma, fibrosarcoma, 
renal cancer 

[33, 
55] 

ALOX12 Arachidonic acid 12- 
lipoxygenase 

Acts on different polyunsaturated fatty acid 
substrates to generate bioactive lipid 
mediators 

Promote p53-mediated ferroptosis 
and tumour suppression 

NSCLC, BRCA, COAD, SCLC 
fibrosarcoma, melanoma, 
osteosarcoma, 

[82] 

SQS/ 
FDFT1 

Squalene synthase/ Farnesyl- 
diphosphate farnesyl- 
transferase 1 

Responsible for synthesis of squalene and 
involved in cholesterol synthesis 

Knockdown suppresses FIN-56, 
ML162 induced ferroptosis 

LUAD, ALCL fibrosarcoma, 
osteosarcoma, 

[83, 
84] 

SQLE Squalene monooxygenase Catalyzes the conversion of squalene to 
squalene-2,3- epoxide 

Overexpression promote ML162 
induced ferroptosis 

ALCL, osteosarcoma [84] 

FADS2 Fatty acid desaturase 2 Involved in biosynthesis of highly 
unsaturated fatty acids 

Knockdown suppresses RSL3 induced 
lipid peroxidation 

BRCA, LUAD, PRAD, LIHC [85] 

MDM2, 
MDMX 

MDM2 proto-oncogene Promote tumor formation by targeting 
tumor suppressor proteins for proteasomal 
degradation 

Remodeling lipid profile of cells to 
favor ferroptosis through altering 
PPARα activity 

LIHC, NSCLC, COAD, 
fibrosarcoma 

[86] 

SAT1 Spermidine/ spermine N1- 
acetyl- transferase 1 

Regulate N-acetyltransferase activity and 
spermidine binding 

Transcript by p53 and sensitizes cells 
to ferroptosis by increased ALOX15 

NSCLC, osteosarcoma [87] 

ASCL3 Acyl-CoA synthetase long chain 
family member 3 

Converts exogenous monounsaturated fatty 
acids (MUFAs) into fatty acyl-CoAs 

Knockout attenuates MUFA induced 
resistance to ferroptosis 

LUAD, fibrosarcoma, 
glioblastoma 

[88] 

HMGCR 3-hydroxy-3-methyl-glutaryl 
coenzyme A reductase 

Synthesis of mevalonic acid Inhibition enhances FIN-56 induced 
ferroptosis 

LUAD, osteosarcoma, 
fibrosarcoma 

[81] 

Abbreviations: PPARα: Peroxisome proliferator-activated receptor α; CP: Ceruloplasmin; IKE: imidazole keto erastin; LAML: Acute myeloid leukemia; LCML: Chronic 
myeloid leukemia; NSCLC: Non-small cell lung cancer; ALCL: Anaplastic large cell lymphoma; RCC: Renal cell carcinoma; CRC: Colorectal cancer; LUAD: Lung 
adenocarcinoma; PAAD: Pancreatic adenocarcinoma; PRAD: Prostate adenocarcinoma; LIHC: Liver hepatocellular carcinoma; BRCA: Breast invasive carcinoma; 
BDCA: Breast ductal carcinoma; PHCC: Pheochromocytoma; HNC: Head and neck cancer; RMS: Rhabdomyosarcoma; COAD: Colon adenocarcinoma; CSC: Cancer stem 
cells; ESCA: Esophageal carcinoma; TNBC: Triple negative breast cancer; HNSCC: Head and neck squamous cell carcinoma; OSCC: Oral squamous cell carcinoma; 
CEAD: Cervical adenocarcinoma; ALL: Acute lymphoblastic leukemia. 

Fig. 2. Main pathway involved in the execution of ferroptosis. a: Glutathione peroxidase 4 (GPX4) as the main protective mechanism of membrane peroxidation 
which derived from cystine/glutamate-cysteine ligase (GCL)/ glutathione (GSH). b: Coenzyme Q10 (CoQ10) as GPX4 independent way to negatively regulate fer-
roptosis which derived from the transsulfuration pathway. c: The regulation of iron involved in ferroptosis including the transport of ferritin to the cell through the 
transferrin receptor, the degradation of transferrin in endosome, the conversion of ferric iron to ferrous iron and the degradation of ferritin in the process 
of autophagy. 
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amount of available ferrous iron is the basis of ferroptosis. 

2.3. Lipid peroxidation 

Ferroptosis is characterized by iron ion-catalysed peroxidation of 
PUFA-containing PLs in mammalian cell membranes. Adding PUFAs to 
cells can promote ferroptosis, while the exchange of PUFAs with 
deuterated PUFAs will inhibit the occurrence of ferroptosis because the 
deuterated PUFAs are not easily oxidized [33,51–53]. Therefore, it is 
believed that lipid peroxidation is the main mechanism of ferroptosis. 
Lipid peroxidation is a free radical-driven chain reaction that is mainly 
initiated by activated ROS interacting with PUFAs; hydroxyl radicals 
(OH⋅) are the most active ROS, and Fenton reactions are the main source 
of OH⋅ through hydrogen peroxide (H2O2) reacting with ferrous ions 
(Fe2+) [54] (Fig. 3). Lipoxygenases (LOXs) can catalyse the 
di-oxygenation of free and esterified PUFAs to produce numerous lipid 
hydroperoxides [55]. Linoleic acid (LA) and arachidonic acid (AA) are 
the most abundant PUFAs and can be used as LOX substrates [56]. 
Acyl-CoA synthetase long-chain member 4 (ACSL4), which preferen-
tially converts AA to acylated AA, is ultimately catalysed by lysophos-
pholipid acyltransferase 3 (LPCAT) [57,58]. E-cadherin (E-cad) 
suppresses ferroptosis through intracellular Merlin-Hippo signalling to 
inhibit the upregulation of ACSL4 [59] (Fig. 4f). In addition, phospha-
tidylethanolamine binding protein 1 (PEBP1), a scaffold protein inhib-
itor of the protein kinase cascade, was found to directly bind 
15-lipoxygenase to PUFAs in the cell membrane to promote ferroptosis 
[60]. The inhibition or knockdown of LOXs inhibited the occurrence of 
ferroptosis in mouse neurons cells [8,61](Table 2). 

3. Negative regulation of ferroptosis and potential treatment 
resistance 

It is worth noting that some cancer cells have no response to fer-
roptosis, which suggests that alternative forms of ferroptosis resistance 
may exist (Fig. 4a-e). 

