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A B S T R A C T

Cancer is characterized by unregulated cell proliferation, evasion of apoptosis, and a propensity for metastasis, 
making it a leading cause of morbidity and mortality globally. Major challenges in cancer treatment include drug 
resistance and tumor heterogeneity, which hinder the clinical efficacy of existing therapies. To enhance treat
ment outcomes, it is essential to integrate emerging biological insights and technological advancements with 
conventional therapeutic strategies. Recent research has identified various forms of cell death, which can be 
classified as either regulated or unregulated. Regulated cell death involves specific biochemical and signaling 
pathways, while unregulated cell death occurs passively and uncontrollably. Apoptosis, the most extensively 
studied form of regulated cell death, is primarily mediated by the activation of caspase proteases. Nevertheless, 
the resistance of many tumors to apoptotic pathways has shifted focus towards non-apoptotic forms of cell death, 
such as ferroptosis. Ferroptosis is an iron-dependent form of regulated necrosis characterized by extensive 
membrane damage resulting from lipid peroxidation. Numerous preclinical studies have demonstrated that 
inducing ferroptosis can significantly reduce tumor growth across a variety of cancer types. For instance, in a 
study involving breast cancer models, the use of ferroptosis inducers such as erastin and RSL3 led to a marked 
decrease in tumor volume and weight.

This review aims to explore the potential of ferroptosis as a novel therapeutic strategy in cancer treatment.

1. Introduction

Cancer encompasses a diverse group of diseases characterized by 
uncontrolled cell growth and proliferation. The term "cancer," derived 
from the Greek word "karkinos" coined by Hippocrates, the "Father of 
Medicine," has evolved to describe over 277 distinct types of malig
nancies [1,2]. Historically, the term was translated into Latin by the 
Roman surgeon Celsus, linking it to the brachyuran crab, a metaphor for 
the disease’s invasive nature. Globally, cancer is the second leading 
cause of mortality, with 18.1 million new cases reported in 2018, the 
highest incidence occurring in Asia (Fig. 1) [3].

Cancer can be conceptualized as a multifaceted illness, characterized 
by complex tempo-spatial alterations in cell physiology that culminate 
in the formation of malignant tumors [4]. The pathological hallmark of 

cancer is neoplasia, or abnormal cell proliferation, which drives tumor 
invasion into surrounding tissues and distant organs, contributing 
significantly to patient morbidity and mortality. The transformation of 
normal cells into malignant cancer cells has been a focal point of 
biomedical research for decades [5].

In recent years, significant advances have been made in identifying 
therapeutic targets by elucidating the distinctions between cancer cells 
and their healthy counterparts. This research has led to the identifica
tion of approximately 300 genes implicated in human cancer, as cata
loged in the Cancer Gene Census [6,7]. These genes predominantly play 
critical roles in signal transduction, cell cycle regulation, apoptosis, 
angiogenesis, and cellular infiltration [8]. Targeting ferroptosis in can
cer stems from its unique iron-dependent, lipid peroxidation-driven cell 
death mechanism, offering an alternative pathway to overcome 
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resistance to apoptosis, a common hallmark of cancer. Many tumors 
exhibit dysregulated iron metabolism or altered lipid composition, 
rendering them potentially susceptible to ferroptosis induction [9].

Furthermore, the ability of ferroptosis to elicit immunogenic cell 
death (ICD) presents an opportunity to synergize with immunotherapy, 
enhancing anti-tumor immune responses. This distinct mechanism, 
therefore, offers a promising avenue for novel cancer therapies. In 
addition, understanding the genetic and molecular underpinnings of 
cancer is essential for developing targeted therapies and improving 
patient outcomes. Ongoing research continues to uncover the com
plexities of cancer biology, aiming to translate these findings into 
effective clinical interventions.

1.1. Tumors

A tumor arises from the rapid division of cells, resulting in abnormal 
tissue masses or lumps [10]. Tumors can vary significantly in size, from 
small nodules to large masses, and can develop in virtually any part of 
the body.

Types of Tumors
Tumors are classified into three main categories: 

1. Benign Tumors: These tumors are non-cancerous and do not exhibit 
malignant behavior. They typically grow slowly, if at all, and rarely 
recur after surgical removal. Common examples include hemangi
omas and fibroids [11].

2. Premalignant Tumors: These lesions, such as cervical dysplasia and 
actinic keratosis, contain cells that have not yet become cancerous 
but possess the potential to progress to malignancy [11].

3. Malignant Tumors: Malignant tumors are cancerous and charac
terized by uncontrolled cell proliferation and the ability to metas
tasize to different body regions [11]. Examples include various forms 
of cancer, germ cell tumors, and blastomas.

1.2. Types of cancer

Cancer manifests in various forms, each with distinct characteristics 
and implications for treatment: 

• Breast Cancer: This is one of the most prevalent cancers globally, 
primarily affecting women, though it can also occur in men [12].

• Prostate Cancer: Originating in the prostate gland, this cancer is 
common among men and varies in aggressiveness [13].

• Basal Cell Carcinoma: The most common form of skin cancer, it 
arises from basal cells in the epidermis. Early detection typically 
leads to successful treatment [14].

• Melanoma: This cancer originates in melanocytes, the pigment- 
producing cells of the skin [15].

