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Abstract 

Ferroptosis, a unique, non-apoptotic, iron-dependent, controlled cell death associated with excessive iron accumulation 
and phospholipid peroxidation. It causes a reduction in cell volume and an increased density of the mitochondrial 
membrane. This form of controlled cell death is genetically, biochemically, and morphologically unique from other cell 
deaths, such as apoptosis, uncontrolled necrosis, and necroptosis. Directly or indirectly, alteration of glutathione 
peroxidase by ferroptosis inducers, through various mechanisms, causes a loss of antioxidant potential and a build-up 
of lipid reactive oxygen species (ROS) in cells. Inhibition of glutathione peroxidase 4 (GPX-4), system Xc-
cystine/glutathione antiporter, and arachidonoyl (AA) peroxidation induces ferroptosis in cells, which can be mediated 
by the mitochondrial VDAC3, p53 genes, and a variety of additional regulator genes such as HSPB1, CARS, and NFR2. 
Aside from these, a number of drugs like sorafenib, lanperisone, artemisinin, and sulfasalazine can induce ferroptosis. 
Recent research has linked ferroptosis to the pathophysiology of many diseases, including tumors, cancers, strokes, 
neurodegenerative, hepatic, kidney, and pulmonary diseases. In this article, we focused on the process of ferroptosis, 
its inducers and regulators, and its role in various diseases based on current evidence. 
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1. Introduction

Cell death is an inevitable and crucial process of life that signals the end of a cell's life, whether in normal or pathological 
circumstances. Ferroptosis is a new kind of recently discovered cell death and is characterized by excess iron 
accumulation and phospholipid peroxidation1. Its characteristics are different than those of typical necrosis, like 
swelling of the cell by enlargement of cytoplasm and other organelles, followed by cell membrane rupture, and also 
different from conventional caspase-dependent apoptosis, for example, shrinkage of the cell, chromatin condensation, 
DNA fragmentation, and the development of apoptotic bodies2–4.Mitochondrial shrinkage, along with disappearance or 
depletion of mitochondrial cristae and elevated membrane density, is the unique feature of ferroptosis and makes it 
different from other types of traditional cell death. Biochemically, due to lower intracellular glutathione (GSH), the 
activity of glutathione peroxidase 4 (GPX-4) is impaired, and it inhibits the GPX-4 mediated metabolism of lipid 
peroxides, resulting in the formation of ROS (reactive oxygen species) by ferrous ion (Fe2+) mediated lipid oxidation, 
which causes ferroptosis1,3,5.  
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2. Discovery& history 

Table 1 Depicts the progression of ferroptosis research over time 

Year Discovered theory Reference 

2003 Erastin, a novel compound identified by Dolma et al., can cause a new process of cell death. 6 

2007 
After Erastin, RSL3, another molecule that causes this kind of cell death, was found by Yagoda, 
N. et al., and can be attenuated by iron chelating agents. 

4 

2008 
Yang, W. S. et al. verified the function of RSL3 in cell death and iron chelating agent-mediated 
inhibition of cell death in 2008. 

3 

2012 

` 

Dixon et al. found erastine-mediated cancer cell death with RAS mutation during their 
research and named it ferroptosis. 

1 

In astrocytes, the transsulfuration process provides cysteine for glutathione biosynthesis.  7 

2014 

In in vitro models, like HD, PVL, and renal insufficiency, Skouta et al. discovered a potent 
inhibitor Ferrostatin (Fer-1) mediated cell death. This is the first time that the significance of 
ferroptosis has been emphasized. 

8 

The studies of renal dysfunction in mice were mentioned in two research articles. The first 
included a mouse model of ferroptosis. And the non-cell-autonomous character of ferroptosis 
was initially established by Linkerman et al. 

5,9 

2015 

Silencing of the Transferrin Receptor gene (TFR-1), blocked erastin-induced ferroptosis. 10 

By providing iron, heme oxygenase-1 can promote erastin-induced ferroptosis. 11 

The over expression of HSPB1 can significantly inhibits the process of ferroptosis.  12 

In the process of ferroptosis the role of glutamine metabolic pathway. 10 

p53 causes ferroptosis by suppressing the xc- system, which consists of two subunits, 
SLC7A11, and SLC3A2. 

13,14 

2016 

The involvement of p53-SATI-ALOX15 pathway in the regulation of ferroptosis. 15 

NCOA4-mediated ferratin-associated autophagy can higher the quantity of unstable iron in 
cells, triggering ferroptosis. 

16 

Regulation of pathway of lipid metabolism. 17,18 

2017 
Xie et al. revealed that p53 expression causes suppression of ferroptosis in colorectal cancer 
cells. 

19 

2018 
In cancer cells, the p53-P21 pathway can repress the emergence of ferroptosis. 20 

Activation of GPX-4 can be utilized as a cytoprotective and anti-inflammatory treatment. 21 

2019 

GPX-4 is degraded by erastin. 22 

Ferroptosis has a key role in myocardial infraction, according to studies on heart 
transplantation and I/R damage. 

23,24 

The FSPI-COQ10-NAD(P)H mechanism co-operates with glutathione and GPX-4 to inhibit the 
peroxidation of  phospholipid and ferroptosis. 

25,26 

2020 

Ionizing radiation-induced suppression of tumor in vivo is mediated by ferroptosis. 27 

The deficiency of ferritin H, present in the heart, triggers cardiomyopathy via ferroptosis 
mediated by Slc7a11. 

28 

2021 

Increasing Nrf2 slowed the development of diabetic nephropathy via inhibiting ferroptosis. 29 

In human pancreatic cancer cells, the ferroptosis activator RSL3 can prevent MTOR activation 
and lead to GPX-4 protein breakdown. 

30 
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Dihydroorotate dehydrogenase (DHODH) has effects that are most noticeable in cancer cells 
with poor GPX-4 expression. It either reduces or increases ferroptosis brought on by GPX-4 
inhibition. 

31 

2022 
Expression of ferroptosis negative regulator genes (SLC7A11, GPX-4, and FTH1) is regulated 
by STAT3. Suppresion of STAT3 activity causes ferroptosis via inducing oxidative damage 
and iron accumulation in gastric cancer cells. 

32 

3. Morphological and biochemical features and core regulators 

Table 2 Depicts the main morphological and biochemical features and core regulators of ferroptosis 

Morphological features Biochemical features 

Core regulators 

Reference Positive 
regulators 

Negative 
regulators 

Condensed mitochondrial membrane 
densities; mitochondrial crista loss or 
absence; rupture of external 
mitochondrial membrane; normal 
nuclear size; and lack of chromatin 
condensation all influence 
mitochondria to shrink in size 

Inhibition of system Xc-, 
which is made up of two 
components, SLC7A11 and 
SLC3A2, causes decrease in 
cystine absorption, 
resulting GPX-4 inhibition 

Iron and ROS buildup 

Activation of MAPKs 

Ras 

p53 

VDAC2/3 

CARS 

TFR1 

NOX 

SLC7A11 

NRF2 

GPX-4 

HSPB1 

33–35 

 

3.1. Inducer of ferroptosis: figure 1 

 

Figure 1 Core inducers of ferroptosis 

3.1.1. Erastin 

Iron chelators (deferoxamine) and antioxidants (like alpha tocopherol, butyalated hydroxyl toluene, and beta carotene) 
can prevent erastin from causing cell death. In the process of ferroptosis that is induced by erastin, ROS and iron 
dependent signalling are required1,4. Iron responsive element-binding protein 2 (IREB2), ATP synthase F0 complex 
subunit-3, ribosomal protein L8, citrate synthase, tetratricopeptide repeat domain 35, and andacyl-CoA synthetase 
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family member 2(ACSF2) are among the six confidence genes1. In erastin-induced ferroptosis, the activation of 
RAF/MEK/ERK signalling is important. Erastin after binding with VDAC 2/3 in BJeLR cells leads to erasin resistance4. 
Erastin can inhibit system Xc- which is an antiporter of cystine/glutamine1. 