3.1. GPX4 

As mentioned above, GPX4 synthesized by GSH plays an important 
role in antioxidant reduction [32]. Viswanathan et al. described that 
therapy-resistant cancer cells with high mesenchyme state are depen-
dent on GPX4 [89]. Matthew J et al. established lapatinib-resistant 
melanoma and breast cancer cells and found that GPX4 was selec-
tively required for drug resistance in cancer cells in response to diverse 
therapeutics, and the cotreatment of cancer cells with a targeted ther-
apeutic or chemotherapeutic agent together with a GPX4 inhibitor 
effectively reduced the residually persistent cells [17]. Furthermore, 
pre- or post-treatment but not cotreatment with GPX4 inhibitors may be 
sufficient to deplete persistent cells that survive targeted therapy or 
chemotherapy [17]. Theodossis A et al. examined two breast adeno-
carcinoma cell lines with two different phenotypes and genotypes and 
showed that GPX4 expression was higher in cancer cells that were 
resistant to the ferroptosis inducer buthionine sulfoximine (BSO) and 
hypericin photodynamic therapy (PDT) than in non-resistant cells [90]. 
Similarly, Girotti and colleagues found that transfection of GPX4 into 
non-GPX4-expressing breast cancer cells led to increased resistance to 
PDT [91]. Doxorubicin (DOX)-induced expression of GPX1 and GPX4 in 
sarcoma cancer cells promotes resistance to PDT [92]. In addition, 
supplying cystine for GSH maintenance by SLC7A11 can confer resis-
tance to geldanamycin [93]. Ionizing radiation (IR) or Kelch-like 
ECH-related protein 1 (Keap1) deficiency-induced SLC7A11 expression 
promotes radio-resistance by inhibiting ferroptosis [94]. Heat-shock 
70-kDa protein 5 (HSPA5) can bind GPX4 and protect against protein 
degradation, limiting the anticancer activity of gemcitabine by medi-
ating ferroptosis resistance [95]. Depleting GPX4 by curcumin ana-
logues can inhibit the growth of temozolomide-resistant glioblastomas 
[96]. 

3.2. CoQ10 

FSP1 is completely resistant to lethal peroxidation and ferroptosis in 
the absence of GPX4 [97]. FSP1 contains both an N-myristoylation 

Fig. 3. The regulators of lipid peroxidation in ferroptosis. 
The lipid peroxidation involved in the synthesis process of phospholipid hydroperoxide (PLOOH) derived from CoA/ arachidonic acid (AA)-CoA/PL, and ferrous ions- 
driven reactive oxygen species (ROS) production initiate the oxidation of polyunsaturated fatty acids (PUFAs) chain reaction. 
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signal and a flavoprotein oxidoreductase domain, which are needed to 
recruit FSP1 to plasma membrane-enriched organelles, such as the 
endoplasmic reticulum (ER) and the Golgi apparatus [98]. Once 
recruited, FSP1 functions as an NADH-dependent CoQ10 oxidoreductase 
to reduce CoQ10 to ubiquinone (CoQ10H2), thereby counteracting lethal 
lipid peroxidation through radical trapping [18]. CoQ10 can act as a 
lipophilic radical-trapping antioxidant (RTA) that halts the propagation 
of lipid peroxides [99] and is a type of mobile lipophilic electron carrier 
and the only carrier for the endogenous synthesis of lipid-soluble anti-
oxidants [100]. Lia et al. showed that mesenchyme subtype ovarian 
cancer cells were resistant to RSL3-induced ferroptosis through 
increased expression of stearoyl-CoA desaturase 1 (SCD1)-induced 
CoQ10, and the use of SCD1 inhibitors combined with ferroptosis in-
ducers could be an effective therapeutic strategy for ovarian cancer cells 
[101]. Vanessa et al. found that GTP cyclohydrolase-1 (GCH1) and its 
metabolic derivative tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) 
promote ferroptosis resistance by controlling the endogenous produc-
tion of CoQ10 [102]. 

3.3. NRF2 

The nuclear factor erythroid-2-related factor 2 (NRF2) antioxidant 
pathway is one of the key negative regulators of ferroptosis, and NRF2 
inhibition increases the anticancer effects of erastin and sorafenib in 
vitro and in xenograft models [75]. After exposure to erastin and sor-
afenib, p62 inhibited NRF2 degradation and enhanced NRF2 nuclear 
accumulation by inactivating Kelch-like Keap1 [103]. NRF2 is released 
from Keap1 and then moves to the nucleus to form a complex by 
interacting with the small transcriptional coactivator small v-maf avian 
musculoaponeurotic fibrosarcoma oncogene homologue (Maf) protein 
(MafG), which binds to the ARE sequence of DNA and transcribes the 
antioxidant genes quinone oxidoreductase 1 (NQO1), haem oxygenase 1 
(HO1, HMOX1) and FTH1 [104]. NRF2 signalling is linked to primary 

and acquired drug resistance. Hoi et al. showed that ROS-induced NRF2 
activation regulated sorafenib resistance by triggering the sonic 
hedgehog pathway and mediating liver tumour-initiating cell (T-IC) 
characteristics [105]. The multiple myeloma target drug melphalan 
induced NRF2 pathway activation and conferred resistance to high-dose 
melphalan [106]. Temozolomide (TMZ), a glioma and melanoma 
treatment, can stimulate the induction of NRF2 and drug resistance in 
cancer cells [107]. RBP5-mediating protein (RMP) promotes the 
expression of NRF2 and drug resistance by competing for binding to 
Kelch in intrahepatic cholangiocarcinoma (ICC) cells [108]. NRF2 can 
mediate drug resistance by the transcription of other factors. Advanced 
oxidation protein products (AOPPs) can stimulate NRF2 to upregulate 
the expression of efflux transporters, including ATP binding cassette 
subfamily B member 1 (ABCB1, P-glycoprotein), ATP-binding cassette 
(ABC) transporters (ABCC2, multidrug resistance-associated protein 2) 
and breast cancer resistance protein (ABCG2) [109]. Metallothionein-1 
G (MT-1 G), a metalloenzyme transcript stimulated by NRF2, can 
negatively regulate ferroptosis and is an effective target for the treat-
ment of sorafenib resistance [110,111]. NRF2-mediated production of 
ribosomal protein S6 (RPS6) could mediate resistance to anti-HER2 
drugs [112]. In conclusion, activation of the p62-keap1-NRF2 pathway 
can protect cancer cells from ferroptosis and provide a target for treating 
chemoresistant cancer. 

3.4. Iron sulfur cluster regulators 

The drug resistance phenotype is accompanied by changes in mito-
chondrial function [113]. The mitochondrial protein iron sulfur cluster 
(ISC) is critical for redox reactions, iron homeostasis, and enzyme 
catalysis [114]. ISC biogenesis begins with the removal of sulfur from 
cysteine via the cysteine desulfurase complex NFS1-ISD11 and the FXN 
activation process [115]. FXN may be an iron chaperone or an allosteric 
activator of cysteine binding to NFS1 (cysteine desulfurase) [115]. 

