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Ferroptosis is an iron-dependent regulatory form of cell death characterized by the accumulation of intracellular

reactive oxygen species and lipid peroxidation. It plays a critical role not only in promoting drug resistance in

tumors, but also in shaping therapeutic approaches for various malignancies. 
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1. Introduction

Iron is an essential trace element in mammals, which plays an important role in DNA synthesis, electron transport,

oxygen transport, and other metabolic processes . Under normal conditions, cell iron metabolism is in a

dynamic balance of constant absorption, utilization, storage, and circulation. This process is called iron balance

and plays an important role in maintaining the normal physiological function of cells. However, when the iron

balance in cells is disrupted, it can lead to intracellular iron overload. Excess iron produces reactive oxygen

species (ROS) through the Fenton reaction , which can induce ferroptosis, which is different from other forms of

cell death, such as apoptosis, paraptosis, and necrosis (Figure 1) . Reactive oxygen species (ROS) is mainly

produced by iron-dependent Fenton reactions, mitochondria, or enzymes from the nicotinamide adenine

dinucleotide phosphate oxidase (NADPH) family . Because iron is an essential element for all cell growth, the

rapid proliferation of tumor cells is usually more dependent on iron than normal cells are. As a result, tumor cells

are more sensitive to the damage associated with iron excess .
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Figure 1. The types of cell death. Regulated non-apoptotic forms of cell death include ferroptosis, autophagy,

pyroptosis, and necroptosis.

Ferroptosis is a newly defined form of iron-dependent cell death with excessive accumulation of lipid peroxidation

. Due to their potential for damaging biofilms and trigger a cascade of lipid peroxidation, excess ROS play a

significant role in various forms of cell death, including ferroptosis and autophagy . Some common tumor

chemotherapy drugs, such as sorafenib, 5-FU, and paclitaxel, can cause cytotoxicity by triggering ROS

accumulation and lipid peroxidation to kill tumor cells. Accumulation of iron ions has been demonstrated in various

tumor cells . Therefore, regulating ferroptosis through iron ion homeostasis provides a novel strategy for

killing tumor cells .

2. Ferroptosis

2.1. The Development of the Concept of Ferroptosis

For a long time, cell death has been divided into three forms based on morphological characteristics: apoptosis,

autophagy, and necrosis . With the advancement in research, new types of cell death are emerging, and each

type shows different characteristics in terms of molecular mechanisms and regulatory signals. Ferroptosis was

originally discovered by targeting drugs against RAS mutations. RAS is the first identified and the most common

human oncogene . It is the most conserved family of oncogenes known to date and plays an important role in

cell growth, proliferation, differentiation, regulation, and malignant transformation . Ferroptosis was originally

identified and named in cancer cell experiments with RAS mutations, and ferroptosis agonists are capable of killing
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such tumor cells in vitro . Two small molecule compounds (erastin and RSL3) were initially found to have

specific killing effects on cancer cells expressing oncogenic RAS compared with wild-type cells .

In 2018, the cell death committee made an updated recommendation on cell death from morphological,

biochemical, and functional perspectives . The types of cell death can be classified into accidental cell death

(ACD) and regulated cell death (RCD) (Figure 1). RCD is a homeostasis mechanism in multicellular organisms,

which is essential for maintaining the morphology and function of cells and can be regulated at the genetic and

pharmacological levels . The RCD category at least includes five high-profile forms, including apoptosis,

pyroptosis, autophagy, necroptosis and ferroptosis (Figure 1). However, ferroptosis, as a newly identified cell death

mechanism, is attracting increasing attention. The concept of ferroptosis was first proposed by Dr. Brent R Stock in

2012  as a form of iron-dependent regulatory cell death that occurs through the accumulation of toxic lipid

ROS and the consumption of polyunsaturated fatty acids, resulting in mechanical damage to cells. It also can be

defined as being triggered by oxidative perturbation of the intracellular microenvironment, controlled by glutathione

peroxidase 4 (GPX4), which can be inhibited by iron-chelating agents and lipophilic antioxidants .

2.2. Features and Components of Ferroptosis

Programmed cell death is an active and orderly cell death determined by genes and regulated by molecular

mechanisms. It is closely related to the maintenance of homeostasis and the occurrence of diseases, and mainly

includes pyroptosis, necrosis, and autophagy. As a newly discovered form of programmed cell death, ferroptosis is

characterized by iron-dependent lipid peroxidation . The typical morphological features of ferroptosis are

reduced mitochondrial volume, increased double membrane density, reduced or disappeared mitochondrial ridge,

broken mitochondrial outer membrane, normal nuclear size, and lack of chromatin aggregation. The biochemical

characteristics of ferroptosis are different from those of apoptosis, autophagy, and necrosis.