• Colon Cancer: Also known as colorectal cancer, it begins in the large 
intestine and often starts as a polyp that may develop into cancer 
over time [16].

• Lung Cancer: Characterized by uncontrolled growth of abnormal 
lung cells, lung cancer can metastasize and is categorized into small 
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) [17].

• Leukemia: This cancer involves the proliferation of abnormal white 
blood cells, impairing the body’s ability to produce healthy blood 
cells [18].

• Lymphoma: Affecting the lymphatic system, lymphoma originates 
in lymphocytes and can spread to other organs. It is classified into 
Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) [19].

1.3. Causes of cancer

The primary cause of cancer is mutations in a cell’s DNA, which can 
disrupt normal cellular functions and lead to uncontrolled growth [20]. 
These mutations can occur due to various factors, including age, envi
ronmental influences, and lifestyle choices.

Biological factors
Certain biological factors, such as age, sex, and inherited genetic 

abnormalities, can predispose individuals to cancer. For instance, blood 
cancers are more prevalent in older adults due to genetic exchanges 
between chromosomes [21]. The Philadelphia chromosome (Ph1), a 
biomarker in chronic myeloid leukemia, exemplifies how specific ge
netic mutations can aid in diagnosis [22].

Environmental factors
Cancer incidence varies geographically, suggesting that environ

mental exposures play a significant role in cancer development. Immi
grants often develop cancer types prevalent in their new countries, 
indicating that environmental rather than inherited factors are crucial 
[23,24]. Notable environmental carcinogens include UV radiation and 
air pollutants [25].

Occupational and risk factors
Exposure to hazardous materials and chemicals in the workplace can 

lead to direct or indirect cellular damage, resulting in genetic mutations 
[26]. Such occupational hazards significantly contribute to the devel
opment of various cancers.

Lifestyle-related factors
Lifestyle choices significantly impact cancer risk. For example, 

smoking introduces numerous carcinogenic compounds that are 
strongly linked to lung cancer [27]. Other lifestyle factors, such as diet, 
physical activity, and alcohol consumption, also influence cancer risk.

2. Hallmark of cancer

The division, growth, stopping of development, and death of normal 
cells are all regulated by processes. These normal cells don’t divide 
unless instructed to do so by neighboring cells [28]. Every tissue 
maintains its appropriate size and shape in compliance with the body’s 
needs thanks to this ongoing cooperation [29]. On the other hand, 
cancer cells oppose this strategy; they ignore the typical growth-control 
signals and instead follow their own internal reproductive agenda [4].

They also possess a far more cunning characteristic: they could 
disperse from their original location, intruding on nearby tissues and 
building up into masses in other areas of the body. The deviation from 
this natural defense mechanisms which is very common in most Cancers 
leads to the development of Tumor.

2.1. Mechanisms of applying targeted therapy

Immune evasion: Both positive and negative effects on the immune 
system can result from tumors. Tumor cells rapidly undergo mutations 
that allow them to proliferate without these antigens and evade detec
tion, but antibodies are formed when the immune system initially 
identifies tumor antigens [30].

Fig. 1. Global cancer Incidence [3].
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Stress response: Hypoxia, or low oxygen and nutrition, stresses tumor 
cells and increases DNA damage. The body’s defensive reaction to stress 
stabilizes the tumor cell and encourages the tumor’s growth [31].

Stromal subversion: Entire bodily tissue is supported and connected 
by the stroma, an organ that serves both protective and connective 
functions. The extracellular matrix, which is made up of stromal cells, 
contains all other cells. Tumor cell signals induce stromal cell mutations 
via promoting angiogenesis and tumor cell motility, which permit in
vasion and metastasis [32].

Cytokine factors: In the context of a tumor, immune cells release 
cytokines, which are proteins that indicate inflammation. As a result of 
the inflammation that follows, immune cells release substances that 
encourage angiogenesis, which in turn promotes tumor growth [33].

2.2. Unprogrammed cell death

Unprogrammed cell death, also called accidental cell death or ne
crosis, happens when cells die without following the controlled pro
cedures of programmed cell death, such as autophagy or apoptosis, 
instead of dying because of external stimuli or significant damage [34]. 
Among them are ferroptosis, necroptotic, and necrosis (Table 1).

Necrosis: Necrosis happens when a cell has already experienced 
significant damage from outside causes like trauma or infection [35]. 
Light or electron microscopy can be used to identify cell and organelle 
enlargement or rupture of surface membranes with leakage of intracel
lular contents, which contributes to the characterization of necrosis 
(derived from the Greek word "nekros," which means "death") [36]. The 
Greek term "oncosis" (which means "swelling") is sometimes used by 
researchers, however "oncotic necrosis" has also been mentioned. When 
organellar membranes are damaged, enzymes that degrade proteins can 
break out from lysosomes, enter the cytoplasm, and eventually kill cells 
[4]. Rapid ATP depletion coupled with metabolic failure results in ne
crosis, which is most frequently observed in ischemia [34]. Necrosis is 
characterized by cell swelling along with an uncontrollably large cell 
membrane rupture that causes the contents of the cell to be expelled 
[35].