3.1.2. RSL3 and RSL5 

They can induced ferroptosis. VDAC2/3 is required for RLS5-induced ferroptosis3. RSL3 binds with GPX-4 and 
inactivates GPX-4, which induces ROS production from lipid peroxidation36. 

3.1.3. Buthioninesulfoximine 

It is an irreversibly inhibits the γ-glutamyl cysteine synthetase, in GSH synthesis it is the rate-limiting enzyme. As a 
result, buthioninesulfoximine can inhibit GSH synthesis with the decreasing activity of GPX-4 and increase the levels of 
ROS production. This process results in ferroptosis36. 

3.1.4. Acetaminophen 

The metabolite of acetaminophen causes GSH depletion and increases the damage to the liver. Ferroptosis can be caused 
in mice hepatocytes, but not in HepG2 liver cancer cell lines37. 

3.1.5. FIN 

Ferroptosis inducing compounds (FINs) that are a series of small molecules that were discovered by a larger screening 
process38,39. Reduced PC-OOH levels were shown in an LC-MS based GPX-4 assay, when any of the seven members of 
DPI family (DPI7, DPI10, DPI12, DPI13, DPI17, DPI18, and DPI19) were treated with cells. These FIN compounds (class 
II FINs), like RSL3, actively block GPX-4 activity without lowering GSH. Class I FINs, like DPI2, block GPX-4 by reducing 
GSH in the same manner that erastin and BSO do36. 

3.1.6. Lanperisone 

Some study suggests that, through perturbation of voltage gated ion channels, lanperisone induces ROS generation but 
mechanism of it inducing ROS is not exactly known40. 

3.1.7. Sulfasalazine 

Chronic inflammation in retina, gut and joints can be treated with the help of sulfasalazine. System Xc- antiporter can 
also be blocked by it41. 

3.1.8. Sorafenib 

Ferroptosis is induced by sorafenib in hepatocellular carcinoma cells42,43. Oncogenes like p53, RAF, Ras, PIK3CA, are 
independent from sorafenib induced ferroptosis44. Gene expressions like NFR2 and RB can block sorafenib induced 
ferroptosis42,45. 

3.2. Signaling pathway of ferroptosis 

3.2.1. Iron 

Through Fenton Reaction excessive iron contributes by producing ROS in ferroptosis. . The transferrin receptor, which 
is distributed over the cell membrane, helps to enter the ferric ions (Fe3+) and then the ferric ions lie inside the 
endosome. Then one enzyme named ferrireductase coverts the ferric ions into ferrous ions (Fe2+) inside the endosome. 
Then another transporter named Divalent Metal Transporter (DMT-1)/SLC11A2 releases the ferrous ions from the 
endosome. The excessive iron is stored inside the ferritin. The export of iron is mediated by a membrane protein called 
SLC11A2, also called ferroptin. When ferroptosis occurs, the TFR-1 sensitivity increases, the activity of iron storage by 
the ferritin decreases, and then the amount of iron is overloaded, causing ferroptosis. For iron metabolism IREB2 is the 
master transcription factor. RNAi induces the expression of iron metabolism related genes and limited ferroptosis by 
the suppression of IREB2. Iron uptake is regulated by HSPB1 so, by inhibiting it ferroptosis can be induced (figure 2)1,3. 
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Figure 2 Roles of iron metabolism in ferroptosis 

3.2.2. Reactive oxygen species (ROS) 

In ferroptosis, the ROS may be induced by many sources. Not only the iron mediated fenton reaction but also the NADPH-
dependent lipid peroxidation and inhibition of GSH are involved in ferroptosis. GPX-4 is inhibited by GSH depletion, 
which promotes ferroptosis by producing ROS. A specific lipid precursor is required for the process of ferroptosis that 
is produced from the metabolite of mitochondrial fatty acid. ACSF2 and CS function as the precursors for the metabolism 
of fatty acid in mitochondria, which are required in ferroptosis. If the ACSF2 and Cs are activated, that induces 
ferroptosis1,36.The alpha keto glutamate is produced from glutamine, which produces the lipid metabolite that promotes 
ROS production and induces ferroptosis. Polyunsaturated fatty acids (PUFA) can react with ROS to induce lipid 
metabolism. There is the involvement of two genes, LPCAT3 and ACSL4, that promote RSL3 and DPI7, but not the 
erastin-induced ferroptosis (figure 3)46. 

 

Figure 3 ROS mediated ferroptosis 

3.2.3. Mitogen-activated protein kinase (MAPK) 

MAPKs of mammalian family consists P38, ERK, and c-Jun NH2 terminal kinase (JNK). In Ras-mutated cancer cells, 
putting down Ras/Raf/MEK/ERK suppresses ferroptosis induced by erastin4. In Ras-mutated cancer cells, putting down 
Ras/Raf/MEK/ERK suppresses ferroptosis induced by erastin.4 In HL-60 cells, SB202190 (a p53 activator) and 
SP600125 (a JNK phosphorylation inhibitor) reduce erastin-induced cytotoxicity (figure 4)47. 
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Figure 4 MAPK pathway in ferroptosis 

3.3. Role of regulators in ferroptosis (table 2) 

3.3.1. Positive regulators 

VDAC2/3 

Only the VDAC2/3, not the VDAC1, is involved in ferroptosis. So only by knocking out VDAC2/3 does the erastin-induced 
ferroptosis. Ferroptosis induced by erastin is much frequent in cells with a high amount of VDAC  proteins4. In human 
liver cancer cells (e.g., HepG2), altering the connection between VDAC and tubulin, erastin can promote oxidative 
mitochondrial metabolism while limiting aerobic glycolysis, suggesting that energy metabolism and the cytoskeleton 
may play a role in ferroptosis modulation48. 

Ras 

In Ras-mutant cells, which including N-Ras-mutant HT1080 cells, H-Ras-mutant engineered cells, and K-Ras-mutant 
Calu-1 cells, erastin promotes gene-selective mortality in those Ras-mutant cell4. Ferroptosis can be Ras dependent or 
Ras-independent. As example, artesunate induced pancreas cancer is a Ras dependent cell death manner, and  leukaemia 
is a Ras independent cell death manner47,49.  

TFR1 

Fe3+ is imported with the help of the transferrin receptor 1 (TFR1), and subsequently Fe3+ is stored in the endosome. 
This Fe3+ converts to Fe2+, which leads to ferroptosis. So the knockdown of TFR1 can inhibit iron-induced ferroptosis10. 

NOX 

This protein family transfers electrons across cellular membranes to reduce the conversion of oxygen to superoxide. 
GKT137831, a NOX1/4 specific inhibitor, and diphenyleneiodonium, a conventional NOX inhibitor, both partially reduce 
erastin-induced ferroptosis in HT1080 cells1. 

p53 

In certain cancer cells, the p53 gene has been found to be required for the process of ferroptosis. This p53 is responsible 
for inhibiting SLC7A11 expression, resulting in ferroptosis. This SLC7A11 is a system Xc-subunit. Ferroptosis induction 
is required for this p533kR's tumor suppressor activity13. 

CARS 

cysteinyl-tRNA synthatase acts as a positive and potential regulator of ferroptosis. Thus, by suppressing this CARS, 
ferroptosis can be prevented50. 

3.3.2. Negative regulators 

GPX-4 

It helps in the conversation of oxidised glutathione from glutathione and reduces the concentration of lipid peroxidase 
by converting it to alcohol. As a result, the GPX-4 knockdown process causes ferroptosis in MEK, Iron, and ROS 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

230 

dependent manner. Some studies shows that overexpression of GPX-4 can create resistance to RSL336.GPX-4 
degradation in several types of cancer cells can be caused by erastin, suggesting that the degradation of protein 
pathways is involved in ferroptosis47. 

System Xc 

It consists of two subunits that are SLC7A11 and SLC7A2. So, by triggering the system Xc- erastin induced ferroptosis 
can be regulated. The anticancer effect of erastin can be enhanced by RNAi suppression of SLC7A11 expression, but over 
expression of this SLC7A11 via gene transfection reduces erastin-induced ferroptosis1. 