Fig. 4. Negative regulation of ferroptosis and corresponding targets. a, b: Glutathione peroxidase 4 (GPX4)-dependent antioxidation and coenzyme Q10 (CoQ10) can 
play an antioxidant role and potential treatment resistance. c: Nuclear factor erythroid-2-related factor 2 (NRF2) plays an antioxidant role and is involved in cancer 
resistance through post transcriptional generation of quinone oxidoreductase 1 (NQO1), haem oxygenase 1 (HO1) and ferritin heavy peptide 1 (FTH1). d: Iron sulfur 
cluster (ISC) regulates the transport of ferrous iron in or out of mitochondria and the synthesis of Fe-S protein to control the homeostasis of ferrous iron cellular. e: 
Thioredoxin system reduces intracellular oxidation levels by reducing H2O2 and sulfur-containing proteins. f: E-cadherin (E-cad) reduces the generation of acyl-CoA 
synthetase long-chain family member 4 (ASCL4) and promote ferroptosis resistance by activating the Hippo-YAP pathway. g: Exosomes efflux can promote ferroptosis 
resistance by excreting ferritin and promoting intracellular iron homeostasis. 
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Maintenance of ISC can protect cells from ferroptosis by regulating iron 
metabolism, rescuing mitochondrial function and increasing the level of 
GSH [116]. NFS1 activity is particularly important for maintaining 
iron-sulfur cofactors and protects lung cancer cells from undergoing 
ferroptosis in response to oxidative damage [117]. FXN is a key regu-
lator of ferroptosis by modulating iron homeostasis and mitochondrial 
function, and the suppression of FXN significantly enhanced 
erastin-induced ferroptosis by repressing proliferation, destroying 
mitochondrial morphology, and activating iron starvation-induced 
stress [118,119]. Jing et al. indicated that overexpression of ISCU 
(iron-sulfur cluster assembly enzyme) significantly attenuated dihy-
droartemisinin (DHA, DAT)-induced ferroptosis by regulating iron 
metabolism, rescuing mitochondrial function and increasing the level of 
GSH [120]. 

NEET proteins belong to a novel family of iron-sulfur (2Fe-2S) pro-
teins that are defined by a unique CDGSH amino acid sequence in their 
Fe-S cluster-binding domain and are required for iron regulation and 
ROS homeostasis in cells [121]. Recent studies have revealed that the 
NEET proteins CDGSH iron sulfur domain 1 (CISD1) and CISD2 can 
transfer 2Fe-2S clusters in mitochondria to apo receptor proteins in the 
cytoplasm (such as anamorsin and IRP1) [122,123], which play critical 
roles in promoting mitochondrial homeostasis and the proliferation of 
cancer cells [124]. Werner et al. indicated that CISD1 expression in 
cytarabine-resistant B-cell acute lymphoblastic leukaemia (ALL) cells 
was higher than that in parental cells, and the inhibition of CISD1 by 
NL-1 could effectively target resistant ALL cells [125]. CISD2 over-
expression conferred resistance to sulfasalazine (SAS)-induced ferrop-
tosis in head and neck cancer (HNC) cells, which could be reversed by 
silencing CISD2 or pioglitazone [126]. ISC is a ferroptosis modulator and 
may be a potential target for improving antitumour activity [118]. 

3.5. The thioredoxin system 

Inhibition of GSH synthesis is not sufficient to promote ferroptosis in 
some cells, which may be due to the upregulation of the thioredoxin 
(Txn, Trx, TXN) antioxidant pathway [15,62,93]. Thiol compounds with 
redox-active sulfhydryl functions are necessary for maintaining a mild 
redox cellular environment to resist oxidative stress and thereby escape 
ferroptosis in cancer cells [127], and these compounds include thio-
redoxin reductase (TrxR, TXNRD), thioredoxin and NADPH [128]. Du 
et al. showed that sirt5+ wild-type V-Kras2 colorectal carcinoma (CRC) 
cells are resistant to cetuximab through the accumulation of the onco-
metabolite succinate and TrxR2 activation [129]. Thioredoxin domain 
containing 17 (TXNDC17) is a novel 14-kDa disulfide reductase in the 
TXN (thioredoxin) family [130] that can promote BECN1-induced 
autophagy and induce paclitaxel resistance in ovarian cancer [131]. 
TXNDC9 was found to confer oxaliplatin resistance by regulating auto-
phagy and apoptosis in colorectal adenocarcinoma cells [132]. Simi-
larly, thioredoxin-related protein of 14 kDa (TRP14) induced autophagy 
and cisplatin resistance in ovarian cancer cells [133]. The novel fer-
roptocide compound pleuromutilin has been shown to induce ferrop-
tosis by inhibiting thioredoxin [134]. Pyrimidotriazinedione (35G8) at 
nanomolar concentrations can induce glioblastoma cell ferroptosis by 
decreasing thioredoxin-interacting protein 1 (TXNIP) [135]. In general, 
thiol compounds act as antioxidants, and chemoresistance promoters 
may be used as ferroptosis targets in further research. 

3.6. Metabolism-related enzymes 

The efficacy of xCT-targeted therapy has been shown to be dimin-
ished by metabolic reprogramming that is involved in ferroptosis 
resistance. The overexpression of the aldo-keto reductase (AKR) gene in 
cancer cells renders cancer cells resistant to chemotherapeutic drugs 
[136]. Chen indicated that the AKR family modulates cisplatin resis-
tance in cervical carcinoma cells [137]. Overexpression of AKR1C con-
fers resistance to erastin by enhancing the detoxification of oxidative Ta
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products [26]. AKR1C3 is overexpressed in many cancer types and is 
involved in resistance to anthracyclines [138]. AKRs can also promote 
ferroptosis resistance by degrading 12/15-LOX-generated lipid perox-
ides [139]. Reactive aldehydes can also be detoxified by aldehyde de-
hydrogenase (ALDH) enzymes, which are linked to cancer progression 
and treatment resistance. ALDH1 induction has been shown to render 
lung adenocarcinomas resistant to epidermal growth factor receptor 
(EGFR)-tyrosine kinase inhibitors (TKIs), such as erlotinib, and ALDH1 
may affect the reactive carbonyl species (RCS)-ROS-metabolic pathway 
through the ALDH1A1-GPX4-SOD2 axis [140]. The combination of 
ALDH inhibitors and ferroptosis inducers may provide a promising 
treatment. Vasodilator oxyfedrine (OXY) can sensitize GSH-depleted 
resistant cancer cells by covalent inhibition of ALDH enzymes [141]. 
The combination of dyclonine and sulfasalazine cooperatively sup-
pressed the growth of resistant head and neck squamous cell carcinoma 
(HNSCC), small cell lung cancer (SCLC), CRC, and breast cancer cells 
[142]. The identification of effective synergistic combinations of ALDH 
inhibitors and ferroptosis inducers may provide a novel approach to 
overcome resistant cancer (Table 2). 

4. Compound-induced ferroptosis and the treatment of resistant 
cancers 

Tolerance correlates with the induction of known exogenous defence 
genes and decreases in novel ferroptosis sensitivity biomarkers, sug-
gesting that ferroptosis is a druggable driver of cancer therapy. 
Currently, a series of strategies have been developed to induce ferrop-
tosis. Some clinical drugs can induce ferroptosis in several cancer cells, 
supporting the feasibility of using ferroptosis in preclinical and clinical 
settings for the treatment of resistant cancers (Table 3). 

