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Ischemic heart disease is a leading cause of death worldwide. Primarily, ischemia causes decreased oxygen supply,

resulting in damage of the cardiac tissue. Naturally, reoxygenation has been recognized as the treatment of choice to

recover blood flow through primary percutaneous coronary intervention. This treatment is the gold standard therapy to

restore blood flow, but paradoxically it can also induce tissue injury. A number of different studies in animal models of

acute myocardial infarction (AMI) suggest that ischemia-reperfusion injury (IRI) accounts for up to 50% of the final

myocardial infarct size. Oxidative stress plays a critical role in the pathological process. Iron is an essential mineral

required for a variety of vital biological functions but also has potentially toxic effects. A detrimental process induced by

free iron is ferroptosis, a non-apoptotic type of programmed cell death. Accordingly, efforts to prevent ferroptosis in

pathological settings have focused on the use of radical trapping antioxidants (RTAs), such as liproxstatin-1 (Lip-1).

Hence, it is necessary to develop novel strategies to prevent cardiac IRI, thus improving the clinical outcome in patients

with ischemic heart disease. 
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1. Introduction

Cardiovascular diseases are major causes of death and disability, reaching 17.9 million deaths in 2016 , among which

ischemic heart disease is the leading cause of death along with stroke, respectively accounting for 16% and 11% of the

total deaths worldwide . This represents an estimated total cost of 196,000 million euros per year in cardiovascular

disease in Europe, approximately 54% of the total investment in health, and corresponds to a 24% loss of productivity .

Ischemic heart disease occurs through thrombotic complications derived from atherosclerotic plaques in the coronary

arteries, producing a series of biochemical and metabolic changes that eventually lead to the death of cardiomyocytes.

This cell death is further exacerbated when the occlusion of the coronary arteries is complete, generating an acute

myocardial infarction (AMI). Here, the coronary microcirculation is significantly reduced, affecting the thickness of heart

walls along with producing structural and functional disability, scarring and adverse remodeling . It has been shown

that the most effective interventions to reduce the infarct size and improve the clinical outcome are thrombolytic therapy

and percutaneous coronary angioplasty aimed at restoring blood flow. However, paradoxically the latter can induce the

death of cardiomyocytes and increase the infarct size, thereby reducing its beneficial effects. This phenomenon is known

as ischemia-reperfusion injury (IRI), which can be responsible for up to 50% of the final infarct size . Currently, there is

no available therapy to prevent heart IRI, which makes it necessary to delve into the pathophysiology of this clinical

model. A number of studies have demonstrated that oxidative and nitrosative stress are leading causes of IRI, prompted

by increased production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the process of ischemia

followed by reperfusion. In addition, another important contribution derives from the deregulation of iron homeostasis,

which causes an increase in the myocardial intracellular free iron. This metal ion increases the production of hydroxyl

radical ( OH) via the Fenton reaction. Finally, these reactive species increase cellular injury through the attack on

biomolecules such as lipids, DNA and proteins, besides the activation of various cell death pathways, such as apoptosis,

necrosis, pyroptosis, and ferroptosis . Ferroptosis has been studied in different ischemia/reperfusion (I/R) models,

concluding that it is the most important driver of the final infarct size . However, currently there is no therapy to prevent

IRI and additional studies are needed in this clinical model. Thus, the present entry describes the cellular and molecular

mechanisms related to oxidative stress induced by ischemia-reperfusion and deregulation of iron homeostasis, focused

on the essential role of inhibition of ferroptosis to prevent IRI and the role of liproxstatin-1 as a promising drug in the

treatment of this clinicopathological condition.
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2. Ferroptosis

There are two main routes of cell death, apoptotic and non-apoptotic. Apoptosis is a highly controlled cell death process

performed by healthy and damaged cells in response to a physiological or pathological stimulus, including I/R events .

On the other hand, in non-apoptotic cell death researchers can highlight ferroptosis, a regulated forms of necrosis that is

caused by the accumulation of lipid peroxidation products and ROS derived from iron metabolism, mainly when GSH

levels in the cell are depleted or when glutathione peroxidase 4 (GPX4) enzyme is inhibited . GPX4 converts

phospholipid hydroperoxides to lipid alcohols using reduced GSH, thus inhibiting ferroptosis  (Figure 1).