HSPB1 

Heat shock factor-1 (HSF-1) induces HSPB1 expression after erastin treatments in human cancer cells.Erastin induced 
ferroptosis can be inhibited by the  over expression of HSPB112. 

NFR2 

NFR2 has a role of ferroptosis inhibitor in HCC cell. Up regulation of NFR2 protein promotes the transcription of gene 
encoding antioxidants protein in ferroptosis45. 

3.3.3. Modulators of ferroptosis 

Table 3 Depicts the name and functions of ferroptosis modulators 

Gene Product Function Reference 

TFRC Transferrin receptor Ferric ions (Fe3+) transport 3,10 

ACSF2 Member of Acyl-coAsynthetase family Metabolism of fatty acid 1 

EMC2 ER membrane protein complex subunit-2 Not properly known, but may acts 
on protein folding mechanism 
inside the endoplasmic reticulum. 

1 

RPL8 Ribosomal protein L8 The components of the ribosomal 
large subunit that are involved in 
protein synthesis. 

1 

SLC7A11 Solute career family 7, member 11 Cystine/ glutamate antiporter 1 

CS Citrate subunit Lipid metabolism 1 

ATP5G3 ATP synthase, H+ transporting, mitrochondrial F0 
complex, subunit C3(subunit-9) 

Complex  V of mitrochondrial F0 
F1 ATPase; ATP synthesis 

1 

GPX-4 Glutathione peroxidise-4 Lipid repair 36 

ACSL4 Long chain family member of Acytal Co-A 
synthatase 

Lipid metabolism 46 

LPCAT3 Lysophosphatidylcholineacyltransferase 3 Lipid metabolism 46 

CARS, 
EPRS, 
HARS 

Cysteinyl-tRNAsynthatase Protein translation 50 

SLC1A5 Solute carrier family-1, member-5 Glutamine transport 10 

GSL2 Glutaminae-2 Glutaminolysis 10 

HSPB1 Heat sock protein 1 (molecular weight 27 kDa) Iron metabolism, folding of 
proteins 

12 

TP53 p53 Tumor suppressor protein Tumor suppression , metabolic 
regulation 

14 

IREB2 Iron-responsive element binding protein 2 Iron metabolism's key 
transcription factor 

1 
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3.4. Role of ferroptosis in various diseases: (figure 5) 

3.4.1. Cancer 

Pancreatic cancer 

Eling et al. observed that ROS production can be induced by artesunate (ART) and initiates ferroptosis in pancreatic 
cells. Sulfasalazine, a ferroptosis inducer when given in a combination dose of phenylethylisothiocyanate (PEITC) and 
cotylenin A (CN-A) is an inducer of ferroptosis49. In some recent studies, it has shown that iperlongumine, CN-A, and 
sulfasalazine combinations are more effective in inducing ferroptosis in pancreatic cancer cell lines51. 

Hepatocellular carcinoma 

For the treatment of higher level of HCC, sorafenib can be used. The loss of retinoblastoma protein in the development 
of liver cancer is very crucial.  The retinoblastoma-negative status of HCC can promote ferroptosis studied by Louandre 
C et al after the exposure of sorafenib43. Sorafenib resistance can be developed by MT-1G through the inhibition of 
ferroptosis. Lipid peroxidation and GSH reduction can be enhanced by breaking down of MT-1G52. 

Gastric cancer 

Hao et al. state that CDO1 is the key regulator for the ferroptosis in gastric cells. This CDO1 absorbs cystine and the GSH 
synthesis is restricted.As a result, inhibiting CDO1 restores GSH levels, preventing ROS formation and lowering lipid 
peroxidation levels, preventing ferroptosis53. 

Colorectal cancer 

Xie et al. state that p53 suppresses Erastin-induced ferroptosis in colorectal cells by inhibiting dipeptidyl-peptidase-4 
activity, which differs from the earlier mechanism of p53-induced ferroptosis in cancer cells. Accumulation of 
dipeptidyl-peptidase-4 inhibits loss of p53 and lipid peroxidation is promoted that causes ferroptosis19. Erastin and 
cisplatin (ferroptosis inducer) combination of both can increase the drug anti-tumor effect, found in another study. The 
ferroptosis has an important role in the therapy of anti-tumor54. 

Breast cancer 

One of the most remarkable amino acids is cysteine. As a result, blocking cystine intake through the mechanism Xc- 
causes ferroptosis. The use of Fer-1 and DFO, on the other hand, prevents cell death55. Another study tells that xCT light 
chain of system Xc- similar to transmembrane protein MUC1-C enhances GSH level. Ferroptosis can be induced if MUC1-
C/xCT complex activation is inhibited56,57. 

Lung cancer 

NFS1 (iron sulfur cluster biosynthetic enzyme), is highly shown and the expression of iron sulfur cluster is maintained 
by it in highly differentiated lung adenocarcinomas. Only NFS1 cannot induced ferroptosis, it can only when a large 
amount of ROS is produced, then it can lead to ferroptosis. When erastin is introduced to lung cancer cell A549, it up-
regulates and p53 gets activated, thereby transcriptionally activating its down-regulated gene, thereby the ROS 
accumulation and eventually ferroptosis, occur by inhibiting SLC7A1158. 

ccRCC/Clear cell renal cell carcinoma 

Glutamine and cystine are necessary for GSH synthesis but ccRCC cells are extremely sensitive to the depletion of it. So, 
to prevent lipid peroxidation and cell death these cells depends on GSH/GPX pathway.  Hence, tumor growth can be 
blocked if, GSH synthesis is inhibited in ccRCC that induces ferroptosis59. 

Ovarian cancer 

ROS-dependent DNA damage and cell death happens due to ovarian cancer cells, when there is disclosure of it with the 
greater concentrations of ART, arrest in G2/M phase occur, which is sometimes responsible for ferroptosis60. Usual 
subtype of malignant ovarian tumor is high grade serous ovarian cancer. in the cell of it, there is interference in iron 
metabolism leading to increase in iron retention as well as iron uptake, increment in iron intake (TFR1 expression), 
reduction in iron efflux (FPN expression) and increment in ferritin happen. Hence extreme accumulation of iron in cells 
can happen due to above biological process leading to ferroptosis61. 
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Melanoma 

Ferroptosis happens because of the breaking down of the miR-137 regulator. It acts on the SLC1A5 transporter of 
melanoma cells, it was seen during the study of melanoma62. Mitochondrial complex-1 inhibition can increase the ROS 
level, causing ferroptosis found in another study63. 

3.4.2. Neurodegenerative disorder 

There are lots of neurodegenerative disorders caused by the accumulation of iron in the central and peripheral nervous 
system. A neuro-degenerative disease (Alzheimer's) caused by cognitive impairment and iron accumulation in the 
hippocampus. Accumulation of iron leads to abnormalities in brain tissues and further leads to massive ROS production 
in brain cell damage the subcellular structure of brain cell64. 

3.4.3. Stroke 

80% strokes are due to ischemic stroke, there is accumulation of iron in the basal ganglia, thalami, periventricular & 
subcortical white matter areas after hypoxic brain injury and severe ischemia65. Hemorrhagic stroke in brain cell namely 
N-acetylcystine blocks the heme-induced ferroptosis told in a study. This process occurs by neutralizing the toxic effect 
of a lipid, this toxic lipid is produced by arachidonate dependent ALOX-5 activity66. 

3.4.4. Traumatic brain injury 

Iron deposition, iron metabolism disorder, decreased GPX activity, ROS accumulation and up regulation of genes related 
to ferroptosis occur due to evolution of TBI. Fer-1 (ferroptosis inhibitor) reduces the iron deposition, neuronal 
degeneration and injury and improves the recurrence of patients leading to TBI treatment targeting ferroptosis on 
experimental basis67. 