4.1. BSO 

Buthionine sulfoximine (BSO) is an inhibitor of GSH synthesis that 
can sensitize neuroblastoma and melanoma to melphalan [184,185]. 
Studies show that BSO reduces the growth of breast cancer, colon can-
cer, lymphoma, glioblastoma and NSCLC cells when combined with 
sulfasalazine (SAS) [15]. In addition, low GSH levels may be a selection 
marker for the use of BSO in the treatment of kidney cancer and ovarian 
cancer [149]. In the treatment of drug-resistant tumours, an early study 
showed that treatment with BSO completely abolished Bcl-2-mediated 
drug resistance with nonapoptotic cell death in leukaemia cells [186]. 
Leukaemia cell resistance to imatinib mesylate depends on high Bcr-Abl 
expression levels but can be reversed by BSO combined with arsenic 
trioxide (ATO) [187]. Recently, Felisa et al. synthesized a novel 
folate-targeted PEGylated-BSO conjugate and found that it was effective 
in sensitizing folate receptor-positive cancer cells to gemcitabine [188]. 
BSO also increased sulindac sulfide (a nonsteroidal anti-inflammatory 
drug)-induced cytotoxicity by reversing ABCC1-mediated multidrug 
resistance (MDR) [189]. The intracellular GSH concentration is a po-
tential molecular marker for cisplatin resistance in glioma, and BSO 
sensitized glioma cells to TMZ or cisplatin [190]. In the context of 
adverse effects, pretreatment with BSO can partly reverse the effect of 
osthole on tamoxifen (TMX)-induced liver injury in mice [191] but can 
increase the susceptibility of developing embryos to metal toxicity in 
reproductively active oysters [192]. 

4.2. Erastin 

Erastin, a system XC
− inhibitor, has been approved for the inhibition 

of cervical cancer, ovarian cancer, neuroblastoma, RMS and breast 
cancer cells [45,46,77,150,151]. Two erastin analogues, piperazine and 
imidazole ketone erastin (IKE), can effectively inhibit tumour growth in 
fibrosarcoma and diffuse large B-cell lymphoma (DLBCL) [156,157]. 
Temozolomide (TMZ), a first-line therapeutic drug for glioblastoma 
multiforme (GBM) patients, can induce xCT expression via the NRF2, 

ATF4 and cystathionine γ-lyase (CTH, a key enzyme in the 
trans-sulfuration pathway) activation pathways, and cytotoxicity is 
significantly enhanced by the combination of TMX with erastin [193]. In 
acute myeloid leukaemia (AML), erastin enhanced the sensitivity of cells 
to chemotherapeutic agents when combined with cytarabine or DOX in 
an RAS-independent manner [194] and reversed ABCB1-mediated 
docetaxel resistance in ovarian cancer [195]. Erastin can also reverse 
cisplatin resistance in head and neck cancer cells by inducing ferroptosis 
and enhancing cisplatin cytotoxicity in vitro and in vivo [196]. Li et al. 
indicated that erastin in combination with a low dose of cisplatin 
effectively inhibited the growth of cisplatin-resistant non-small cell lung 
cancer (NSCLC) cells [197]. 

4.3. Sulfasalazine 

An FDA-approved drug, the system XC
− inhibitor sulfasalazine (SAS), 

can inhibit the growth of pancreatic adenocarcinoma, lung cancer, 
lymphoma and breast cancer in experimental models [77,198–200]. 
Previously, Alexander et al. found that constitutive NF-kappaB activity 
confers gemcitabine resistance to pancreatic cancer cells, which can be 
strongly diminished by SAS [201]. SAS can eliminate cellular detoxifi-
cation by interrupting GSH synthesis and enhancing the anticancer ac-
tivity of cisplatin by increasing drug transport in CRC cells [202]. 
Cisplatin-resistant hepatocellular carcinoma cells exhibit increased 
expression of CD44v9, which is related to xCT, and such drug resistance 
can be resolved by combination treatment with SAS [203]. Ross et al. 
indicated that the reduction in the miRNA-27a target SLC7A11 con-
tributes to cisplatin resistance in bladder cancer cells, and restoring 
miRNA-27a expression or treatment with SAS can sensitize cells resis-
tant to cisplatin [204]. SAS also has a strong affinity for human breast 
cancer resistance protein (hBCRP) compared with that of other drugs, 
which may promote pharmacodynamics by reducing drug transport 
[205]. In the context of drug toxicology, SAS can attenuate 
tamoxifen-induced toxicity in human retinal pigment epithelial cells for 
ER-positive breast cancer treatment [206], but the side effects of SAS in 
clinical applications mainly include nausea, dyspepsia, vomiting and 
headache. 

4.4. Artesunate 

The efficacy of the antimalarial agent artesunate (ART) was first 
shown in breast cancer by decreasing cellular GSH levels and the pres-
ence of iron-induced ROS generation [207]. ART specifically induced 
lysosomal iron-dependent ferroptosis in PDAC cells [208]. Activation of 
the ATF4-C/EBP-homologous protein (CHOP)-CHAC1 pathway by ART 
has a significant lethal effect in Burkitt’s lymphoma [153]. ART can also 
induce ferroptosis in adult T-cell leukaemia/lymphoma (ATLL) via a 
caspase-independent lethal pathway [154]. For cancer-resistant treat-
ment, Xenofon et al. indicated that ART reliably induced drug-resistant 
multiple myeloma cell death through iron-induced ROS and 
non-caspase-mediated apoptosis [209]. Wang et al. found that ART can 
protect against carboplatin accumulation-induced drug resistance at a 
low concentration in NSCLC cells [210]. In addition, ART can impair the 
increased lysosomal function of resistant cancer cells and potently 
inhibit paclitaxel-resistant lung cancer and breast cancer cells [211]. 
These findings suggest that compounds such as ART may target not only 
GPX4 but also other potential targets. However, ART-mediated killing of 
cisplatin-resistant HNC cells can simultaneously activate the 
NRF2-antioxidant response element (ARE) pathway, which contributes 
to ferroptosis resistance [152]. Therefore, the combination of ART with 
NRF2 genetic silencing or trigonelline may provide a preferable efficacy. 
In clinical patients, the use of ART may lead to temporary decreases in 
peripheral reticulocytes, vomiting, abdominal pain, diarrhoea and other 
gastrointestinal symptoms. 
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Table 3 
Compounds induced ferroptosis for cancer research.  