Figure 1. Molecular mechanisms of the deleterious effects of ferroptosis and proposed sites of protective action of

liproxstatin-1. ARE, antioxidant response elements; DMT1, divalent metal transporter; Fe , ferrous iron; Fe , ferric iron;

GPX4, glutathione peroxidase 4; GR, glutathione reductase; HO-1, heme oxygenase 1; H O , hydrogen peroxide; LOH,

lipid alcohols; LOOH, lipid hydroperoxides; LOX, lipoxygenase; LTCC, L-type calcium channel; mPTP, mitochondrial

permeability transition pore; Nrf2, nuclear factor-erythroid 2-related factor 2; NCOA4, nuclear receptor coactivator 4; O ,

superoxide radical; OH, hydroxyl radical; PUFA, poly-unsaturated fatty acids; SOD, superoxide dismutase; TF, transferrin;

TfR1, transferrin receptor.

Furthermore, lipid peroxidation occurs by two main mechanisms, an iron-catalyzed spontaneous peroxyl radical-mediated

reaction called autoxidation and an enzyme-mediated process catalyzed by LOXs . LOXs are iron-containing enzymes

that catalyze polyunsaturated fatty acid (PUFA) dioxygenation, thus producing lipid hydroperoxides that accumulate in RE

. These enzymes, primarily 15-LOX, modulate ferroptosis by specifically oxidizing phosphatidylethanolamines (PE),

with specificity towards two fatty acyls-arachidonoyl (FAA) and adrenoyl, generating OOH-PE species that act as

ferroptotic signals . A recent study has identified a small scaffolding protein inhibitor of kinase cascades,

phosphatidylethanolamine-binding protein 1, which complexes with two isoforms of 15-LOX, 15-LO1 and 15-LO2, and

changes their substrate affinity from free FAA to FAA-PE to generate OOH-FAA-PE . Recently, new imaging

technologies have permitted the detection and visualization of OOH-PE species in ferroptotic cardiomyocytes .

Currently, there are two classes of ferroptosis inducers that target specific proteins in the ferroptotic pathway ,

described below.
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2.1. Class 1 Ferroptosis Inducers

Class 1 ferroptosis inducers such as erastin are one of the main inducers of ferroptosis, which blocks the XC-system, the

cystine/glutamate exchanger of the membrane, blocking the entry of cystine into the cell, which is necessary for the

synthesis of GSH  (Figure 1. Erastin also binds to and inhibits voltage dependent anion channels (VDAC) 2 and VDAC

3, which also leads to cell death . Previous studies demonstrated that although there is no XC-system in the heart,

cardiomyocyte death also occurs, but is due to erastin induction . Despite this, the XC-system is encoded by the gene

Slc7a11 and its selective overexpression in cardiomyocytes increased GSH levels and prevented cardiac ferroptosis .

2.2. Class 2 Ferroptosis Inducers

Class 2 ferroptosis inducers such as Ras Selective Lethal 3 directly inhibit GPX4, increase lipid peroxidation, and induce

ferroptosis, thus triggering the accumulation of lipid ROS and resulting in cell death .

2.3. Lysosome and Ferroptosis

There are a variety of organelles that interfere with iron metabolism and are associated with ferroptosis. Lysosome is part

of this group because it can modulate iron equilibrium, causing a burst of ROS expression within it, which is attributable to

its acid pH and high iron content. Lipid peroxidation may occur in the lysosome membrane due to ROS accumulation and

iron overload. Consequently, the lysosomal membrane is permeabilized, causing a greater generation of radicals, cell

membrane denaturation, and GSH consumption .

Moreover, production of lipid ROS, mitochondrial shrinkage, increased mitochondrial membrane density, and involvement

of important transcription factors to produce an antioxidant or pro oxidant response are the main features of ferroptosis.

These characteristics make ferroptosis different from other nonapoptotic cell death programs such as apoptosis .

Studies have revealed that ferroptosis is one of the major drivers of myocardial infarction .