3.4.5. Acute kidney injury and I/R injury 

 

Figure 5 Role of ferroptosis in different diseases 

The incidence and mortality were high in spontaneous AKI found in GPX-4 knockout mice5. In a study of Linkermann 
et.al., it was studied that in ischemia/reperfusion (I/R) injury and acute tubular necrosis in vivo, ferroptosis functions 
well, and showed that a new generation ferrostatin (a ferroptosis inhibitor), is protected against this injury9. In the 
Study of Gao et al. it found that inhibition of ferroptosis can be done by inhibiting glutamine metabolism in the treatment 
of damage tissue triggered by I/R injury is the isolated wild-type mice10. 
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3.4.6. Pulmonary Diseases 

Pulmonary infection 

According to a research, lipoxygenase (pLoxA), released by Pseudomonas aeruginosa, may oxidize PUFA-PE, promote 
lipid peroxidation, and induce ferroptosis in bronchial epithelial cells of recipient68. 

COPD 

Chronic cigarette smoke (CS) is a significant risk factor for COPD onset. A study found that smoking raises iron levels in 
lavage and raises ferritin levels in both lavage and serum from the lungs of rats with COPD69. Another study found that 
cigarette smoking promotes ferroptosis in lung epithelial cells by triggering NCOA4-mediated ferritinophagy. While 
GPX-4 knockdown exacerbates Smoking-induced COPD, iron restriction or use of iron cheaters significantly reduces 
cigarette smoking-induced COPD70. 

Pulmonary fibrosis 

Increased ROS generation and GSH deficiency, both of which are closely linked to the ferroptotic process, are also 
important in the etiology of pulmonary fibrosis. Acute radiation-induced lung fibrosis (RILF) is associated with 
ferroptosis, and ROS build-up appears to be the key inducer of ferroptosis in this phase71,72. 

3.4.7. Asthma 

In IL-13-cultured HAECs, inhibition of GPX-4 with RSL3 resulted in the build-up of excessive oxygenated 
polyunsaturated phosphatidylethanolamines. Polyunsaturated phosphatidylethanolamine binding protein 1 (PEBP1) 
inhibition in HAECs can reduce ferroptotic sensitivity. As a result, increasing GPX-4 at the start of an asthma attack may 
help to reduce ferroptosis and asthma symptoms73  

4. Conclusion 

In conclusion, ferroptosis' discovery has opened up a new platform in medical science, and its clinical importance in the 
incidence, development, and management of diseases has progressively emerged. Several compounds have recently 
been discovered that modulate ferroptosis by targeting iron metabolism and lipid peroxidation directly or indirectly. 
These ferroptosis regulators are also linked with other types of regulated cell death as well. To differentiate ferroptosis 
from other forms of regulated cell death, the most essential task in ferroptosis research is to discover the downstream 
signalling pathways of iron dependent free radicle metabolism. Further exploring the process of ferroptosis as well as 
its function in many diseases, as well as proposing effective and highly focused therapeutics, is important. This is also 
where ferroptosis research will go in the future. 

Compliance with ethical standards 

Acknowledgments 

We would like to thank the other authors, whose findings enabled us to write the paper. 

Disclosure of conflict of interest 

The authors have no conflicts of interest regarding this review. 

References 

[1] Dixon, S. J.; Lemberg, K. M.; Lamprecht, M. R.; Skouta, R.; Zaitsev, E. M.; Gleason, C. E.; Patel, D. N.; Bauer, A. J.; 
Cantley, A. M.; Yang, W. S.; Morrison, B.; Stockwell, B. R. Ferroptosis: An Iron-Dependent Form of Nonapoptotic 
Cell Death. Cell.2012;149 (5):1060–1072. https://doi.org/10.1016/J.CELL.2012.03.042. 

[2] Xie, Y.; Hou, W.; Song, X.; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and Function. Cell Death 
Differ. 2016; 23 (3): 369–379. https://doi.org/10.1038/cdd.2015.158. 

[3] Yang, W. S.; Stockwell, B. R. Synthetic Lethal Screening Identifies Compounds Activating Iron-Dependent, 
Nonapoptotic Cell Death in Oncogenic-RAS-Harboring Cancer Cells. Chem. Biol.2008;15(3):234–245. 
https://doi.org/10.1016/J.CHEMBIOL.2008.02.010. 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

234 

[4] Yagoda, N.; Von Rechenberg, M.; Zaganjor, E.; Bauer, A. J.; Yang, W. S.; Fridman, D. J.; Wolpaw, A. J.; Smukste, I.; 
Peltier, J. M.; Boniface, J. J.; Smith, R.; Lessnick, S. L.; Sahasrabudhe, S.; Stockwell, B. R. RAS–RAF–MEK-Dependent 
Oxidative Cell Death Involving Voltage-Dependent Anion Channels. Nat. 2007;447 (7146):865–869. 
https://doi.org/10.1038/nature05859. 

[5] Friedmann Angeli, J. P.; Schneider, M.; Proneth, B.; Tyurina, Y. Y.; Tyurin, V. A.; Hammond, V. J.; Herbach, N.; 
Aichler, M.; Walch, A.; Eggenhofer, E.; Basavarajappa, D.; Rådmark, O.; Kobayashi, S.; Seibt, T.; Beck, H.; Neff, F.; 
Esposito, I.; Wanke, R.; Förster, H.; Yefremova, O.; Heinrichmeyer, M.; Bornkamm, G. W.; Geissler, E. K.; Thomas, 
S. B.; Stockwell, B. R.; Odonnell, V. B.; Kagan, V. E.; Schick, J. A.; Conrad, M. Inactivation of the Ferroptosis Regulator 
GPX-4 Triggers Acute Renal Failure in Mice. Nat. Cell Biol. 2014;16 (12):1180–1191. 
https://doi.org/10.1038/ncb3064. 

[6] Dolma, S.; Lessnick, S. L.; Hahn, W. C.; Stockwell, B. R. Identification of Genotype-Selective Antitumor Agents Using 
Synthetic Lethal Chemical Screening in Engineered Human Tumor Cells. Cancer Cell2003;3 (3):285–296. 
https://doi.org/10.1016/S1535-6108(03)00050-3. 

[7] McBean, G. J. The Transsulfuration Pathway: A Source of Cysteine for Glutathione in Astrocytes. Amin. Acids 
2011;42 (1):199–205. https://doi.org/10.1007/S00726-011-0864-8. 

[8] Skouta, R.; Dixon, S. J.; Wang, J.; Dunn, D. E.; Orman, M.; Shimada, K.; Rosenberg, P. A.; Lo, D. C.; Weinberg, J. M.; 
Linkermann, A.; Stockwell, B. R. Ferrostatins Inhibit Oxidative Lipid Damage and Cell Death in Diverse Disease 
Models. J. Am. Chem. Soc.2014;136 (12):4551–4556. 
https://doi.org/10.1021/JA411006A/SUPPL_FILE/JA411006A_SI_004.PDF. 

[9] Linkermann, A.; Skouta, R.; Himmerkus, N.; Mulay, S. R.; Dewitz, C.; De Zen, F.; Prokai, A.; Zuchtriegel, G.; 
Krombach, F.; Welz, P. S.; Weinlich, R.; Berghe, T. Vanden; Vandenabeele, P.; Pasparakis, M.; Bleich, M.; Weinberg, 
J. M.; Reichel, C. A.; Bräsen, J. H.; Kunzendorf, U.; Anders, H. J.; Stockwell, B. R.; Green, D. R.; Krautwald, S. 
Synchronized Renal Tubular Cell Death Involves Ferroptosis. Proc. Natl. Acad. Sci. U. S. A.2014;111 (47):16836–
16841. https://doi.org/10.1073/PNAS.1415518111. 

[10] Gao, M.; Monian, P.; Quadri, N.; Ramasamy, R.; Jiang, X. Glutaminolysis and Transferrin Regulate Ferroptosis. Mol. 
Cell2015;59 (2):298–308. https://doi.org/10.1016/J.MOLCEL.2015.06.011. 