Lipid peroxidation and ROS are two significant markers of ferroptosis. Lipid peroxidation, which often leads to lipid

hydroperoxide formation, occurs in response to oxidative stress. Phospholipid peroxidation represents a critical

stage within the ferroptosis process, which is closely associated with a variety of human diseases. In addition, the

process of ferroptosis is accompanied by changes in related genes and proteins, such as ACSL4, TP53, GPX4,

HSPB1, ACSL4, TFRC, ACSF2, and others .

2.3. The Mechanism and Regulation of Ferroptosis

Ferroptosis can be divided into extrinsic and intrinsic pathways. The extrinsic pathway refers mainly to transporter-

dependent pathways, while the intrinsic pathway refers to pathways regulated by various enzymes 

(Figure 2). Extrinsic pathways are initiated by the inhibition of cell membrane transporters such as

cystine/glutamate reverse transporters (System x ) or by the activation of the iron transporters’ serum transferrin

and lactotransferrin. System x  exchanges intracellular glutamate for extracellular cystine (Cys2), which is

catalyzed by glutamate-cysteine ligase (GCL) and glutathione synthetase (GSS) to synthesize glutathione (GSH).

Inhibiting the activity of System xc- can inhibit the absorption of cystine, affect the synthesis of GSH, lead to a

[18]

[19]

[20]

[21]

[19][22][23]

[24]

[25]

[26][27][28][29][30][31][32][33][34][35][36][37][38][39][40][41]

[26][42][43][44]

c
−

c
−



Iron, Ferroptosis, and Head and Neck Cancer | Encyclopedia.pub

https://encyclopedia.pub/entry/50466 4/13

decrease in activity of the membrane lipid repair enzyme GPX4, reduce the antioxidant capacity of cells, and

eventually induce ferroptosis of cells. In addition, increased iron accumulation through increased iron absorption,

reduced iron storage, and limited iron outflow can also promote ferroptosis. Under pathological conditions, Fe

accumulates in the cell and produces a large number of ROS, which occurs in the Haber–Weiss and Fenton

reactions. A series of peroxidation reactions occurs with the polyunsaturated fatty acid PUFA on the cell membrane

to generate lipid peroxides, which destroy the cell membrane structure and cause ferroptosis in the cell. Transferrin

(serum transferrin or lactoferrin, Tf) mediates iron uptake through the transferrin receptor (TFRC), and FTH1/FTL

(ferritin components) increases iron levels through autophagy degradation, all of which can contribute to

ferroptosis.

Figure 2. The main regulatory mechanisms of ferroptosis. These mechanisms include the inhibition of the

cystine/glutamate antiporter system (system x ), leading to depletion of intracellular glutathione and the

accumulation of lipid peroxidation products due to the oxidation of polyunsaturated fatty acids (PUFAs) by reactive

oxygen species (ROS) and the dysregulation of iron metabolism through transferrin receptor 1 (Tf1).

The intrinsic pathway of ferroptosis is activated by enzymes, mainly through lipid metabolism and other metabolism

. The central mechanism in ferroptosis is the iron-dependent lipid oxidation metabolism disorder, and PUFAs are

the key substances of lipid peroxide accumulation in ferroptosis. Under normal circumstances, PUFAs are

important substrates for lipid metabolism, containing diallyl hydrogen atoms, especially arachidonoyl (AA) and
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renal/supra-adenoid/adrenoyl (AdA), which easily react with ROS and cause lipid peroxidation. Long-chain fatty

acyl-CoA synthetase 4 (ACSL4) catalyzes free AA or AdA to combine with coenzyme A (CoA) to form the derivative

AA-CoA or ADA-CoA, which is then esterified into membrane phosphatidyl ethyl/alcohol/amine (PEs) by

lysophosphatidyllecithin acyltransferase 3(LPCAT3). After oxidation through lipoxygenase (ALOXs) or cytochrome

P450 oxidoreductase (POR), harmful lipid peroxidation products are formed, which induce cell ferroptosis.