Necroptosis: It is a mediated type of inflammatory cell death [37]. 
Necrosis is historically associated with unprogrammed cell death 
brought on by pathogen invasion or damage to the cell itself, as opposed 
to planned programmed cell death brought on by apoptosis [35]. The 
discovery of necroptosis demonstrated that necrosis is programmable in 
cells and that there are other ways for cells to die besides apoptosis [38]. 
Moreover, necroptosis’ immunogenic properties make it a good option 
for a number of purposes, such as boosting the immune system’s 
response to pathogens. Necroptosis is a documented defense mechanism 
that causes the cell to commit "cellular suicide" in a caspase-independent 
way when viral caspase inhibitors are present [39]. Necroptosis is only 
induced by TNF therapy in the presence of a pan-caspase inhibitor, such 
as VAD fluoroethyl ketone [40]. It takes a blocked or compromised 
Caspase for necroptosis to happen. Exposure to each death pathway is 
regulated (sometimes in opposite ways) by an interacting cluster of 
regulatory molecules, including FLIP, A20, and cylindromatosis deubi
quitinases, as well as the cellular regulators of apoptosis proteins, cIAP1 
and cIAP2 [41]

3. Ferroptosis

Dixon and colleagues coined the term ferroptosis to explain the non- 
apoptotic, iron-dependent mechanism of cell death characterized by 
intracellular lipid ROS accumulation after Dolma discovered in 2003 
that their test compound "Erastin" induced cell death in cancer cells that 
was distinct from all other forms of cell death [42]. For both plants and 
animals, iron is a vital micronutrient because it is involved in several 
metabolic activities, including respiration, photosynthesis, and DNA 
synthesis. On the other hand, an excess of iron can be harmful to the 
body through a few ways, including cell death [43].

Uncontrolled lipid peroxidation and the ensuing membrane damage 
are the causes of ferroptosis, an iron-dependent mechanism of cell death 
[44]. It is morphologically defined by the presence of 
smaller-than-normal mitochondria with condensed mitochondrial 
membrane densities, as well as by the rupture of the outer mitochondrial 
membrane and the reduction or lack of mitochondrial crista [44]. In 
certain normal cells as well as malignant cells, it can be induced by novel 
chemicals or medications (such as artesunate, sorafenib, and sulfasala
zine). Renal tubule cells, neurons, fibroblasts, and T cells are a few ex
amples [45]. In terms of anatomy and biochemistry, ferroptosis is an 
oxidative iron-dependent mechanism that is distinct from necrosis, 
autophagy, and apoptosis [46].

Ferroptosis may result from internal or external causes. While 
inhibiting intracellular antioxidant enzyme expression or activity like 
glutathione peroxidase 4 (GPX4) primarily activates the intrinsic 
pathway, blocking the expression or activity of these same intracellular 
antioxidant enzymes primarily stimulates the extrinsic pathway [47]. 
Ferroptotic cell death can result from a variety of stressors, including 
radiation, hypoxia, low temperature, and high temperature, in addition 
to small chemicals and medications. Numerous clinical disorders, such 
as acute tissue injury, infection, cancer, and neurodegeneration, have 
been connected to this process. It has to do with mis regulated protein 
breakdown mechanisms like autophagy and the ubiquitin-proteasome 
system [48].

3.1. Hallmarks of ferroptosis

3.1.1. Morphological features
In terms of morphology, biochemistry, and genetics, ferroptosis is 

distinct from apoptosis, necrosis, and autophagy, according to a pre
liminary study. Many researchers agree that cells going through fer
roptosis typically exhibit morphological alterations resembling necrosis 
[45]. These characteristics include mild chromatin condensation, cyto
plasmic swelling (oncosis), loss of plasma membrane integrity, and 
enlargement of cytoplasmic organelles. Ferroptosis can occasionally be 
accompanied by increased autophagosomes, as well as the detachment 
and rounding up of cells. Notably, ferroptosis that starts in one cell has 
the ability to rapidly propagate to neighboring cells [48].

Ferroptotic cells typically show ultrastructural anomalies related to 
mitochondria, including swelling or condensation, increased membrane 
density, absent or diminished crista, and outer membrane rupture [45]. 
The part played by these organelles in ferroptosis is still up for debate, 
despite these notable modifications in mitochondrial morphology. In 
most mammalian cells, mitochondria serve as both the hub of meta
bolism and a significant generator of reactive oxygen species (ROS) 

Table 1 
Comparison of cell death mechanisms.

Feature Apoptosis Necrosis Ferroptosis Pyroptosis Autophagy

Cell Shrinkage Yes No Yes No No
Membrane Rupture No Yes Yes Yes No
Inflammatory Response No Yes Yes Yes No
Dependency on Iron No No Yes No No
Role in Cancer Therapy Some None High Some Some
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[49]. More recent research indicates that lipid peroxidation and fer
roptosis induction are dependent on mitochondria-mediated ROS pro
duction, DNA damage, and metabolic reprogramming, in contrast to an 
earlier study that showed the induction of ferroptosis does not require 
mitochondria-mediated ROS generation [49].