[11] Kwon, M.-Y.; Park, E.; Lee, S.-J.; Chung, S. W.; Kwon, M.-Y.; Park, E.; Lee, S.-J.; Chung, S. W. Heme Oxygenase-1 
Accelerates Erastin-Induced Ferroptotic Cell Death. Oncotarget2015;6 (27):24393–24403. 
https://doi.org/10.18632/ONCOTARGET.5162. 

[12] Sun, X.; Ou, Z.; Xie, M.; Kang, R.; Fan, Y.; Niu, X.; Wang, H.; Cao, L.; Tang, D. HSPB1 as a Novel Regulator of 
Ferroptotic Cancer Cell Death. Oncogene 2015;34 (45):5617–5625. https://doi.org/10.1038/onc.2015.32. 

[13] Jiang, L.; Hickman, J. H.; Wang, S. J.; Gu, W. Dynamic Roles of p53-Mediated Metabolic Activities in ROS-Induced 
Stress Responses. Cell Cycle2015;14 (18):2881–2885. https://doi.org/10.1080/15384101.2015.1068479. 

[14] Jiang, L.; Kon, N.; Li, T.; Wang, S. J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-Mediated Activity 
during Tumour Suppression. Nat. 2015;520 (7545):57–62. https://doi.org/10.1038/nature14344. 

[15] Ou, Y.; Wang, S. J.; Li, D.; Chu, B.; Gu, W. Activation of SAT1 Engages Polyamine Metabolism with p53-Mediated 
Ferroptotic Responses. Proc. Natl. Acad. Sci. U. S. A.2016;113 (44):E6806–E6812. 
https://doi.org/10.1073/PNAS.1607152113. 

[16] Hou, W.; Xie, Y.; Song, X.; Sun, X.; Lotze, M. T.; Zeh, H. J.; Kang, R.; Tang, D. Autophagy Promotes Ferroptosis by 
Degradation of Ferritin. Autophagy2016;12 (8):1425–1428. https://doi.org/10.1080/15548627.2016.1187366. 

[17] Yang, W. S.; Stockwell, B. R. Ferroptosis: Death by Lipid Peroxidation. Trends Cell Biol.2016;26(3):165–176. 
https://doi.org/10.1016/j.tcb.2015.10.014. 

[18] Kagan, V. E.; Mao, G.; Qu, F.; Angeli, J. P. F.; Doll, S.; Croix, C. S.; Dar, H. H.; Liu, B.; Tyurin, V. A.; Ritov, V. B.; Kapralov, 
A. A.; Amoscato, A. A.; Jiang, J.; Anthonymuthu, T.; Mohammadyani, D.; Yang, Q.; Proneth, B.; Klein-Seetharaman, 
J.; Watkins, S.; Bahar, I.; Greenberger, J.; Mallampalli, R. K.; Stockwell, B. R.; Tyurina, Y. Y.; Conrad, M.; Baylr, H. 
Oxidized Arachidonic and Adrenic PEs Navigate Cells to Ferroptosis. Nat. Chem. Biol. 2016;13 (1):81–90. 
https://doi.org/10.1038/nchembio.2238. 

[19] Xie, Y.; Zhu, S.; Song, X.; Sun, X.; Fan, Y.; Liu, J.; Zhong, M.; Yuan, H.; Zhang, L.; Billiar, T. R.; Lotze, M. T.; Zeh, H. J.; 
Kang, R.; Kroemer, G.; Tang, D. The Tumor Suppressor p53 Limits Ferroptosis by Blocking DPP4 Activity. Cell 
Rep.2017;20 (7):1692–1704. https://doi.org/10.1016/J.CELREP.2017.07.055. 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

235 

[20] Tarangelo, A.; Magtanong, L.; Bieging-Rolett, K. T.; Li, Y.; Ye, J.; Attardi, L. D.; Dixon, S. J. p53 Suppresses Metabolic 
Stress-Induced Ferroptosis in Cancer Cells. Cell Rep.2018;22 (3):569–575. 
https://doi.org/10.1016/J.CELREP.2017.12.077. 

[21] Li, C.; Deng, X.; Xie, X.; Liu, Y.; Angeli, J. P. F.; Lai, L. Activation of Glutathione Peroxidase 4 as a Novel Anti-
Inflammatory Strategy. Front. Pharmacol.2018;9 (OCT):1120. 
https://doi.org/10.3389/FPHAR.2018.01120/BIBTEX. 

[22] Wu, Z.; Geng, Y.; Lu, X.; Shi, Y.; Wu, G.; Zhang, M.; Shan, B.; Pan, H.; Yuan, J. Chaperone-Mediated Autophagy Is 
Involved in the Execution of Ferroptosis. Proc. Natl. Acad. Sci. U. S. A.2019;116(8):2996–3005. 
https://doi.org/10.1073/PNAS.1819728116/SUPPL_FILE/PNAS.1819728116.SAPP.PDF. 

[23] Li, W.; Feng, G.; Gauthier, J. M.; Lokshina, I.; Higashikubo, R.; Evans, S.; Liu, X.; Hassan, A.; Tanaka, S.; Cicka, M.; 
Hsiao, H. M.; Ruiz-Perez, D.; Bredemeyer, A.; Gross, R. W.; Mann, D. L.; Tyurina, Y. Y.; Gelman, A. E.; Kagan, V. E.; 
Linkermann, A.; Lavine, K. J.; Kreisel, D. Ferroptotic Cell Death and TLR4/Trif Signaling Initiate Neutrophil 
Recruitment after Heart Transplantation. J. Clin. Invest.2019;129 (6):2293–2304. 
https://doi.org/10.1172/JCI126428. 

[24] Fang, X.; Wang, H.; Han, D.; Xie, E.; Yang, X.; Wei, J.; Gu, S.; Gao, F.; Zhu, N.; Yin, X.; Cheng, Q.; Zhang, P.; Dai, W.; 
Chen, J.; Yang, F.; Yang, H. T.; Linkermann, A.; Gu, W.; Min, J.; Wang, F. Ferroptosis as a Target for Protection against 
Cardiomyopathy. Proc. Natl. Acad. Sci. U. S. A.2019;116(7):2672–2680. 
https://doi.org/10.1073/PNAS.1821022116/SUPPL_FILE/PNAS.1821022116.SAPP.PDF. 

[25] Bersuker, K.; Hendricks, J. M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P. H.; Roberts, M. A.; Tong, B.; Maimone, T. J.; 
Zoncu, R.; Bassik, M. C.; Nomura, D. K.; Dixon, S. J.; Olzmann, J. A. The CoQ Oxidoreductase FSP1 Acts Parallel to 
GPX-4 to Inhibit Ferroptosis. Nature2019;575 (7784):688–692. https://doi.org/10.1038/S41586-019-1705-2. 

[26] Doll, S.; Freitas, F. P.; Shah, R.; Aldrovandi, M.; da Silva, M. C.; Ingold, I.; Grocin, A. G.; Xavier da Silva, T. N.; Panzilius, 
E.; Scheel, C. H.; Mourão, A.; Buday, K.; Sato, M.; Wanninger, J.; Vignane, T.; Mohana, V.; Rehberg, M.; Flatley, A.; 
Schepers, A.; Kurz, A.; White, D.; Sauer, M.; Sattler, M.; Tate, E. W.; Schmitz, W.; Schulze, A.; O’Donnell, V.; Proneth, 
B.; Popowicz, G. M.; Pratt, D. A.; Angeli, J. P. F.; Conrad, M. FSP1 Is a Glutathione-Independent Ferroptosis 
Suppressor. Nat. 2019;575 (7784):693–698. https://doi.org/10.1038/s41586-019-1707-0. 

[27] Lei, G.; Zhang, Y.; Koppula, P.; Liu, X.; Zhang, J.; Lin, S. H.; Ajani, J. A.; Xiao, Q.; Liao, Z.; Wang, H.; Gan, B. The Role of 
Ferroptosis in Ionizing Radiation-Induced Cell Death and Tumor Suppression. Cell Res.2020;30 (2):146–162. 
https://doi.org/10.1038/S41422-019-0263-3. 