Fatty acid synthesis mediated by acetyl-CoA carboxylase (ACAC) and fatty acid release mediated by lipophagy can

induce the accumulation of free fatty acids in cells and promote ferroptosis . p53 can induce ferroptosis by

downregulating the expression of the system x  component SLC7A11 and inhibiting cystine uptake. At the same

time, p53 can inhibit the activity of dipeptidyl peptidase-4 (DPP4) and block erastin-induced ferroptosis . Nrf2 is

an important regulatory factor in the maintenance of intracellular REDOX homeostasis. Through the p62-Keap1-

Nrf2 pathway, the expression of multiple genes involved in iron and ROS metabolism (NQO1, HO1, and FTH1) is

upregulated, and cell ferroptosis is inhibited . GPX4 reduces cytotoxic lipid peroxides (L-OOH) to the

corresponding alcohols (L-OH), and inhibition of GPX4 activity leads to the accumulation of lipid peroxides in cell

membranes. For example, RSL3, as an inducer of ferroptosis, can directly act on GPX4 and inhibit its activity, thus

reducing the antioxidant capacity of cells and accumulating ROS, resulting in ferroptosis . However, this

research is now controversial, with newer studies finding that RSL3 and ML162 do not have the ability to inhibit the

enzyme activity of the recombinant selenium protein GPX4. Surprisingly, another selenium protein, TXNRD1, can

effectively inhibit GPX4 activity .

3. The Function of Ferroptosis in Head and Neck Squamous
Cell Carcinoma (HNSCC)

3.1. Ferroptosis and Tumor Cell Death

Interferon γ (IFN-γ) has been implicated in T helper type 1 (Th1) cell development through its ability to optimize

interleukin 12 (IL-12) production from macrophages and IL-12 receptor expression on activated T cells. As a new

mode of action for cytotoxic T-cell-mediated tumor killing, T-cell-derived IFN-γ stimulates ACSL4 and alters tumor

cell lipid patterns by binding to arachidonic acid to induce ferroptosis in immunogenic tumor cells . In a clinical

context, the presence of tumor ACSL4 is associated with T cell markers and improved survival in cancer patients

treated with immune checkpoint blockade (ICB) therapy. Therefore, the combination of IFN-γ signaling and specific

fatty acids, such as arachidonic acid, represents an inherent mechanism for promoting ferroptosis within tumors

and underscores the role of cytotoxic T cells in this process. Studies have revealed that erlotinib can promote the

production of ROS in HNSCC cells and induce ferroptosis by inhibiting EGFR, thus killing tumor cells .

Dihydroartemisinin (DHA), a semi-synthetic derivative of artemisinin, has high antitumor biological activity. DHA

was used to treat five HNSCC cell lines and two non-oncogenic normal epithelial cell lines. The results showed that

DHA induces cell cycle arrest through Forkhead box protein M1 (FOXM1) and induces ferroptosis and apoptosis in

HNSCC. Therefore, DHA may be promising for the treatment of HNSCC .

3.2. Ferroptosis and Tumor Metastasis
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Tumor metastasis is the main factor in malignant tumor treatment failure. The importance of ferroptosis in tumor

metastasis has attracted increasing attention. It was found that the ferroptosis driver SOCS1 and inhibitor FTH1

are closely related to the degree of macrophage infiltration in HNSCC, and both can be used as prognostic

indicators for HNSCC, suggesting that ferroptosis plays an important role in the infiltration process of HNSCC .

The study showed that low expression of the DNA-damage-inducible transcript 4 (DDIT4) could significantly inhibit

the invasion and migration of HNSCC cells, but overexpression of DDIT4 was negatively correlated with cell

infiltration. It was suggested that DDIT4 plays a key role in HNSCC metastasis and may be a potential target for

HNSCC treatment .

3.3. Ferroptosis and Antitumor Immunity

Immunotherapy is one of the most promising antitumor therapies and is achieved by activating the immune system

to enhance its inherent cancer treatment ability . In recent years, ferroptosis has been found to be closely

related to tumor immunotherapy (Figure 3) . With the development of immunology research, the

combination of immunotherapy and ferroptosis will provide a new therapeutic strategy for HNSCC patients. Yang et

al. found that ferroptotic stress can induce PD-L1 expression in HNSCC by regulating the NF-KB signaling pathway

and calcium influx through ROS . This study reveals a subgroup of ferroptotic HNSCC with immune-active

signatures and indicates the potential for ferroptosis inducers to increase the HNSCC efficacy of immune

checkpoint inhibitors. Zhang et al. showed that PKCβII senses initial lipid peroxides and activates ferroptosis-

related lipid peroxidation through phosphorylation of ACSL4 .
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Figure 3. The cross-talk between the immune system (such as CD8  T cells and IFN-γ) and lipid metabolism (such

as different fatty acids) in the context of tumor ferroptosis in the tumor microenvironment. In this case, T-cell-

derived IFN-γ stimulates ACSL4 and alters tumor cell lipid patterns by binding to arachidonic acid to induce

ferroptosis in immunogenic tumor cells .