3.1.2. Biochemical features
Iron buildup and lipid peroxidation are the two primary biochemical 

features linked to ferroptosis, a ROS-dependent kind of cell death [50].
Iron accumulation: Erasin and RSL3, two traditional ferroptosis 

activators, enhance intracellular iron buildup while suppressing the 
antioxidant system [51]. Oxidative damage can be made worse by iron 
directly producing too many ROS through the Fenton reaction [52]. 
Moreover, iron may increase the activity of lipoxygenase (ALOX) and 
EGLN prolyl hydroxylases (often referred to as PHD), the enzymes that 
maintain oxygen homeostasis and cause lipid peroxidation [48]. Fer
roptosis sensitivity is influenced by the interplay between cellular iron 
regulatory processes at the local and systemic levels. Effective inhibition 
of ferroptotic cell death can be achieved by targeting genes linked to iron 
overload or by employing iron-chelating medications (explained sub
sequently) [48]. The reason why iron is the only metal that may cause 
ferroptosis is unknown; other metals, like zinc, can also cause a Fenton 
reaction that produces ROS. According to one idea, iron overload causes 
specific downstream effectors that aid in ferroptosis to occur once lipid 
ROS are generated [48].

Lipid peroxidation: Lipid peroxidation, mostly affecting the cell 
membrane’s unsaturated fatty acid content, is a free radical-induced 
process [53]. Lipid peroxidation produces byproducts called initially 
lipid hydroperoxides (LOOHs) and later reactive aldehydes, like 
malondialdehyde (MDA) and 4-hydroxynonenal (4HNE), which rise 
during ferroptosis [53]. The three distinct forms of fatty acids are 
saturated fatty acids (no double bond), polyunsaturated fatty acids 
(PUFAs, >1 double bond), and monounsaturated fatty acids (MUFAs, 1 
double bond) [54]. Ferroptosis appears to be primarily dependent on the 
peroxidation of polyunsaturated fatty acids (PUFAs) in phospholipids by 
ALOXs, despite the possibility of oxidation of other cell membrane lipids 
such as cardiolipin, phosphatidylcholine, and phosphatidylethanol
amine (PE) [55]. Cardiolipin peroxidation is absent from ferroptosis, 
even though mitochondria experience significant alterations during this 
process [48].

3.1.3. Genetic features
One potential biomarker for ferroptosis is the overexpression of 

specific genes or proteins, such as prostaglandin-endoperoxide synthase 
2 (PTGS2/COX2), the main enzyme involved in prostaglandin synthesis 
[48]. However, during ferroptosis, prostaglandins are not utilized by 
PTGS2 as a lipid peroxidation substrate. The enzyme Acyl-CoA synthe
tase long-chain family member 4 (ACSL4), which is connected to fatty 
acid metabolism, is believed to be a specific biomarker and driver of 
ferroptosis because of its overexpression, which increases the PUFA 
content of phospholipids, which makes them susceptible to oxidation 
processes that result in ferroptosis [56]. But ferroptosis may not neces
sarily require ACSL4, therefore in certain circumstances, cells with 
lower levels of ACSL4 may go through ferroptosis.

The activation of genes involved in antioxidant defense (e.g., the 
glutathione (GSH) system, 8 coenzyme Q10 (CoQ10) system, and nu
clear factor, erythroid 2-like 2 (NFE2L2, also known as NRF2) tran
scription pathway33) and membrane repair (e.g., the endosomal sorting 
complexes required for transport (ESCRT)-III pathway34) limits 
ferroptosis-induced membrane damage [57]. Thus, cells "decide" 
whether to survive or perish in response to ferroptotic stimuli by 
weighing the relative importance of anti-injury and injury responses.

3.1.4. Immune features
There are two parts to ferroptosis’s immunological effects. First, 

leukocyte subset mortality and subsequent loss of immunological 

function can result from ferroptosis [48]. For instance, ferroptosis in T 
cells brought on by lipid peroxidation encourages the growth of parasitic 
or viral infections. More significantly, and second, ferroptosis controls 
how the immune system responds to dying cells or their corpses when it 
affects non-leukocytic cells [58]. By releasing and activating distinct 
damage-associated molecular pattern (DAMP) signals, various forms of 
cellular death can trigger distinct immunological and inflammatory re
actions [59].

Ferroptosis, in general, is a kind of inflammatory cell death associ
ated with the production, following tissue injury or tumor therapy, of 
lipid oxidation products (e.g., 4HNE, oxPLs, LTB4, LTC4, LTD4, and 
PGE2) or DAMPs (e.g., high mobility group box 1 (HMGB1) and DNA) 
[60]. For example, in aging and chronic disorders, the lipid peroxidation 
product 4HNE is a pro-inflammatory mediator that activates the nuclear 
factor-κB (NF-κB) pathway. Ferroptotic cells secrete HMGB1, a classic 
DAMP linked to several types of cell death. Then, by means of the 
advanced glycosylation end-product-specific receptor (AGER/RAGE), a 
pattern-recognition receptor, this DAMP triggers the NF-κB pathway in 
innate immunity, leading to the inflammation of peripheral macro
phages [61]. It might be advantageous to treat inflammatory illnesses by 
concentrating on DAMP signaling linked to lipid metabolism.