2.4. Ferroptosis and Relevance of the Cell Membrane

Cell membranes are composed of phosphatidylcholine (PC), which is one of the principal classes of phospholipids. A

relevant feature of PC is that it is highly vulnerable to oxidation, forming species related to different pathologies. Oxidized

phospholipids (OxPCs) induce cell death only through ferroptosis and not because of apoptosis or necrosis. OxPCs affect

the functionality of cardiomyocytes such as changes in Ca  transients and net cardiomyocyte contraction and can be

responsible for reperfusion arrhythmias .

2.5. Autophagy-Induced Ferroptosis

Ferroptosis is closely related to autophagy, with many molecules involved. Embryonic lethal-abnormal vision like protein1

(ELAVL1) is a protein coding gene that regulates gene expression by stabilizing message RNAs such as TNF-α or VEGF-

A and is related to the process of cell death and oxidative stress . ELAVL1 inhibition decreases AMI inflammation

responses, so it has a role in myocardial IRI, wherein excessive ROS and inflammatory cytokines were produced with a

substantial increase of ELAVL1 . Forkhead box C1 (FOXC1) is a transcription factor that has a role in cell growth

and survival and also in heart diseases .

A recent study  showed that FOXC1 transcriptionally-activated ELAVL1 strongly contributes to myocardial IRI through

an increase in the autophagic ferroptosis pathway. During I/R, increased ELAVL1 expression produces a deleterious effect

on enzyme function and cellular antioxidant capacity because both GSH and GPX4 levels decrease. Nevertheless,

ELAVL1 inhibition suppresses ferroptosis and myocardial IRI, restoring GPX4 levels and recovering the viability of

myocardial cells, thereby reducing cell injury. The greatest anti-ferroptotic effect of knockdown ELAVL1 is that it inhibits

I/R-induced autophagy, thereby protecting against ferroptosis, heart IRI and reducing myocardial infarct size. Moreover,

ELAVL1 levels decrease if FOXC1 is knocked down, demonstrating that FOXC1 regulates ELAVL1 expression during I/R.

Therefore, the sequence is that ELAVL1 knockdown inhibits ferroptosis and heart IRI and also inhibits autophagy.

Autophagy-dependent ferroptosis undoes the effects of ELAVL1 knockdown and contributes to heart IRI, producing

overproduction of lipid signaling. This relation between FOXC1 and ELAVL1 and their link to ferroptosis can be a

beneficial target against myocardial IRI .

2.6. Ferroptosis and Necroinflammation

Normally, necrosis is strongly associated with a pro-inflammatory response, where necroinflammation is the immune

response to necrosis in a living organism. This can be through an unregulated form such as traumatic necrosis or
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signaling pathways defined as necroptosis, ferroptosis and pyroptosis, executing necrosis as a regulated process . This

cell death pathway, unlike other cell death pathways such as apoptosis, does not present a silent inflammatory response

. The evidence of necroinflammation and its relationship with ferroptosis is very poor and much remains to be

investigated  but recent studies show that ferroptotic cells collapse and release molecular mediators associated with

pro-inflammatory damage . Cell markers of the immune system can be detected in various tissues and suggest that

ferroptotic cells release immune-stimulating cellular components . So far, most studies in pathologies and genetic

models of ferroptosis in vivo have focused on two specific organs: kidney and brain. There is evidence that

necroinflammation can occur in the ferroptotic tissue of the kidney, with infiltration of neutrophils and activation of

macrophages . Researchers know that IRI in the heart is associated with an inflammatory response and researchers

hypothesize that in the heart tissue, due to the infiltration of inflammatory molecules, a response similar to the kidneys will

occur, modulating the final size of the AMI. Hence, it is also necessary to advance studies of ferroptosis in humans.

2.7. Ferroptosis and Mitochondria in Cardiomyocytes

The heart has an aerobic metabolism and is dependent on mitochondrial function to obtain energy because

cardiomyocytes consume more than 90% of intracellular ATP . For this reason, mitochondria have been studied as a

promising target that could be involved in ferroptosis.