Compound Target Phenotype Cancer research Refs 

Buthionine sulfoximine 
(BSO) (1982) 

GCL Inhibited the synthesis of GSH and induced lipid ROS DLBLC, RCC, fibrosarcoma, osteosarcoma, melanoma, 
neuroblastoma 

[15,149] 

Sulfasalazine (2001) System XC
− Death can inhibit by DFO, Fer1 and trolox SCLC, PAAD, HNC, HNSCC, BRCA, NSCLC, COAD, 

gastric cancer, lymphoma, fibrosarcoma 
[7,77] 

Erastin (2003) System XC
− &VDAC2/ 

3 
Lipid ROS death can inhibit by Fer1, DFO and trolox DLBLC, RMS RCC, neuroblastoma, fibrosarcoma, 

osteosarcoma, ovarian cancer, cervical cancer 
[45,150, 
151] 

Artesunate (ART) 
(2011) 

Glutathione S- 
transferase 

Lipid ROS death can inhibit by Fer1, DFO and trolox BRCA, PAAD, ATLL, Burkitt’s lymphoma [152–154] 

Glutamate (Glu) (2012) System XC
− Can inhibited by CPX and Fer1 LUAD, fibrosarcoma [7,28] 

Sorafenib (2013) System XC
− lipid ROS death can inhibit by Fer1 and DFO LIHC, fibrosarcoma [26,155] 

Piperazine erastin 
(2014) 

System XC
− Promote lipid peroxidation increased by PTGS2 and 

can be inhibited by VitE 
DLBLC, RCC, fibrosarcoma, osteosarcoma [32] 

Imidazole ketone 
erastin (IKE) (2015) 

System XC
− Exerted an antitumor effect by the induction of 

ferroptosis both in vitro and in vivo 
DLBCL, fibrosarcoma, astrocytoma [156,157] 

BAY 87-2243 (2015) ND dehydrogenase Reduced BRAF mutant melanoma mouse xenografts 
and patient-derived melanoma mouse models 

Melanoma [158,159] 

Cyst(e)inase (2017) L-Cys & CSSC Depletion of intracellular GSH with no apparent 
toxicities 

PRAD, PDAC, BRCA [27,160] 

PG (2019) Cysteine Promote ferroptosis by regulating miR-103a-3p/ 
GLS2 axis 

Gastric cancer [70] 

IMCA (2020) SLC7A11 Decrease SLC7A11 by regulate AMPK/mTOR/ 
p70S6k signaling pathway 

CRC [161] 

ACP (2020) SLC7A11 Induced apoptosis, ferroptosis and suppressed 
mesenchymal phenotype 

Gastric cancer [162] 

1S,3R-RSL3 (2008) GPX4 Lipid ROS by increase PTGS2 and can inhibited by 
Fer1, DFO 

DLBLC, RCC, LUAD, COAD, PAAD, ALL, LIHC, 
fibrosarcoma, osteosarcoma 

[163–165] 

DPI7/ML162, DPI10/ 
ML210 (2012) 

GPX4 Nanomolar potencies and 4-23-fold selective Fibrosarcoma [166] 

DPI2, DPI12-13, DPI17- 
19 (2014) 

GPX4 Prevented tumor growth in xenograft mouse tumor 
models, death inhibited by DFO and α-Toc 

DLBLC, RCC fibrosarcoma, osteosarcoma, [32] 

Altretamine (2015) GPX4 Cause effect similar to the activity of sulfasalazine DLBCL, osteosarcoma [167] 
FIN56 (2016) GPX4, SQS and CoQ10 Derived from CIL56, promotes degradation of GPX4 

and can inhibited by DFO, α-Toc 
RCC, NSCLC, KIRC, PAAD BRCA, PRAD, CRC, 
fibrosarcoma, ewing’s sarcoma, osteosarcoma, 
melanoma 

[36,81,168] 

Lovastatin, simvastatin 
(2016) 

HMG-CoA reductase Mesenchymal state targeting compounds that cause 
lipid ROS 

LUAD, osteosarcoma, fibrosarcoma [81,89] 

Fluvastatin (2017) HMG-CoA reductase Decreased expression of GPX4 LUAD, melanoma, prostate cancer, sarcomas, 
fibrosarcoma 

[89] 

FINO2 

(2018) 
GPX4 Indirectly inhibits GPX4 causing widespread lipid 

peroxidation 
KIRC, fibrosarcoma [168] 

Withaferin A (2018) GPX4 Caused lipid ROS and can inhibited by DFO, Fer1 
and α-Toc 

Neuroblastoma [74] 

iFSP1 (2019) FSP1, CoQ10 Induced ferroptosis in GPX4-knockout cells and 
sensitized to RSL3-induced ferroptosis 

BRCA, SCLC, NSCLC, LIHC, KIRC, RCC, COAD, READ, 
fibrosarcoma, glioblastoma, melanoma 

[97] 

ACP (2020) GPX4 Induced apoptosis, ferroptosis and suppressed 
mesenchymal phenotype 

Gastric cancer [162] 

DHA, DAT (2016) IRP/IRE Induced ferroptosis, apoptosis by cell cycle arrest 
and alters the angiogenic phenotype 

HNC, NSCLC, CRC, BRCA, fibrosarcoma [169,170] 

Siramesine, lapatinib 
(2016) 

FPN, lysosomes iron Induced FeCl3, TF elevated and FPN decrease, death 
inhibited by DFO and Fer1 

BRCA [72] 

Non-thermal plasma 
(2017) 

Lysosomes iron Increased lysosome content, autophagy for catalytic 
Fe2+ and can inhibited by DFO 

Mesothelioma [171,172] 

Salinomycin, AM5 
(2017) 

Sequestering iron in 
lysosomes 

Lysosomal membrane permeabilization and can 
inhibited by Fer1 

Breast CSC [173] 

FINO2 (2018) GPX4 Directly oxidizes iron causing widespread lipid 
peroxidation 

KIRC, fibrosarcoma [168] 

HO1, hemin, (NH4)2Fe 
(SO4)2 (2018) 

Increase the labile 
Fe2+

Suppressed the growth and relapse rate of 
neuroblastoma xenografts 

Neuroblastoma [74] 

Withaferin A (2018) Keap1 increase LIP by inactive of Keap1, GPX4 and can 
inhibited by DFO Fer1 and α-Toc 

Neuroblastoma [74] 

BAY 11-7085 (2018) IκBα Increase LIP by upregulating HMOX1,death 
inhibited by Fer1, Lip1 

BRCA, LIHC, lung cancer, glioblastoma, ovarian 
cancer, 

[174] 

Lanperisone (2011) Unkonw Induced ROS that are inefficiently scavenged in 
KRAS mutant cells 

KRAS mutant tumors [175] 

Artemisinin derivatives 
(2015) 

Unkonw Regulate ferroptosis by TF, TFRC, CP, LTF NSCLC, RCC, COAD, PRAD, BRCA, glioblastoma, 
leukemia, ovarian cancer, melanoma 

[176] 

BV6 (2016) Unkonw RSL3/BV6 but not erastin/BV6 cotreatment triggers 
ferroptosis 

ALL [177] 

Haloperidol (2017) Unknow Induce ferroptosis by increased the cellular levels of 
HO-1 

LIHC [178] 

Trigonelline (2018) NRF2 Reversed the ferroptosis resistance of Keap1-silenced 
and cisplatin-resistant HNC 

LIHC, HNC [110,152, 
179] 

Ungeremine (2019) Unkonw Induced ROS and promote ferroptosis LIHC, AML, COAD, gliomas, breast carcinoma [180] 
Ferroptocide (2019) TXN Rapidly and robustly induces ferroptosis COAD, NSCLC, PAAD ovarian cancer breast cancer [134] 