4. Mechanisms of ferroptosis and cancer therapy

4.1. Inducing ferroptosis by suppressing GPX4 in cancer therapy

Ferroptosis, which is characterized by lipid peroxidation, is mostly 
regulated by GPX4. It inhibits ferroptosis and stops iron-dependent lipid 
reactive oxygen generation by catalyzing the conversion of R-OOH into 
R-OH. GPX4 is dependent on iron and reactive oxygen species (ROS) 
[44]. It is involved in the formation of the system xc− /GSH/GPX4 axis, 
which inhibits ferroptosis by fighting cellular phospholipid peroxidation 
[62]. One of the major obstacles preventing targeted anticancer therapy 
from producing better results in terms of stability and integrity is ac
quired drug resistance [63].

Remarkably, it has been demonstrated that cancers of the prostate, 
pancreas, non-small cell lung, and melanoma cells all exhibit a selective 
ferroptosis dependence that is exacerbated by GPX4 loss of function 
[64]. Higher clinical stages and selective sensitivity to ferroptosis in 
cancer cells with a strong mesenchymal state indicate that these cells 
may be susceptible to GPX4 inhibition [65]. Ionizing radiation (IR) has 
been found to induce ferroptosis in esophageal adenocarcinoma, breast 
malignancy, renal carcinoma, and fibrosarcoma in a few investigations 
[66]. Furthermore, it has been discovered that, in xenograft models, 
ferroptosis inducers that target GPX4 increase the sensitivity of radiation 
therapy [66]. When comparing the doxorubicin-treated animals to the 
naked control mice, the tumor mass made up of gpx4-knocked HCT116 
(a human colon cancer cell line) cells was somewhat less [67]. As a result 
of GPX4′s potency as a ferroptosis inhibitor, tumor therapies are now 
more drug-resistant, which poses a significant challenge in clinical set
tings when utilizing novel molecular targets and therapeutic modalities 
[68].

To verify the involvement of GPX4 in carcinogenesis and test their 
theory that it may have a regulatory function during tumor growth, 
Schneider et al. conducted an experiment to inactivate GPX4 in murine 
embryonic fibroblasts (MEFs) [69]. In vitro inactivation of GPX4 
resulted in immediate cell death. Remarkably, altered GPX4+/−
generated tumor spheroids and survived in Matrigel. The mice were 
given subcutaneous implants of the tumor cells. Subsequently, a tumor 
with a robust vascular phenotype—a decrease in big diameter arteries 
and an increase in micro vessel density—was collected. It had the same 
volume and weight as tumors of the wild type. Pharmacologically sup
pressing 12/15-LOX reversed the phenotype and restored normal 
vascular morphology. Therefore, it was determined that by controlling 
12/15-LOX activity, GPX4 is a crucial regulator of tumor development 
and vascular maturation.
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Downregulating GPX4-induced antioxidation is a common strategy 
for GPX4-relevant cancer therapy because it is a well-known way to 
activate ferroptosis. According to studies, most cancer cells are thought 
to be under high levels of oxidative stress [70]. This suggests that to 
prevent oxidative damage, it is necessary to increase the 
ROS-scavenging ability [71]. It was discovered that ferroptosis was 
suppressed in cells with upregulated GPX4 expression, while it was more 
responsive in cells with downregulated GPX4 expression. As a ferrop
tosis inducer, RSL3 directly inhibits GPX4 function, which reduces 
antioxidant potential in cells and causes ROS to build up, ultimately 
resulting in ferroptosis [72]. However, DPI7 and DPI10 directly affect 
glutathione peroxidase, which results in ferroptosis. The amino acid 
selenocysteine plays a significant role in the GPX4 active group [73].

To inject selenocysteine into GPX4, selenocysteine tRNA is neces
sary. Mevalonate (MVA) route controls selenocysteine tRNA maturation, 
which affects GPX4 production. Ferroptosis is therefore regulated. Two 
of the most crucial elements of the MVA pathway are IPP and COQ10. 
Reduced selenocysteine tRNA synthesis, decreased GPX4 activity, and 
ferroptosis are the results of inhibiting the MVA pathway [74].

4.2. Inducing ferroptosis by suppressing system XC

System Xc- is a widely distributed amino acid anti-transporter in 
phospholipid bilayers. It is a heterodimer that is engaged in a significant 
antioxidant process in the cell, and it is made up of the SLC7A11 and 
SLC3A2 subunits [74]. Glutamate and cysteine are moved into and out 
of cells in a 1:1 ratio by machine Xc-. Cysteine that enters cells is 
transformed into cysteine, which is then utilized to produce glutathione 
(GSH) [75]. Under the direction of glutathione peroxidases, GSH re
duces reactive oxygen species and nitrogen dioxide (GPXs). By pre
venting cystine absorption, inhibiting system Xc-activity lowers GSH 
production [74]. This ultimately results in a decrease in GPX activity, a 
decrease in the antioxidant capacity of cells, a build-up of lipid reactive 
oxygen species, oxidative damage, and ferroptosis. By downregulating 
SLC7A11 expression, P53 can also reduce lipid ROS accumulation, fer
roptosis, and the antioxidant ability of cells and interfering with GPX4 
action. This leads to a decline in ferroptosis, lipid ROS accumulation, 
and cell antioxidant capacity [76].