[28] Fang, X.; Cai, Z.; Wang, H.; Han, D.; Cheng, Q.; Zhang, P.; Gao, F.; Yu, Y.; Song, Z.; Wu, Q.; An, P.; Huang, S.; Pan, J.; 
Chen, H. Z.; Chen, J.; Linkermann, A.; Min, J.; Wang, F. Loss of Cardiac Ferritin H Facilitates Cardiomyopathy via 
Slc7a11-Mediated Ferroptosis. Circ. Res.2020;127 (4):486–501. 
https://doi.org/10.1161/CIRCRESAHA.120.316509. 

[29] Li, S.; Zheng, L.; Zhang, J.; Liu, X.; Wu, Z. Inhibition of Ferroptosis by Up-Regulating Nrf2 Delayed the Progression 
of Diabetic Nephropathy. Free Radic. Biol. Med.2021;162:435–449. 
https://doi.org/10.1016/J.FREERADBIOMED.2020.10.323. 

[30] Liu, Y.; Wang, Y.; Liu, J.; Kang, R.; Tang, D. Interplay between MTOR and GPX-4 Signaling Modulates Autophagy-
Dependent Ferroptotic Cancer Cell Death. Cancer Gene Ther. 2020;28 (1);55–63. 
https://doi.org/10.1038/s41417-020-0182-y. 

[31] Mao, C.; Liu, X.; Zhang, Y.; Lei, G.; Yan, Y.; Lee, H.; Koppula, P.; Wu, S.; Zhuang, L.; Fang, B.; Poyurovsky, M. V.; 
Olszewski, K.; Gan, B. DHODH-Mediated Ferroptosis Defence Is a Targetable Vulnerability in Cancer. Nat. 
2021;593 (7860):586–590. https://doi.org/10.1038/s41586-021-03539-7. 

[32] Ouyang, S.; Li, H.; Lou, L.; Huang, Q.; Zhang, Z.; Mo, J.; Li, M.; Lu, J.; Zhu, K.; Chu, Y.; Ding, W.; Zhu, J.; Lin, Z.; Zhong, 
L.; Wang, J.; Yue, P.; Turkson, J.; Liu, P.; Wang, Y.; Zhang, X. Inhibition of STAT3-Ferroptosis Negative Regulatory 
Axis Suppresses Tumor Growth and Alleviates Chemoresistance in Gastric Cancer. Redox Biol.2022;52:102317. 
https://doi.org/10.1016/J.REDOX.2022.102317. 

[33] Kroemer, G.; El-Deiry, W. S.; Golstein, P.; Peter, M. E.; Vaux, D.; Vandenabeele, P.; Zhivotovsky, B.; Blagosklonny, 
M. V.; Malorni, W.; Knight, R. A.; Piacentini, M.; Nagata, S.; Melino, G. Classification of Cell Death: Recommendations 
of the Nomenclature Committee on Cell Death. Cell Death Differ.2005;12:1463–1467. 
https://doi.org/10.1038/SJ.CDD.4401724. 

[34] Galluzzi, L.; Vitale, I.; Abrams, J. M.; Alnemri, E. S.; Baehrecke, E. H.; Blagosklonny, M. V.; Dawson, T. M.; Dawson, 
V. L.; El-Deiry, W. S.; Fulda, S.; Gottlieb, E.; Green, D. R.; Hengartner, M. O.; Kepp, O.; Knight, R. A.; Kumar, S.; Lipton, 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

236 

S. A.; Lu, X.; Madeo, F.; Malorni, W.; Mehlen, P.; Nũez, G.; Peter, M. E.; Piacentini, M.; Rubinsztein, D. C.; Shi, Y.; 
Simon, H. U.; Vandenabeele, P.; White, E.; Yuan, J.; Zhivotovsky, B.; Melino, G.; Kroemer, G. Molecular Definitions 
of Cell Death Subroutines: Recommendations of the Nomenclature Committee on Cell Death 2012. Cell Death 
Differ. 2011;19 (1):107–120. https://doi.org/10.1038/cdd.2011.96. 

[35] Kroemer, G.; Galluzzi, L.; Vandenabeele, P.; Abrams, J.; Alnemri, E. S.; Baehrecke, E. H.; Blagosklonny, M. V.; El-
Deiry, W. S.; Golstein, P.; Green, D. R.; Hengartner, M.; Knight, R. A.; Kumar, S.; Lipton, S. A.; Malorni, W.; Nuñez, G.; 
Peter, M. E.; Tschopp, J.; Yuan, J.; Piacentini, M.; Zhivotovsky, B.; Melino, G. Classification of Cell Death: 
Recommendations of the Nomenclature Committee on Cell Death 2009. Cell Death Differ. 2008;16 (1):3–11. 
https://doi.org/10.1038/cdd.2008.150. 

[36] Yang, W. S.; Sriramaratnam, R.; Welsch, M. E.; Shimada, K.; Skouta, R.; Viswanathan, V. S.; Cheah, J. H.; Clemons, P. 
A.; Shamji, A. F.; Clish, C. B.; Brown, L. M.; Girotti, A. W.; Cornish, V. W.; Schreiber, S. L.; Stockwell, B. R. Regulation 
of Ferroptotic Cancer Cell Death by GPX-4. Cell2014;156 (1–2):317–331. 
https://doi.org/10.1016/J.CELL.2013.12.010. 

[37] Lőrincz, T.; Jemnitz, K.; Kardon, T.; Mandl, J.; Szarka, A. Ferroptosis Is Involved in Acetaminophen Induced Cell 
Death. Pathol. Oncol. Res.2015;21 (4):1115–1121. https://doi.org/10.1007/S12253-015-9946-3. 

[38] Yang, W. S.; Shimada, K.; Delva, D.; Patel, M.; Ode, E.; Skouta, R.; Stockwell, B. R. Identification of Simple 
Compounds with Microtubule-Binding Activity That Inhibit Cancer Cell Growth with High Potency. ACS Med. 
Chem. Lett.2012;3 (1):35–38. https://doi.org/10.1021/ML200195S/SUPPL_FILE/ML200195S_SI_001.PDF. 

[39] Weïwer, M.; Bittker, J. A.; Lewis, T. A.; Shimada, K.; Yang, W. S.; MacPherson, L.; Dandapani, S.; Palmer, M.; 
Stockwell, B. R.; Schreiber, S. L.; Munoz, B. Development of Small-Molecule Probes That Selectively Kill Cells 
Induced to Express Mutant RAS. Bioorg. Med. Chem. Lett.2012;22 (4):1822–1826. 
https://doi.org/10.1016/J.BMCL.2011.09.047. 

[40] Sakitama, K.; Ozawa, Y.; Aoto, N.; Tomita, H.; Ishikawa, M. Effects of a New Centrally Acting Muscle Relaxant, 
NK433 (Lanperisone Hydrochloride) on Spinal Reflexes. Eur. J. Pharmacol.1997;337 (2–3):175–187. 
https://doi.org/10.1016/S0014-2999(97)01289-2. 

[41] Gout, P. W.; Buckley, A. R.; Simms, C. R.; Bruchovsky, N. Sulfasalazine, a Potent Suppressor of Lymphoma Growth 
by Inhibition of the Xc − Cystine Transporter: A New Action for an Old Drug. Leuk. 2001;15 (10):1633–1640. 
https://doi.org/10.1038/sj.leu.2402238. 

[42] Louandre, C.; Ezzoukhry, Z.; Godin, C.; Barbare, J. C.; Mazière, J. C.; Chauffert, B.; Galmiche, A. Iron-Dependent Cell 
Death of Hepatocellular Carcinoma Cells Exposed to Sorafenib. Int. J. cancer2013;133 (7):1732–1742. 
https://doi.org/10.1002/IJC.28159. 