During I/R, there is an increase in the oxidation of the mitochondrial matrix and many morphological and metabolic

changes occur within the mitochondria. Researchers can highlight rounding and blebbing of the mitochondrial outer

membrane. Disorganization and dispersion are also evident . Other morphological changes include a reduction of

mitochondria size with condensed mitochondrial membrane densities, reduction of mitochondria cristae, and outer

mitochondrial membrane rupture . Some of the changes in the morphological features of mitochondria are not related

to other cell death processes, such as necrosis, apoptosis or autophagy, highlighting the relevance of ferroptosis .

In fact, there is no consensus on the role of mitochondria in ferroptosis. Nevertheless, recent evidence has demonstrated

that mitochondria are organelles involved in the execution of different mechanisms of cell death including ferroptosis,

specifically by opening of mPTP and alteration of mitochondrial outer membrane permeabilization . The mitochondrial

membrane potential (MMP) is commonly used to evaluate the mitochondrial function, where a loss of the MMP means

mitochondrial dysfunction  and maintaining the MMP is very important to the survival and function of cells that require

high-energy, such as myocardiocytes .

During mitochondrial-mediated apoptosis, a decrease in MMP was observed before final cell death. This decrease in

potential indicates increased permeability of the mitochondrial outer membrane, an important feature of mitochondrial-

mediated apoptosis . Although the release of cytochrome C during reperfusion leads to the activation of caspases,

interventions exist that inhibit BH3-dependent apoptosis, but do not protect against cell death. This indicates that although

apoptosis is activated in I/R, it is not necessary for subsequent cell death, suggesting that other mechanisms may exist to

produce cell death  such as ferroptosis. Indeed, the role of the mitochondria in this type of cell death is much more

proactive than in apoptosis .

Gao et al. showed that both mitochondrial tricarboxylic acid (TCA) cycle and mETC play a crucial role in cysteine-

deprivation-induced ferroptosis. TCA function supports mETC activity by regulating different complexes in the inner

membrane of mitochondria and mETC components are necessary to allow accumulation of lipid ROS, inducing

ferroptosis. Indeed, inhibitors of mitochondrial complexes suppressed lipid ROS accumulation and ferroptosis. Moreover,

glutaminolysis is associated with I/R injury through ferroptosis and also provides several intermediates into the

mitochondrial TCA cycle. Glutamine metabolism has been described as a key event in ferroptosis induction. However, a

number of TCA cycle metabolites such as alpha-ketoglutaric acid, succinate, fumarate and malate can recapitulate the

function of glutamine in lipid ROS accumulation and ferroptosis induced by cysteine deprivation or XC-system inhibition,

indicating that the TCA cycle is required for ferroptosis . It is a known fact that the mitochondria produce ATP using the

potential electrochemical proton gradient across the mitochondrial membrane, which is the result of the action of the TCA

cycle and mETC. In this sense, it has been described that glutaminolysis, the TCA cycle, and other ferroptosis inducers

lead to MMP hyperpolarization, which is associated with ferroptosis and, eventually, may cause the membrane to

collapse. Presumably, this hyperpolarization reflects an increase in mETC activity and the subsequent generation and

accumulation of lipid ROS , where the mitochondrial outer membrane has many PUFAs so the MMP is very sensitive to

lipid peroxidation . Thus, glutaminolysis is an essential factor for ferroptosis and its inhibition can protect heart tissue

from IRI. Indeed, glutaminolysis inhibitors recover MMP, reduce myocardial infarct size and improve the heart’s function

. In addition, metabolic changes during I/R initially include a decrease in mitochondrial respiration and an increase in

glycolysis. Then, during reperfusion, there is an increase in mitochondrial respiration due to increased oxygen and,
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consequently, ROS explosion and execution of ferroptosis. The explosion could be due to increased metabolism of the

mitochondria because more metabolites are entering .