3.4. Ferroptosis and Drug Resistance

Traditional cytotoxic drugs and targeted drugs generally slow or stop tumor growth by inducing cancer cell death,

leaving normal cells unaffected. However, the emergence of drug resistance during chemotherapy or targeted

therapy remains a largely insurmountable challenge . Studies have shown that ferroptosis is associated with

drug resistance in cancer treatments, and inducing ferroptosis has been shown to reverse drug resistance .

Now, increasing preclinical evidence suggests that inducing ferroptosis may be an effective treatment strategy to

prevent the acquired resistance to certain tumor therapies, such as gefitinib, lapatinib, erlotinib, trametinib,

sorafenib, and vemurafenib . Often some resistant cancer cells exhibit epithelial-mesenchymal transition,

making them more sensitive to ferroptosis. Therefore, enhancing the sensitivity of drug-resistant cells to drugs by

regulating ferroptosis is of great significance for improving the effectiveness of chemotherapy or targeted drugs in

tumor therapy. Epithelial membrane protein (EMP1) overexpression has been reported to enhance RSL3-induced

iron sagging in HNSCC cells by promoting gefitinib resistance through targeting the MAPK pathway .

4. Targeting Ferroptosis in the Prevention and Intervention of
HNSCC

4.1. Ferroptosis and Cancer Diagnosis and Prognosis

Early diagnosis and prognostic monitoring hold immense importance in cancer treatment and prognosis. Evaluation

of the correlation between ferroptosis-related genes (FRGs) and the prognosis of HNSCC will provide an important

reference for our ability to predict recurrence of HNSCC patients. Therefore, researchers conducted a series of

studies on the influence of FRGs on HNSCC prognosis through different research methods. Bioinformatics

methods were used to study the correlation between FRGs and HNSCC prognosis, and it was found that

ferroptosis-related lncRNA has predictive value in the prognosis evaluation of HNSCC . Sun’s group analyzed

the association of 11 FRGs with prognosis through the TCGA database, constructed a prognostic risk model, and

further selected receiver operating characteristic (ROC), nomogram analysis, Gene Expression Omnibus,

univariate cox regression analysis, and Kaplan–Meier curves. Finally, five ferroptosis-related molecular markers

were selected that may affect the treatment targets of ferroptosis, providing new directions for the treatment of

HNSCC .

4.2. Ferroptosis and HNSCC Therapeutic Strategy

Ferroptosis has garnered growing interest as a potential therapeutic approach for malignant tumors. With the rapid

development of nanotechnology and biomaterial technology, multifunctional nano-mediated ferroptosis combination
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therapy has shown great promise for clinical application in tumor diagnosis and treatment . Recently,

research has shown that ferroptosis shows great potential in overcoming multi-drug resistance in cancer therapy

. DHA and sodium nitroprusside (SNP) are among the ferroptosis inducers. By loading SNP and DHA with

surface-immobilized FA onto imidazoline-zeolite frame (Zif-8) nanoparticles, scholars synthesized DHA/SNP@Zif-

8-FA nanocomposite drugs that target Fr-overexpressing HNSCC cells via ferroptosis.

4.3. Ferroptosis Resistance in HNSCC

Malignant tumors pose a serious threat to human health. Despite various clinical antitumor treatments, patients still

have poor prognosis, frequent relapse, and metastasis, which eventually lead to death. How to overcome tumor

treatment resistance remains an urgent clinical problem. Recent studies have shown that the ferroptosis pathway is

closely related to tumor therapeutic efficacy. Although studies on ferroptosis have shown that it provides a new

strategy for tumor therapy, cancer cells can acquire resistance to ferroptosis through upregulation of antiferroptosis

proteins or downregulation of pro-ferroptosis proteins, thereby affecting the positive role of ferroptosis in tumor

therapy . This study focused on the regulatory role of interleukin-6 (IL-6) in the resistance to ferroptosis in

HNSCC. It was found that the expression level of IL-6 gradually increased during the development of HNSCC, and

the upregulation of xCT expression was associated with a poor prognosis of HNSCC. IL-6 not only activates xCT

expression through JAK2/STAT3 signaling pathway transcription, but also reverses ferroptosis and growth

inhibition induced by xCT knockout or ferroptosis inducer erastin. Therefore, the induction of ferroptosis resistance

by IL-6 plays a significant role in the development of HNSCC .
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