[43] Louandre, C.; Marcq, I.; Bouhlal, H.; Lachaier, E.; Godin, C.; Saidak, Z.; François, C.; Chatelain, D.; Debuysscher, V.; 
Barbare, J. C.; Chauffert, B.; Galmiche, A. The Retinoblastoma (Rb) Protein Regulates Ferroptosis Induced by 
Sorafenib in Human Hepatocellular Carcinoma Cells. Cancer Lett.2015;356 (2):971–977. 
https://doi.org/10.1016/J.CANLET.2014.11.014. 

[44] LACHAIER, E.; LOUANDRE, C.; GODIN, C.; SAIDAK, Z.; BAERT, M.; DIOUF, M.; CHAUFFERT, B.; GALMICHE, A. 
Sorafenib Induces Ferroptosis in Human Cancer Cell Lines Originating from Different Solid Tumors. Anticancer 
Res.2014;34 (11):6417 LP – 6422. 

[45] Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the P62-Keap1-NRF2 Pathway Protects 
against Ferroptosis in Hepatocellular Carcinoma Cells. Hepatology2016;63 (1):173–184. 
https://doi.org/10.1002/HEP.28251. 

[46] Dixon, S. J.; Winter, G. E.; Musavi, L. S.; Lee, E. D.; Snijder, B.; Rebsamen, M.; Superti-Furga, G.; Stockwell, B. R. 
Human Haploid Cell Genetics Reveals Roles for Lipid Metabolism Genes in Nonapoptotic Cell Death. ACS Chem. 
Biol.2015;10 (7):1604–1609. 
https://doi.org/10.1021/ACSCHEMBIO.5B00245/SUPPL_FILE/CB5B00245_SI_002.PDF. 

[47] Yu, Y.; Xie, Y.; Cao, L.; Yang, L.; Yang, M.; Lotze, M. T.; Zeh, H. J.; Kang, R.; Tang, D. The Ferroptosis Inducer Erastin 
Enhances Sensitivity of Acute Myeloid Leukemia Cells to Chemotherapeutic Agents. Mol. Cell. 
Oncol.2015;2(4):e1054549. https://doi.org/10.1080/23723556.2015.1054549. 

[48] Maldonado, E. N.; Sheldon, K. L.; Dehart, D. N.; Patnaik, J.; Manevich, Y.; Townsend, D. M.; Bezrukov, S. M.; 
Rostovtseva, T. K.; Lemasters, J. J. Voltage-Dependent Anion Channels Modulate Mitochondrial Metabolism in 
Cancer Cells: Regulation by Free Tubulin and Erastin. J. Biol. Chem.2013;288 (17):11920–11929. 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

237 

https://doi.org/10.1074/JBC.M112.433847/ATTACHMENT/E017059D-831E-488C-A081-
E8EF31EA608A/MMC1.ZIP. 

[49] Eling, N.; Reuter, L.; Hazin, J.; Hamacher-Brady, A.; Brady, N. R. Identification of Artesunate as a Specific Activator 
of Ferroptosis in Pancreatic Cancer Cells. Oncoscience2015;2 (5):517–532. 
https://doi.org/10.18632/ONCOSCIENCE.160. 

[50] Hayano, M.; Yang, W. S.; Corn, C. K.; Pagano, N. C.; Stockwell, B. R. Loss of Cysteinyl-TRNA Synthetase (CARS) 
Induces the Transsulfuration Pathway and Inhibits Ferroptosis Induced by Cystine Deprivation. Cell Death 
Differ.2016;23 (2):270–278. https://doi.org/10.1038/CDD.2015.93. 

[51] Yamaguchi, Y.; Kasukabe, T.; Kumakura, S. Piperlongumine Rapidly Induces the Death of Human Pancreatic 
Cancer Cells Mainly through the Induction of Ferroptosis. Int. J. Oncol.2018;52 (3):1011–1022. 
https://doi.org/10.3892/IJO.2018.4259. 

[52] Sun, X.; Niu, X.; Chen, R.; He, W.; Chen, D.; Kang, R.; Tang, D. Metallothionein-1G Facilitates Sorafenib Resistance 
through Inhibition of Ferroptosis. Hepatology2016;64 (2):488–500. https://doi.org/10.1002/HEP.28574. 

[53] Hao, S.; Yu, J.; He, W.; Huang, Q.; Zhao, Y.; Liang, B.; Zhang, S.; Wen, Z.; Dong, S.; Rao, J.; Liao, W.; Shi, M. Cysteine 
Dioxygenase 1 Mediates Erastin-Induced Ferroptosis in Human Gastric Cancer Cells. Neoplasia2017;19 
(12):1022–1032. https://doi.org/10.1016/J.NEO.2017.10.005. 

[54] Guo, J.; Xu, B.; Han, Q.; Zhou, H.; Xia, Y.; Gong, C.; Dai, X.; Li, Z.; Wu, G. Ferroptosis: A Novel Anti-Tumor Action for 
Cisplatin. Cancer Res. Treat.2018;50 (2):445–460. https://doi.org/10.4143/CRT.2016.572. 

[55] Chen, M. S.; Wang, S. F.; Hsu, C. Y.; Yin, P. H.; Yeh, T. S.; Lee, H. C.; Tseng, L. M. CHAC1 Degradation of Glutathione 
Enhances Cystine-Starvation-Induced Necroptosis and Ferroptosis in Human Triple Negative Breast Cancer Cells 
via the GCN2-EIF2α-ATF4 Pathway. Oncotarget2017;8 (70):114588–114602. 
https://doi.org/10.18632/ONCOTARGET.23055. 

[56] Hasegawa, M.; Takahashi, H.; Rajabi, H.; Alam, M.; Suzuki, Y.; Yin, L.; Tagde, A.; Maeda, T.; Hiraki, M.; Sukhatme, V. 
P.; Kufe, D. Functional Interactions of the Cystine/Glutamate Antiporter, CD44v and MUC1-C Oncoprotein in 
Triple-Negative Breast Cancer Cells. Oncotarget2016;7 (11):11756–11769. 
https://doi.org/10.18632/ONCOTARGET.7598. 

[57] Ishimoto, T.; Nagano, O.; Yae, T.; Tamada, M.; Motohara, T.; Oshima, H.; Oshima, M.; Ikeda, T.; Asaba, R.; Yagi, H.; 
Masuko, T.; Shimizu, T.; Ishikawa, T.; Kai, K.; Takahashi, E.; Imamura, Y.; Baba, Y.; Ohmura, M.; Suematsu, M.; Baba, 
H.; Saya, H. CD44 Variant Regulates Redox Status in Cancer Cells by Stabilizing the XCT Subunit of System Xc(-) 
and Thereby Promotes Tumor Growth. Cancer Cell2011;19 (3):387–400. 
https://doi.org/10.1016/J.CCR.2011.01.038. 

[58] Alvarez, S. W.; Sviderskiy, V. O.; Terzi, E. M.; Papagiannakopoulos, T.; Moreira, A. L.; Adams, S.; Sabatini, D. M.; 
Birsoy, K.; Possemato, R. NFS1 Undergoes Positive Selection in Lung Tumours and Protects Cells from 
Ferroptosis. Nat. 2017 55176822017;551 (7682):639–643. https://doi.org/10.1038/nature24637. 

[59] Miess, H.; Dankworth, B.; Gouw, A. M.; Rosenfeldt, M.; Schmitz, W.; Jiang, M.; Saunders, B.; Howell, M.; Downward, 
J.; Felsher, D. W.; Peck, B.; Schulze, A. The Glutathione Redox System Is Essential to Prevent Ferroptosis Caused 
by Impaired Lipid Metabolism in Clear Cell Renal Cell Carcinoma. Oncogene 2018;37 (40):5435–5450. 
https://doi.org/10.1038/s41388-018-0315-z. 

[60] Greenshields, A. L.; Shepherd, T. G.; Hoskin, D. W. Contribution of Reactive Oxygen Species to Ovarian Cancer Cell 
Growth Arrest and Killing by the Anti-Malarial Drug Artesunate. Mol. Carcinog.2017;56 (1):75–93. 
https://doi.org/10.1002/MC.22474. 