Although mitochondrial function is important, when mETC and glutaminolysis are blocked, ferroptosis will still occur if

GPX4 is inhibited. Therefore, it follows that GPX4 has a more direct and effective effect than the other pathways. GPX4

overexpression allows better ATP production, maintains MMP and protects the heart against oxidative damage . In

addition, erastin-induced ferroptosis does not require ETC to induce ferroptosis . This indicates that mitochondrial

function is dispensable for ferroptosis. Regarding this point, it is important to note that the role of the mitochondria

depends on the context. On the one hand, blocking mitochondrial function potently inhibits ferroptosis. On the other hand,

GPX4 elimination triggers ferroptosis in cells independent of mitochondria . A recent study demonstrated that OxPCs

decrease GPX4 levels and have a direct effect on the mitochondria. During I/R, the release of OxPCs can decrease

mitochondrial spare respiratory capacity and, because of this, the ability of mitochondria to respond against oxidative

stress is decreased, producing less ATP and, as a consequence, cell death via ferroptosis .

Apart from glutaminolysis and the TCA cycle, GSH also plays an important role in the mitochondria. This organelle does

not have the CAT enzyme to act on O2  or the enzymes required for GSH synthesis. GSH acts non enzymatically but is

also an essential cofactor for GSH-linked antioxidant enzymes such as GPXs. Under oxidative stress, oxidized glutathione

levels increase and the relative proportion between the reduced and the oxidized forms (GSH/GSSG) is considered a

marker of oxidative stress. Mitochondrial GSH (mGSH) levels are similar to GSH levels in the cytosol . In terms of

mitochondrial oxidative stress balance, mGSH is a critical factor in the control of cell survival/death and regulates factors

that influence MMP permeability. Its depletion induces cellular damage and promotes cell death .

Previously, researchers identified glutamine as a serological component that is involved in ferroptosis and mitochondria.

However, there is another component that is also found in high amounts in the blood, which is TF. This intracellular

pathway, including its membrane receptor, is required for ferroptosis. Although this unexpected role of TF is not entirely

clear, it is believed that due to its high blood level, a partial cysteine deprivation is sufficient to produce necrosis.

Furthermore, under pathological conditions such as I/R, cells are more susceptible to ferroptosis .

In summary, ferroptosis can be triggered by different biological pathways. This can be caused by both intracellular and

extracellular mechanisms and there are conditions that cause the cell to be more susceptible to this type of cell death

such as cysteine deprivation or low levels of GSH .

2.8. Cell Death Propagation and Ferroptosis

It has been described that ferroptosis importantly involves intercellular interaction, where cell death is transmitted to

neighboring cells, spreading in a wave-like manner , which is characteristic of particular forms of ferroptosis ,

while apoptosis is generally classified as an autonomous cell death that does not induce death in the other cells around it

.

A recent study describes two different types of ferroptosis based on the spread of cell death. On one hand is cell-

autonomous ferroptosis, occurring when GPX4 is inhibited, and on the other is propagative ferroptosis, which is induced

by inhibiting the generation of GSH or increasing the concentration of iron . This study also demonstrated that iron and

lipid peroxidation are necessary to the propagation of ferroptosis, but not for the cell rupture. However, the speed of the

wave propagation is dependent on the lysis of the cell and the mechanism of plasma membrane permeabilization and

propagation of cell death must be elucidated .

Therefore, researchers hypothesize that this process could be one of the mechanisms that contribute more to the

increase of the infarct size during reperfusion, considering that ferroptosis occurs in heart IRI  together with an

increase in the concentration of intracellular iron and lipid peroxidation . Therefore, it is necessary to

conduct studies focused on heart IRI that can verify the appearance of these waves of ferroptosis in cardiac tissue

exposed to I/R, along with its mechanism and importance in the damage process and thus reinforce the idea that

ferroptosis is the most important driver of the final infarct size .

3. Does Ferroptosis Occur in the Ischemic Phase or Reperfusion Phase?

Usually, the ischemic phase is overlooked because of the traditional view that exists that ischemia-induced tissue injury

and loss of function is an arbitrary consequence of oxygen deprivation, so I/R studies have focused on the reperfusion

phase but are of limited translational value . Two well recognized biomarkers for ferroptosis are GPX4 and long-

chain-fatty-acid-CoA ligase 4 (ACSL4). When ACSL4 and GPX4 proteins levels were studied on ischemic heart, there
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were no significant changes during different points of ischemia, in addition to no significant changes in iron or MDA

contents in the cardiac tissues. As the reperfusion time was extended, levels of ACSL4 protein were gradually elevated,

concomitant with a decrease in GPX4 levels in the cardiac tissue, where a gradual increase in iron concentration was also

obtained along with increased MDA levels in the myocardium. Therefore, the study finally suggested that ferroptosis

occurs during the reperfusion phase in rat hearts that are subjected to an I/R process and not during the ischemic phase

.