(continued on next page) 
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4.5. RSL3 

The inhibition of system XC
− may represent a barrier against effec-

tiveness in some cells, which may be due to the trans-sulfuration 
pathway and indirect synthesis of GPX4 or other pathways indepen-
dent of GPX4, such as the TXN antioxidant pathway [15,67]. Therefore, 
targeting GPX4 with other ferroptosis inducers has become an important 
direction for the treatment of resistant cancers. RSL3 has been demon-
strated to inhibit fibrosarcoma, ALL, LIHC, RMS, CRC, and glioma cells 
by directly inhibiting GPX4 [32,163,165,212]. Low-concentration RSL3 
with paclitaxel (PTX) can significantly inhibit hypopharyngeal squa-
mous carcinoma (HPSCC) cells compared with that of PTX monotherapy 
[213]. Gemcitabine-resistant pancreatic cancer cells exhibit increased 
expression of ADP ribosylation factor 6 (ARF6), which can be sensitive 
to RSL3 [214]. Liu et al. established cisplatin-resistant osteosarcoma 
cells and found that cotreatment with RSL3 can increase sensitivity by 
inhibiting the STAT3/NRF2/GPX4 pathway [215]. Daiha et al. reported 
that RSL3 treatment increased the expression of p62 and NRF2 in 
cisplatin-resistant cells, which indicated that the multidrug combination 
needs to be explored for the treatment of resistant cancers [179] 
(Table 4). 

4.6. Withaferin A 

The natural product compound withaferin A (WA) was synthesized 
by reverse pharmacological analysis of Withania somnifera leaves and 
has gradually been used as a preclinical anticancer drug [216]. With-
aferin A can obviously suppress high-risk neuroblastoma compared with 
etoposide or cisplatin by inactivating GPX4 and a sufficient amount of 
ferrous iron to induce ferroptosis [74]. The combination of withaferin A 
and 5-fluorouracil (5-FU) decreases resistant CRC cell viability by 
inducing ER stress-mediated induction of autophagy and apoptosis 
[217]. Jade et al. reported that withaferin A combined with cisplatin or 
pemetrexed is a potential treatment for EGFR-expressing wild-type lung 
cancer and decreases the occurrence of cisplatin resistance [218]. 
Withaferin A also promotes mitochondrial dysfunction and inactivation 
of the PI3K/AKT pathway, which enhances oxaliplatin-induced growth 
suppression and apoptosis in pancreatic cancer cells [219]. Based on 
these findings, we can conclude that the inhibition of GPX4 is an 
important effect of compounds targeting system XC

− and may provide an 
opportunity to treat drug-resistant cancers. 

4.7. Siramesine 

Cancer cells tend to have a higher iron demand than normal cells, 
which makes them more susceptible to ferroptosis induction through the 
high expression of the labile iron pool (LIP). Thus, increasing the LIP or 
iron oxide can be an optimum cancer therapy. Siramesine is a lysosome- 
destabilizing compound that can promote lysosome membrane per-
meabilization (LMP), mitochondrial membrane potential loss with ROS 
release and lipid peroxidation in chronic lymphocytic leukaemia (CLL) 
cells [220]. Combined treatment of siramesine with lapatinib can induce 
breast cancer cell ferroptosis by promoting TF expression and decreasing 
FPN [72]. Similarly, cotreatment with siramesine renders resistant 
triple-negative breast cancer (TNBC) cells sensitive to CDK4/6 inhibitors 
[221]. Siramesine can also trigger lysosomal cell death in apoptosis- and 
multidrug-resistant cancer cells by targeting acid sphingomyelinase 
(ASM) [222]. However, whether the form of death induced by sir-
amesine in cancer cells is ferroptosis or lysosomal death or the coexis-
tence of multiple forms needs further study. 

4.8. Salinomycin 

Salinomycin is a monocarboxylic acid polyether antibiotic that is 
used to effectively kill epithelial cancer stem cells (CSCs) [223]. The 
salinomycin derivative ionomycin (AM5) exhibits increased effective-
ness against breast CSCs by accumulating and sequestering lysosomal 
iron, which promotes the degradation of lysosomal ferritin and lyso-
somal membrane permeabilization (LMP), consistent with ferroptosis, in 
response to the cytoplasmic depletion of iron [173]. Other derivatives, 
including C20-amination, C1-esterification, C9-oxidation, and 
C28-dehydration, show great efficiency against breast CSCs by targeting 
lysosomal iron [224]. In the treatment of resistant cancers, salinomycin 
can overcome cisplatin resistance by inhibiting cancer stemness in 
ovarian germ cell tumour-derived cells [225]. The polyether ionophore 
salinomycin (SAL) and its semisynthetic derivatives significantly over-
come resistance to platinum-based drugs in ovarian cancer cells and are 
more potent than commonly used anticancer drugs such as 5-fluoro-
uracil, gemcitabine, and cisplatin [226]. Docetaxel-resistant prostate 
cancer cells can be significantly reduced by salinomycin with a decrease 
in the tumour-initiating CD24- /CD44high population [227]. Interest-
ingly, Piotr et al. reported salinomycin-induced changes in mRNAs and 
miRNAs involved in drug resistance in endometrial cancer cells, which is 
an expected result of anticancer treatment and offers new ideas for the 
clinical treatment of drug-resistant tumours [228]. The use of salino-
mycin in the clinic may lead to mitochondrial dysfunction, such as 

Table 3 (continued ) 

Compound Target Phenotype Cancer research Refs 

β-elemene (2020) Unkonw Sensitive to KRAS mutant CRC cells by ferroptosis 
and inhibited EMT 

CRC [76] 

Ibuprofen (2020) NRF2 Downregulation of NRF2 signaling pathway and can 
inhibited by DFO, Fer1, Lip1 

Glioblastoma [181] 

DSF/Cu (2020) Unkonw Antitumor through ROS/MAPK and p53-mediated 
ferroptosis pathways 

NPC [182] 

DO264 (2020) Lyso- and ox- PS 
lipase ABHD12 

Enhanced RSL3 induced ferroptosis Fibrosarcoma [183] 