[61] Basuli, D.; Tesfay, L.; Deng, Z.; Paul, B.; Yamamoto, Y.; Ning, G.; Xian, W.; McKeon, F.; Lynch, M.; Crum, C. P.; Hegde, 
P.; Brewer, M.; Wang, X.; Miller, L. D.; Dyment, N.; Torti, F. M.; Torti, S. V. Iron Addiction: A Novel Therapeutic 
Target in Ovarian Cancer. Oncogene 2017;36 (29):4089–4099. https://doi.org/10.1038/onc.2017.11. 

[62] Luo, M.; Wu, L.; Zhang, K.; Wang, H.; Zhang, T.; Gutierrez, L.; O’Connell, D.; Zhang, P.; Li, Y.; Gao, T.; Ren, W.; Yang, 
Y. MiR-137 Regulates Ferroptosis by Targeting Glutamine Transporter SLC1A5 in Melanoma. Cell Death 
Differ.2018;25 (8):1457–1472. https://doi.org/10.1038/S41418-017-0053-8. 

[63] Basit, F.; Van Oppen, L. M. P. E.; Schöckel, L.; Bossenbroek, H. M.; Van Emst-De Vries, S. E.; Hermeling, J. C. W.; 
Grefte, S.; Kopitz, C.; Heroult, M.; Willems, P. H. G. M.; Koopman, W. J. H. Mitochondrial Complex I Inhibition 
Triggers a Mitophagy-Dependent ROS Increase Leading to Necroptosis and Ferroptosis in Melanoma Cells. Cell 
Death Dis.2017;8 (3):e2716. https://doi.org/10.1038/CDDIS.2017.133. 



World Journal of Biology Pharmacy and Health Sciences, 2022, 12(03), 224–238 

238 

[64] Lane, D. J. R.; Ayton, S.; Bush, A. I. Iron and Alzheimer’s Disease: An Update on Emerging Mechanisms. J. 
Alzheimer’s Dis.2018;64 (s1):S379–S395. https://doi.org/10.3233/JAD-179944. 

[65] Ahmad, S.; Elsherbiny, N. M.; Haque, R.; Khan, M. B.; Ishrat, T.; Shah, Z. A.; Khan, M. M.; Ali, M.; Jamal, A.; Katare, D. 
P.; Liou, G. I.; Bhatia, K. Sesamin Attenuates Neurotoxicity in Mouse Model of Ischemic Brain Stroke. 
Neurotoxicology2014;45:100–110. https://doi.org/10.1016/J.NEURO.2014.10.002. 

[66] Karuppagounder, S. S.; Alin, L.; Chen, Y.; Brand, D.; Bourassa, M. W.; Dietrich, K.; Wilkinson, C. M.; Nadeau, C. A.; 
Kumar, A.; Perry, S.; Pinto, J. T.; Darley-Usmar, V.; Sanchez, S.; Milne, G. L.; Pratico, D.; Holman, T. R.; Carmichael, 
S. T.; Coppola, G.; Colbourne, F.; Ratan, R. R. N-Acetylcysteine Targets 5 Lipoxygenase-Derived, Toxic Lipids and 
Can Synergize with Prostaglandin E2 to Inhibit Ferroptosis and Improve Outcomes Following Hemorrhagic 
Stroke in Mice. Ann. Neurol.2018;84 (6):854–872. https://doi.org/10.1002/ANA.25356. 

[67] Xie, B. S.; Wang, Y. Q.; Lin, Y.; Mao, Q.; Feng, J. F.; Gao, G. Y.; Jiang, J. Y. Inhibition of Ferroptosis Attenuates Tissue 
Damage and Improves Long-Term Outcomes after Traumatic Brain Injury in Mice. CNS Neurosci. Ther.2019;25 
(4):465–475. https://doi.org/10.1111/CNS.13069. 

[68] Dar, H. H.; Tyurina, Y. Y.; Mikulska-Ruminska, K.; Shrivastava, I.; Ting, H. C.; Tyurin, V. A.; Krieger, J.; Croix, C. M. 
S.; Watkins, S.; Bayir, E.; Mao, G.; Armbruster, C. R.; Kapralov, A.; Wang, H.; Parsek, M. R.; Anthonymuthu, T. S.; 
Ogunsola, A. F.; Flitter, B. A.; Freedman, C. J.; Gaston, J. R.; Holman, T. R.; Pilewski, J. M.; Greenberger, J. S.; 
Mallampalli, R. K.; Doi, Y.; Lee, J. S.; Bahar, I.; Bomberger, J. M.; Bayır, H.; Kagan, V. E. Pseudomonas Aeruginosa 
Utilizes Host Polyunsaturated Phosphatidylethanolamines to Trigger Theft-Ferroptosis in Bronchial Epithelium. 
J. Clin. Invest.2018;128 (10):4639–4653. https://doi.org/10.1172/JCI99490. 

[69] Ghio, A. J.; Hilborn, E. D.; Stonehuerner, J. G.; Dailey, L. A.; Carter, J. D.; Richards, J. H.; Crissman, K. M.; Foronjy, R. 
F.; Uyeminami, D. L.; Pinkerton, K. E. Particulate Matter in Cigarette Smoke Alters Iron Homeostasis to Produce a 
Biological Effect. Am. J. Respir. Crit. Care Med.2008;178 (11):1130–1138. 
https://doi.org/10.1164/RCCM.200802-334OC. 

[70] Yoshida, M.; Minagawa, S.; Araya, J.; Sakamoto, T.; Hara, H.; Tsubouchi, K.; Hosaka, Y.; Ichikawa, A.; Saito, N.; 
Kadota, T.; Sato, N.; Kurita, Y.; Kobayashi, K.; Ito, S.; Utsumi, H.; Wakui, H.; Numata, T.; Kaneko, Y.; Mori, S.; Asano, 
H.; Yamashita, M.; Odaka, M.; Morikawa, T.; Nakayama, K.; Iwamoto, T.; Imai, H.; Kuwano, K. Involvement of 
Cigarette Smoke-Induced Epithelial Cell Ferroptosis in COPD Pathogenesis. Nat. Commun. 2019;10 (1):1–14. 
https://doi.org/10.1038/s41467-019-10991-7. 

[71] Li, X.; Zhuang, X.; Qiao, T. Role of Ferroptosis in the Process of Acute Radiation-Induced Lung Injury in Mice. 
Biochem. Biophys. Res. Commun.2019;519 (2):240–245. https://doi.org/10.1016/J.BBRC.2019.08.165. 

[72] Li, X.; Duan, L.; Yuan, S.; Zhuang, X.; Qiao, T.; He, J. Ferroptosis Inhibitor Alleviates Radiation-Induced Lung 
Fibrosis (RILF) via down-Regulation of TGF-Β1. J. Inflamm. (United Kingdom)2019;16 (1):1–10. 
https://doi.org/10.1186/S12950-019-0216-0/FIGURES/7. 

[73] Wenzel, S. E.; Tyurina, Y. Y.; Zhao, J.; St. Croix, C. M.; Dar, H. H.; Mao, G.; Tyurin, V. A.; Anthonymuthu, T. S.; Kapralov, 
A. A.; Amoscato, A. A.; Mikulska-Ruminska, K.; Shrivastava, I. H.; Kenny, E. M.; Yang, Q.; Rosenbaum, J. C.; Sparvero, 
L. J.; Emlet, D. R.; Wen, X.; Minami, Y.; Qu, F.; Watkins, S. C.; Holman, T. R.; VanDemark, A. P.; Kellum, J. A.; Bahar, 
I.; Bayır, H.; Kagan, V. E. PEBP1 Wardens Ferroptosis by Enabling Lipoxygenase Generation of Lipid Death Signals. 
Cell2017;171 (3):628-641.e26. https://doi.org/10.1016/J.CELL.2017.09.044.  

https://doi.org/10.1186/S12950-019-0216-0/FIGURES/7