Consistently, these results not only appear in hearts, but also in the intestine and other organs. A previous study 

suggested that ferroptosis occurs at the early stage of reperfusion. Expression of ACSL4 was induced in ischemic

intestines and GPX4 levels were reduced after 45 min of ischemia. These results may sensitize the intestine to ferroptosis

reperfusion because this second phase was likely to lead to ferroptosis after 45 min of ischemia. After 15 min of

reperfusion, rupture of the outer mitochondrial membrane occurs, and after 30 min the disappearance of mitochondrial

cristae was more evident. Moreover, the expression of GPX4 was decreased at 30 min of reperfusion, whereas the

expression of cyclooxygenase-2 was increased, as well as 12- (12-HETE) and 15- hydroxyeicosatetraenoic acid (15-

HETE), both derived from arachidonic acid. The results showed that ferroptosis was more active 30 min after reperfusion

and not during other moments of this phase . Moreover, the polyol pathway and ELAVL1 expression was remarkably

elevated in reperfusion  and in this phase, lysosomes are ready to be released . Therefore, these previous

studies finally suggest that ferroptosis occurs during the reperfusion phase in IRI models and not during the ischemic

phase, which is very important to take into consideration when developing cardioprotective therapies that inhibit

ferroptosis to reduce heart IRI .

References

1. World Health Organization. Cardiovascular Diseases (CVDs). Available online: https://www.who.int/news-room/fact-she
ets/detail/cardiovascular-diseases-(cvds) (accessed on 14 May 2020).

2. World Health Organization. The Top 10 Causes of Death. Available online: https://www.who.int/news-room/fact-sheets/
detail/the-top-10-causes-of-death (accessed on 15 December 2020).

3. Ruiz-Meana, M.; García-Dorado, D. Pathophysiology of Ischemia-Reperfusion Injury: New Therapeutic Options for Acut
e Myocardial Infarction. Rev. Española Cardiol. Engl. Ed. 2009, 62, 199–209.

4. White, H.D.; Chew, D.P. Acute myocardial infarction. Lancet 2008, 372, 570–584.

5. Garcia-Dorado, D.; Rodríguez-Sinovas, A.; Ruiz-Meana, M.; Inserte, J. Protection Against Myocardial Ischemia-reperfu
sion Injury in Clinical Practice. Rev. Española Cardiol. Engl. Ed. 2014, 67, 394–404.

6. Yellon, D.M.; Hausenloy, D.J. Myocardial Reperfusion Injury. N. Engl. J. Med. 2007, 357, 1121–1135.

7. Nakamura, T.; Naguro, I.; Ichijo, H. Iron homeostasis and iron-regulated ROS in cell death, senescence and human dis
eases. Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 1398–1409.

8. Li, W.; Feng, G.; Gauthier, J.M.; Lokshina, I.; Higashikubo, R.; Evans, S.; Liu, X.; Hassan, A.; Tanaka, S.; Cicka, M.; et
al. Ferroptotic cell death and TLR4/Trif signaling initiate neutrophil recruitment after heart transplantation. J. Clin. Invest
ig. 2019, 129, 2293–2304.

9. Fang, X.; Wang, H.; Han, D.; Xie, E.; Yang, X.; Wei, J.; Gu, S.; Gao, F.; Zhu, N.; Yin, X.; et al. Ferroptosis as a target for
protection against cardiomyopathy. Proc. Natl. Acad. Sci. USA 2019, 116, 2672–2680.

10. Gale, C.P.; Metcalfe, E.; West, R.M.; Das, R.; Kilcullen, N.; Morrell, C.; Crook, R.; Batin, P.D.; Hall, A.S.; Barth, J.H. An
Assessment of the concentration-related prognostic value of cardiac troponin i following acute coronary syndrome. Am.
J. Cardiol. 2011, 108, 1259–1265.