Abbreviations: CoQ10: Coenzyme Q10 ; GPX4: Glutathione peroxidase 4; GSH: Glutathione; HO1: Heme oxygenase-1; ROS: Reactive oxygen species; Fer1: Ferrostatin-1; 
DFO: Deferoxamine; CPX: Ciclopirox olamine; IKBα: Nuclear factor of k light-chain polypeptide gene enhancer in B cell inhibitor α; KEAP1: Kelch-like ECH-associated 
protein 1; LIP: Labile iron pool; Lip1: Liproxstatin-1; α-Toc: a-tocopherol; CIL: Caspase-3/7-independent lethal; VitE: Vitamin E; PTGS2: Prostaglandin-endoperoxide 
synthase 2; SQS: Squalene synthase; GS: Glutathione S-transferase; CSSC: L-Cystine; L-Cys: L-cysteine; PG: Physcion 8-O-β-glucopyranoside; VDACs: Voltage-dependent 
anion channels; GCL: Glutamate-cysteine ligase; HMGCR: 3-hydroxy-3-methyl-glutaryl-CoA reductase; IMCA: benzopyran derivative 2-imino-6-methoxy-2H-chro-
mene-3-carbothioamide; ACP: Actinidia chinensis Planch; FPN: Ferroportin-1; TXN: Thioredoxin; DSF/Cu: Disulfiram/copper; NPC: Nasopharyngeal cancer; trans-
ferrin, TF; FPN: Ferroportin; DHA, DAT: Dihydroartemisinin; CP: Cerulopasmin; LTF: Lactoferrin; PS: Phosphatidylserine; BV6: Smac mimetic; Smac: Second 
mitochondrial activator of caspases; AM5: ironomycin; HNSCC: Head and neck squamous cell carcinoma; HNC: Head and neck cancer; DLBCL: Diffuse large B cell 
lymphoma; SCLC: Small-cell lung cancer; NSCLC: Non-small cell lung cancer; RCC: Renal cell carcinomas; BRCA: Breast invasive carcinoma; COAD: Colon adeno-
carcinoma; LUAD: Lung adenocarcinoma; LIHC: Liver hepatocellular carcinoma; PRAD: Prostate adenocarcinoma; KIRC: Kidney renal clear cell carcinoma; RMS: 
Rhabdomyosarcoma; CSC: Cancer stem cells; KIRC: Kidney renal clear cell carcinoma; COAD: Colon adenocarcinoma; READ: Rectum adenocarcinoma; CRC: Colorectal 
cancer; PDAC: Pancreatic ductal adenocarcinoma; PAAD: Pancreatic adenocarcinoma; ATLL: adult T-cell leukemia/lymphoma; ALL: Acute lymphoblastic leukemia. 
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energy metabolism disorders, and cause muscle damage [229]. 4.9. Artemisinin 

Artemisinin derivatives such as DHA induce ferroptosis by impinging 
on IRP/IRE-controlled iron homeostasis to further increase iron and 

Table 4 
Application of ferroptosis for resistant cancer treatment.  

Cancers Resistant drug Co-treatment Effect Cells & Animals Refs 

Small cell lung cancer (SCLC) SAS Dyclonine Induce toxic 4-HNE by inhibit ALDHs in a 
cooperative with SAS 

DMS114 [142]  

SAS OXY Promote SAS resistant cancer cells ferroptosis by 
inhibit ALDH enzymes 

DMS114, SBC3 [141, 
197] 

Non-small cell lung cancer 
(NSCLC) 

Cisplatin Erastin, sorafenib Erastin and sorafenib, alone or combined with 
low dose cisplatin, effectively inhibited the 
resistant NSCLC 

N5CP, xenograft models [197]  

Erastin APAP Promote ferroptosis and apoptosis by regulate 
NRF2/HO1 

A549, H1299, athymic BALB/c nude 
mice 

[234]  

SAS OXY Promote SAS resistant cancer cells ferroptosis by 
inhibit ALDH 

A549 [141]  

RSL3 DHA, DOX Reversed GPX4 inhibition-resistant cancer to 
ferroptosis 

H292 [170] 

Colorectal cancer (CRC) Cisplatin SAS Significant induced accumulation of ROS and 
growth inhibition 

HCT116, HT29, LOVO, DLD1 [202]  

Cetuximab β-elemene and 
cetuximab 

Sensitive to KRAS mutant CRC cells by inducing 
ferroptosis and inhibiting EMT 

HCT116, LOVO, CaCO2 [76]  

SAS Dyclonine, OXY, 
ALDH3A1 knockdown 

Induce toxic 4-HNE by inhibit ALDHs in a 
cooperative with sulfasalazine 

HCT116 [141, 
142]  

RSL3 DHA, DOX Reversed GPX4 inhibition-resistant cancer to 
ferroptosis 

HCT116, HT29, SW480 [170] 

Liver hepatocellular 
carcinoma (LIHC) 

Sorafenib Trigonelline, MT-1 G 
knockout 

Promoting GSH depletion and lipid peroxidation Huh7, HepaG2, Hep3B [110] 

Pancreatic cancer Gemcitabine RSL3 Abrogation of ARF6 promotes RSL3 induced 
ferroptosis and mitigates gemcitabine resistance 

AsPC-1, PANC-1, BxPC3, SW1990, 
Capan-1, MIA PaCa 

[214] 

Breast cancer SAS Dyclonine Induce toxic 4-HNE by inhibit ALDHs in a 
cooperative with sulfasalazine 

4T1 [142]  

RSL3 DHA, DOX Reversed GPX4 inhibition-resistant cancer to 
ferroptosis 

MDA-MB- 453 [170] 

Head and neck cancer (HNC) Cisplatin Erastin, SAS, SLC7A11 
knockdown 

Sensitize resistant HNC cells to cisplatin in vitro 
and in vivo 

AMC-HN3R/4R/ 9R [196]  

Cisplatin Aspirin plus sorafenib Low-dose aspirin plus sorafenib enhanced the 
cytotoxicity of cisplatin resistant HNC 

Xenograft models [235]  

Cisplatin, 
artesunate 

Trigonelline reversed the ferroptosis resistance of cisplatin 
resistant HNC cells to artesunate 

HN2–10, SNU, HN3-cisR, HN4-cisR, 
HN9-cisR, BALB/c male nude mice 
(nu/nu) 

[152]  

SAS Pioglitazone, CISD2 
knockout 

silencing CISD2 or pioglitazone induced 
sensitized resistant HNC cells to SAS 

SUN-1041/ 1066/1076, AMC-HN2- 
11 

[126]  

Cisplatin, RSL3 RSL3, ML-162, 
trigonelline 

inhibiting NRF2-ARE pathway reverse the 
resistance of GPX4 inhibition 

HN3R, HN3-rslR [179] 

Head and neck squamous cell 
carcinoma (HNSCC) 

SAS Dyclonine induce toxic 4-HNE by inhibit ALDHs in a 
cooperative with sulfasalazine 

OSC19, HSC-2/3/4, SCC25 [142] 

Hypopharyngeal squamous 
carcinoma (HPSCC) 

PTX RSL3 Enhanced the ferroptosis by upregulating mutant 
p53 expression 

Detroit562 [213] 

Oral squamous cell 
carcinoma (OSCC) 

SAS OXY Promote resistant cancer cells ferroptosis by 
inhibit ALDH 

HSC-2/3/4, OSC19, SCC25 [141] 

Glioblastoma TMZ Erastin Inhibiting cysteine uptake and suppressed CTH 
activity 

A172, U87, T98 G, GBM-N6, GBM- 
N15 

[193]  

TMZ SAS SAS treatment can potentiate the efficacy of TMZ 
resulted in reduced glioma-derived edema 

F98, U251, male fisher rats [236]  

TMZ ALZ003 inhibited the survival of TMZ-sensitive and 
-resistant glioblastoma in vitro and in vivo 

U87MG, A172, Pt#3, NOD-SCID 
male mice 

[96] 

Neuro- blastoma Etoposide or 
cisplatin 

Withaferin A Eradicates high-risk neuroblastoma tumors and 
shows lower relapse rates compared with 
etoposide. 