4.3. P53-mediated ferroptosis

Tumor suppressor genes like P53 are crucial in this regard. P53′s 
involvement in ferroptosis remains unknown, even though age, 
apoptosis, and cell cycle suppression are all significant contributors in 
the onset and spread of tumors [77]. Ferroptosis is aided by P53 mutants 
with aberrant acetylation that have recently been discovered. Fer-1, an 
inhibitor of ferroptosis, caused a significant reduction in the rate of cell 
death, and P53 also caused ferroptosis [74]. Further research indicates 
that P53 can impede system Xc-uptake of cystine by downregulating 
SLC7A11 expression, which affects GPX4 function and reduces antioxi
dant capacity, ROS buildup, and ferroptosis [78].

Furthermore, ferroptosis regulation is mediated by the P53-SAT1- 
ALOX15 pathway. P53′s transcriptional target and rate-limiting 
enzyme for polyamine catabolism is SAT1. In response to reactive oxy
gen species, SAT1 activation promotes lipid peroxidation (ROS) and 
ferroptosis, which is connected to the production of arachidonate lip
oxygenase 15. (ALOX-15) [79].

4.4. Ferroptosis pathway

The three classes of regulatory pathways for ferroptosis are repre
sented in the diagram. The p53 regulatory axis, the sulfur transport 
pathway, the MVA pathway, the glutamine pathway, and the inhibition 
of system Xc-are all under the direction of the GSH/GPX4 route [80]. 
Iron metabolism control methods include the p62-Keap1-NRF2 and 
HSPB1 regulatory pathways, as well as the regulation of the 

ATG5-ATG7-NCOA4 pathway and IREB2 in relation to ferritin meta
bolism [72]. The P53-SAT1-ALOX15, ACSL4, LPCAT3, and other lipid 
metabolism-related pathways that affect ferroptosis and lipid control are 
examples of the third party. By attaching itself to mitochondria, erythrin 
induces ferroptosis [81] (Fig. 2).

4.5. Ferroptosis and immunotherapy

The integration of ferroptosis into existing cancer treatment modal
ities holds significant promise can enhance anti-tumor immune re
sponses by inducing immunogenic cell death (ICD), releasing damage- 
associated molecular patterns (DAMPs) that activate immune cells. 
This process enhances the effectiveness of immunotherapy by promoting 
tumor antigen presentation and T cell activation. Research highlights 
that combining ferroptosis inducers with immune checkpoint inhibitors 
can overcome tumor resistance. Studies have shown that immune cells, 
such as CD8+ T cells, can induce ferroptosis in tumor cells, creating a 
synergistic anti-tumor effect [82].

4.6. Ferroptosis and radiotherapy

When combined with radiotherapy, ferroptosis can create a syner
gistic effect. Radiotherapy induces oxidative stress and increases iron 
availability, both of which sensitize tumor cells to ferroptosis. Therefore, 
combining radiotherapy with ferroptosis inducers can amplify tumor 
cell death. Furthermore, the ICD induced by radiotherapy can be 
potentiated by concurrent ferroptosis, leading to a stronger anti-tumor 
immune response. This means, the radiation can start the process of 
cell death, and the ferroptosis can greatly increase the number of cells 
that are killed [83].

4.7. Ferroptosis and nanotherapy

Nanotherapy offers a platform for targeted delivery of ferroptosis 
inducers to tumor cells, minimizing off-target effects. Nanoparticles can 
be engineered to encapsulate and release ferroptosis-inducing agents, 
minimizing off-target effects and maximizing therapeutic efficacy [84]. 
Additionally, nanoparticles can be designed to carry multiple thera
peutic payloads, enabling the simultaneous delivery of ferroptosis in
ducers and other anti-cancer drugs, such as immunotherapy drugs, or 
radiosensitizers. This allows for a very targeted approach to delivering 
the cell death mechanism, directly to the tumor and reduces toxicity 
[85].

5. Ferroptosis regulation and its role in physiological conditions

Ferroptosis, a form of regulated cell death driven by iron-dependent 
lipid peroxidation, is tightly controlled by the balance between pro- 
ferroptotic (e.g., iron availability, lipid peroxidation) and anti- 
ferroptotic (e.g., glutathione peroxidase 4 (GPX4), system Xc-) 

Fig. 2. Basic ferroptosis pathway. Created from biorender.com.
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mechanisms. GPX4, a key regulator, detoxifies lipid peroxides, while 
system Xc- imports cystine, a precursor for glutathione synthesis, thus 
preventing ferroptosis [48]. Iron homeostasis, regulated by proteins like 
ferritin and transferrin, also plays a crucial role. Physiologically, fer
roptosis contributes to development and tissue homeostasis, while 
pathologically, it’s implicated in neurodegenerative diseases, 
ischemia-reperfusion injury, and cancer. Recent studies emphasize the 
crosstalk between ferroptosis and other signaling pathways, including 
NF-κB, p53, and the Keap1-Nrf2 pathway, which modulate its sensi
tivity. These interactions are critical for understanding disease pro
gression and therapeutic targeting [86,87].

In various tumors, the role of ferroptosis is complex and context- 
dependent. Some tumors exhibit increased sensitivity to ferroptosis, 
making it a promising therapeutic target. For instance, certain cancer 
types with GPX4 deficiency or increased iron uptake are more vulner
able. Conversely, some tumors develop resistance through upregulation 
of anti-ferroptotic mechanisms or alterations in lipid metabolism [88]. 
The interplay between ferroptosis and the tumor microenvironment, 
including interactions with immune cells and stromal components, 
further influences its impact. Notably, ferroptosis can induce immuno
genic cell death, potentially enhancing anti-tumor immune responses. 
Recent research has shown that ferroptosis can have a role in drug 
resistance, and that overcoming that resistance through ferroptosis 
targeted therapies is a promising area of research [85,61,89].

5.1. Preclinical evidence and translational studies on ferroptosis in cancer 
therapy

Preclinical evidence strongly supports the efficacy of ferroptosis in
duction in various cancer models. Studies have demonstrated that fer
roptosis inducers can effectively suppress tumor growth in vitro and in 
vivo, particularly in cancer types resistant to conventional therapies. For 
example, research has shown that GPX4 inhibitors can induce ferrop
tosis and inhibit tumor progression in several cancer types, including 
hepatocellular carcinoma and pancreatic cancer. Additionally, combi
nation therapies, such as ferroptosis inducers with immune checkpoint 
inhibitors or radiotherapy, have shown synergistic effects in preclinical 
settings [48,87].

Translational studies are underway to evaluate the safety and effi
cacy of ferroptosis-targeted therapies in clinical trials. While still in early 
stages, some clinical trials have been initiated to explore the potential of 
ferroptosis inducers in cancer patients. These studies aim to determine 
the optimal dosing, safety profiles, and preliminary efficacy of these 
agents. Biomarkers, such as GPX4 expression and iron levels, are being 
investigated to identify patients who may benefit most from ferroptosis- 
based therapies [90]. The transition from preclinical to clinical appli
cation is a critical step in realizing the therapeutic potential of 
ferroptosis.

6. Morphological and biochemical indications of ferroptosis

6.1. Morphological indications

Cell shrinkage: Unlike apoptosis, which often involves cell frag
mentation into apoptotic bodies, ferroptotic cells typically exhibit 
cell shrinkage and reduced cell volume [91].
Mitochondrial changes: Mitochondria in ferroptotic cells often 
show specific alterations, such as a reduction in mitochondrial 
membrane density, smaller and more elongated shapes, and the 
absence of cristae or damaged cristae [92].
Membrane rupture: Cells undergoing ferroptosis may display 
plasma membrane damage or rupture, although this is less promi
nent compared to necrosis [93].

6.2. Biochemical indications

Lipid peroxidation: The build-up of oxidized lipids, especially in 
polyunsaturated fatty acids, is a hallmark of ferroptosis. This can be 
measured using specific assays like the detection of malondialdehyde 
(MDA) or 4-hydroxy-2-nonenal (4-HNE) [55].
Reduced glutathione levels: Ferroptotic cells often exhibit 
decreased levels of glutathione (GSH), a crucial antioxidant that 
helps protect against oxidative stress [94].

Increased Iron Levels: Ferroptosis is associated with elevated intra
cellular iron levels, which catalyze the formation of reactive oxygen 
species (ROS) and contribute to lipid peroxidation [50]. Impaired 
Antioxidant Systems: The ferroptotic process involves the dysfunction of 
antioxidant systems, particularly the glutathione peroxidase 4 (GPX4) 
enzyme, which normally reduces lipid hydroperoxides. Inhibition or 
depletion of GPX4 is a key trigger of ferroptosis [95]. Altered Meta
bolism: Changes in metabolic pathways related to iron metabolism and 
lipid synthesis can be indicative of ferroptosis. For example, inhibition 
of cysteine uptake and disruption of the cystine-glutamate antiporter 
(system Xc⁻) can contribute to ferroptosis [96].

6.3. Mediators of ferroptosis

1. Iron: Ferroptosis depends on intracellular iron buildup. Lipid per
oxidation is catalyzed by iron through the Fenton process, which 
produces reactive oxygen species (ROS) [97].

2. System Xc: a glutamate/cysteine antiporter that provides cysteine for 
the production of GSH. Its suppression increases ferroptosis and re
duces GSH production [75].

3. P53: The tumor suppressor protein p53 can regulate ferroptosis by 
modulating the expression of genes involved in iron metabolism and 
lipid peroxidation [98].

4. ROS: A key mechanism of ferroptosis is the production of reactive 
oxygen species (ROS), especially lipid peroxides. The iron-catalyzed 
processes that produce this ROS led to cellular damage [99].

7. Novel drug delivery systems targeting ferroptosis in cancer 
therapy and clinical implications

Recent advancements in drug delivery systems have focused on 
enhancing the efficacy of ferroptosis-inducing agents while minimizing 
off-target effects. Novel drug delivery systems, such as nanoparticles, 
liposomes, and micelles, have shown promise in targeting ferroptosis in 
tumor cells. For instance, iron oxide nanoparticles can facilitate the 
localized release of ferroptosis inducers, thereby enhancing their cyto
toxic effects in malignant tissues while sparing normal cells [100]. These 
systems can be engineered to respond to specific tumor microenviron
mental cues, such as pH or enzymatic activity, ensuring that ferroptosis 
is selectively induced in cancer cells.