IMR-32, Kelly, NB69, SH-SY5Y/EP [74] 

Osteosarcoma Cisplatin Erastin, RSL3, STAT3 
inhibitor 

Reactivated ferroptosis by impairing STAT3/ 
NRF2/ GPX4 signaling 

MG63/DDP Saos-2/DDP [215] 

Ovarian cancer Carboplatin Activating TAZ- 
ANGPTL4-NOX2 

Elevated lipid ROS induced by erastin TOV-21 G/ CAOV2, CAOV2 
xenograft 

[237]  

Docetaxel Erastin Restricting the drug-efflux activity of ABCB1 and 
reverse docetaxel resistance 

A2780, Taxol [195]  

SAS OXY Sensitive resistant cancer cells by inhibit ALDH DMS114, SBC3 [141] 
Acute myeloid leukemia 

(LAML) 
Cytarabine, 
DOX 

Erastin Induced growth inhibition and overcame drug 
resistance 

HL60, Jurkat, THP-1, K562, NB-4 [194] 

Fibrosarcoma RSL3 DHA Reversed GPX4 inhibition-resistant cancer to 
ferroptosis 

HT1080 [170] 

Abbreviations: CTH: cystathionine γ-lyase (CTH); APAP: Acetaminophen; xCT: SLC7A11; ALDHs: Aldehyde dehydrogenases; 4-HNE: 4-hydroxynonenal; SAS: Sulfa-
salazine; OXY: Oxyfedrine; DOX: Doxorubicin; TMZ: temozolomide; PTX: Paclitaxel; DHA: Dihydroartemisinin. 
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reverse GPX4 inhibition-induced resistance to ferroptosis in cancer cells 
[169,170]. DHA treatment could overcome dexamethasone (Dexa) 
resistance and enhance Dexa efficacy in multiple myeloma (MM) with 
increased ROS production and cytochrome C translocation [230]. 
Cotreatment with DHA could effectively restore the anticancer effect of 
5-FU against p53-knockout colorectal cancer cells [231]. Other arte-
misinin derivatives that act as P-glycoprotein (P-gp) inhibitors can 
reverse MDR towards clinically used anticancer drugs [232]. 10-Phenyl-
triazoyl artemisinin can suppress paclitaxel-induced overexpression of 
P-gp and restore the anticancer effect of paclitaxel in colorectal cancer 
cells [233]. The rare side effect of DHA in clinical patients is the tran-
sient decrease in reticulocytes. Overall, promoting iron ions in lyso-
somes, increasing transcription-induced iron expression and increasing 
exogenous iron ions can effectively promote ferroptosis for the treat-
ment of resistant cells. 

5. Nanoparticles-induced ferroptosis in the treatment of 
resistant cancers 

Nanoparticles exhibit improved therapeutic efficacy due to enhanced 
cellular uptake and increased intracellular drug accumulation. Wu et al. 
synthetized BSO/celecoxib@biotin-heparin/heparin/calcium carbon-
ate/calcium phosphate nanoparticles (BSO/CXB@BNPs) by co-loading 
BSO and celecoxib (CXB) in polymer/inorganic hybrid nanoparticles 
and found that BSO/CXB@BNPs exhibited great efficacy against drug- 
resistant tumour cells by downregulating GSH and P-gp compared 
with that of free drug inhibitors [238]. Similarly, the dual-drug-loaded 
hybrid nanovesicles containing BSO and the P-gp inhibitor tariquidar 
(TQR) exhibit significantly stronger cell growth inhibition than DOX 
mono-drug-loaded nanovesicles [239]. In a human resistant ovarian 
adenocarcinoma cell model, RSL3 micelles were 30-fold more toxic than 
activatable control micelles due to the machinery process [240]. Huang 
et al. indicated that resistant oral cancer cells could attenuate 
zero-valent iron (ZVI) nanoparticle-induced oxidative stress and GPX 
reduction but could be sensitized by certain ferroptosis inducers without 
compromising healthy non-malignant cells [241]. Xiong et al. developed 
a drug-organic-inorganic self-assembled nanosystem (DFTA) with DOX, 
FeCl3 and tannic acid (TA), and combined with a laser, this system could 
significantly inhibit therapy-resistant oestrogen receptor-positive (ER+) 
breast carcinoma cells [242]. 

6. Conclusions and future perspectives 

Cancer treatment is still a major challenge for humans. To date, 
although many effective cancer treatment strategies have been investi-
gated and some of them have been approved for cancer indications, they 
mainly focus on apoptotic cancer cell death. However, due to the 
overexpression of apoptosis protein inhibitors and the MDR effect, the 
role of apoptosis-based treatment strategies in cancer therapy is not well 
understood. In addition, some RAS-mutated cancers show intrinsic 
resistance to apoptosis due to endogenous inhibition of apoptosis. Thus, 
a new form of non-apoptotic PCD, ferroptosis, is characterized by the 
lethal accumulation of iron-dependent lipid hydroperoxides. In addi-
tion, ferroptosis differs from apoptosis in morphology, biochemistry and 
genetics, which provides a novel treatment strategy for overcoming 
apoptosis resistance in multidrug resistant cancers. 

Since the discovery of ferroptosis, much credible evidence has been 
obtained in experimental tumour models that ferroptosis has good 
anticancer efficacy. The vulnerability of therapy-resistant cancers to 
ferroptosis and the recognition of the FDA-approved drugs SAS, altret-
amine, and sorafenib and nanoparticles as ferroptosis inducers in cancer 
create high expectations for therapeutic potential. Considering these 
advantages, ferroptosis is expected to become a promising cancer 
treatment strategy, whether alone or in combination therapy, in the near 
future. 

However, there are still many issues that need more clarification. 

What is the relationship between cancer resistance and ferroptosis? In 
this article, we have summarised that the antioxidant reduction pathway 
and metabolism may contribute to the promotion of resistance to fer-
roptosis, which has also been verified in drug-resistant tumours. These 
drug-resistant cancers can be treated by coadministration of inducers of 
ferroptosis or other pathways. However, the deeper mechanism needs to 
be explored. In addition, specificity and how to control the potential 
adverse effects of ferroptosis in preclinical and clinical cancer environ-
ments requires study. In this context, nanoparticle-induced ferroptosis 
has potential in cancer research. We can make use of the unique 
enhanced permeability and retention (EPR) effect of nanoparticles and 
the effect of synthetic materials that have a strong killing effect on tu-
mours but induce little damage to normal cells. However, more explo-
ration is needed before ferroptosis-based nanomaterials can be used in 
clinical practice. Real-time diagnostic tools are needed to detect fer-
roptosis in order to treat drug-resistant cancers to provide a more 
effective strategy for clinical treatment. 
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