Several novel ferroptosis-inducing drugs have been developed, 
including RSL3 and erastin, which inhibit the system Xc- cystine/ 
glutamate antiporter, leading to glutathione depletion and subsequent 
lipid peroxidation [101]. These agents have shown efficacy in various 
cancer models, particularly in those resistant to conventional therapies. 
The combination of ferroptosis inducers with traditional chemothera
peutics is an area of active research, as it may enhance therapeutic 
outcomes. For example, combining ferroptosis inducers with doxoru
bicin has demonstrated synergistic effects in breast cancer models, 
suggesting that ferroptosis can be exploited to overcome drug resistance 
[102].

Furthermore, the integration of ferroptosis inducers with immuno
therapy is being explored, as the immunogenic nature of ferroptosis may 
enhance anti-tumor immune responses [103]. This combination 
approach could revolutionize cancer treatment paradigms, offering new 
avenues for patients with refractory tumors.
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7.1. Targeting ferroptosis in cancer therapy

The manipulation of ferroptosis presents an innovative approach to 
cancer therapy. Several studies have demonstrated that inducing fer
roptosis can effectively kill cancer cells, particularly those resistant to 
conventional therapies. For instance, cancer cells with mutations in the 
p53 tumor suppressor gene exhibit increased sensitivity to ferroptosis 
inducers, suggesting that ferroptosis can be exploited in p53-deficient 
tumors [24]. Additionally, certain chemotherapeutic agents, such as 
sorafenib and erastin, have been shown to induce ferroptosis in various 
cancer types, including liver and pancreatic cancers [101,104]. By 
integrating ferroptosis inducers into existing treatment regimens, clini
cians may enhance the efficacy of current therapies, particularly in 
hard-to-treat cancers.

7.2. Overcoming drug resistance

One of the most significant challenges in cancer treatment is drug 
resistance. Ferroptosis offers a promising avenue for overcoming this 
obstacle. For instance, cancer cells that develop resistance to traditional 
therapies often maintain a degree of sensitivity to ferroptosis. This has 
been observed in models of drug-resistant breast cancer, where ferrop
tosis induction restored sensitivity to chemotherapeutic agents [105]. 
The ability to combine ferroptosis inducers with existing therapies could 
provide a dual mechanism of action, attacking cancer cells through 
multiple pathways and reducing the likelihood of resistance developing.

7.3. Biomarkers for ferroptosis

Identifying biomarkers that predict sensitivity to ferroptosis is 
crucial for the clinical application of this therapeutic strategy. Current 
research is focused on understanding the genetic and metabolic profiles 
that correlate with ferroptosis susceptibility. For example, alterations in 
the expression of genes involved in iron metabolism, such as SLC7A11, 
have been linked to ferroptosis sensitivity [42]. The development of 
reliable biomarkers could facilitate patient stratification, allowing cli
nicians to identify those who would benefit most from 
ferroptosis-targeting therapies. This personalized approach could 
enhance treatment efficacy and minimize unnecessary toxicity in pa
tients unlikely to respond.

7.4. Safety and toxicity considerations

While the induction of ferroptosis holds promise, it is essential to 
consider the potential safety and toxicity implications. The accumula
tion of lipid peroxides can have deleterious effects on normal tissues, 
raising concerns about the therapeutic window of ferroptosis inducers. 
Preclinical studies have indicated that the systemic induction of fer
roptosis can lead to organ damage, particularly in the liver and kidneys 
[106]. Thus, careful monitoring and management of potential side ef
fects will be necessary in clinical settings. The development of targeted 
delivery systems that confine ferroptosis inducers to tumor tissues may 
mitigate these risks, enhancing safety while maximizing therapeutic 
efficacy.

7.5. Challenges and future directions

Despite the promising potential of ferroptosis in cancer therapy, 
several challenges remain. The complexity of ferroptosis regulation, 
coupled with the heterogeneity of tumors, necessitates further research 
to elucidate the precise mechanisms governing ferroptosis in different 
cancer types. Moreover, the translation of preclinical findings into 
clinical practice requires robust clinical trials to establish the safety, 
efficacy, and optimal dosing regimens of ferroptosis inducers. Future 
studies should also explore combination strategies that integrate fer
roptosis with other therapeutic modalities, such as immunotherapy and 

targeted therapies, to enhance overall treatment outcomes.

8. Conclusion

Ferroptosis represents a novel and promising approach to cancer 
therapy, with the potential to overcome drug resistance and improve 
treatment efficacy. By understanding the mechanisms underlying fer
roptosis and identifying biomarkers for sensitivity, clinicians may 
harness this form of regulated cell death to develop more effective 
cancer therapies. The integration of developing biological discoveries 
and technological innovations with conventional therapy is necessary in 
the therapy of cancer. Ferroptosis a recently discovered form of cell 
death that is dependent on lipid peroxidation and is distinct from clas
sical programmed cell death. Many studies have demonstrated that 
ferroptosis plays a critical function in destroying tumor cells and 
reducing tumor growth, which is something that current cancer treat
ments cannot properly handle given the resilience of cancer cells to 
existing chemotherapeutic medications.

However, the challenges associated with safety, toxicity, and the 
complexity of tumor biology warrant further investigation. As research 
progresses, ferroptosis could become an integral component of cancer 
treatment paradigms, offering hope for patients with challenging 
malignancies.
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