11. 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.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. C
ell Biol. 2014, 16, 1180–1191.

12. Lee, H.; Zandkarimi, F.; Zhang, Y.; Meena, J.K.; Kim, J.; Zhuang, L.; Tyagi, S.; Ma, L.; Westbrook, T.F.; Steinberg, G.R.;
et al. Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 2020, 22, 225–234.

13. Yin, H.; Xu, L.; Porter, N.A. Free radical lipid peroxidation: Mechanisms and analysis. Chem. Rev. 2011, 111, 5944–597
2.

14. Haeggström, J.Z.; Funk, C.D. Lipoxygenase and leukotriene pathways: Biochemistry, biology, and roles in disease. Ch
em. Rev. 2011, 111, 5866–5896.

[52]

[60]

[60]

[29][56] [24]

[52]



15. Kagan, V.E.; Mao, G.; Qu, F.; Pedro, J.; Angeli, F.; Doll, S.; Croix, C.S.; Dar, H.H.; Liu, B.; Tyurin, V.A.; et al. Oxidized Ar
achidonic/Adrenic Phosphatidylethanolamines Navigate Cells to Ferroptosis. Nat. Chem. Biol. 2017, 13, 81–90.

16. 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.; et al. PEBP1 Wardens Ferroptosis by Enabling Lipoxygenase Generation of Lipid Death Signals. C
ell 2017, 171, 628–641.e26.

17. Sparvero, L.J.; Tian, H.; Amoscato, A.A.; Sun, W.-Y.; Anthonymuthu, T.S.; Tyurina, Y.Y.; Kapralov, O.; Javadov, S.; He,
R.-R.; Watkins, S.C.; et al. Direct Mapping of Phospholipid Ferroptotic Death Signals in Cells and Tissues by Gas Clust
er Ion Beam Secondary Ion Mass Spec-trometry (GCIB-SIMS). Angew. Chemie Int. 2021.

18. Cao, J.Y.; Dixon, S.J. Mechanisms of ferroptosis. Cell. Mol. Life Sci. 2016, 73, 2195–2209.

19. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantle
y, A.M.; Yang, W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072.

20. Yagoda, N.; Von Rechenberg, M.; Zaganjor, E.; Bauer, A.J.; Yang, W.S.; Fridman, D.J.; Wolpaw, A.J.; Smukste, I.; Pelti
er, J.M.; Boniface, J.J.; et al. RAS-RAF-MEK-dependent oxidative cell death involving voltage-dependent anion channe
ls. Nature 2007, 447, 864–868.

21. Baba, Y.; Higa, J.K.; Shimada, B.K.; Horiuchi, K.M.; Suhara, T.; Kobayashi, M.; Woo, J.D.; Aoyagi, H.; Marh, K.S.; Kitao
ka, H.; et al. Protective effects of the mechanistic target of rapamycin against excess iron and ferroptosis in cardiomyoc
ytes. Am. J. Physiol. Hear. Circ. Physiol. 2018, 314, 659–668.

22. Fang, X.; Cai, Z.; Wang, H.; Han, D.; Cheng, Q.; Zhang, P.; Gao, F.; Yu, Y.; Song, Z.; Wu, Q.; et al. Loss of Cardiac Ferr
itin H Facilitates Cardiomyopathy via Slc7a11-Mediated Ferroptosis. Circ. Res. 2020, 127, 486–501.

23. Kobayashi, M.; Suhara, T.; Baba, Y.; Kawasaki, N.K.; Higa, J.K.; Matsui, T. Pathological Roles of Iron in Cardiovascular
Disease. Curr. Drug Targets 2018, 19, 1068–1076.

24. Alu, A.; Han, X.; Ma, X.; Wu, M.; Wei, Y.; Wei, X. The role of lysosome in regulated necrosis. Acta Pharm. Sin. B 2020,
10, 1880–1903.

25. 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, 369–379.

26. Angeli, J.P.F.; Shah, R.; Pratt, D.A.; Conrad, M. Ferroptosis Inhibition: Mechanisms and Opportunities. Trends Pharmac
ol. Sci. 2017, 38, 489–498.

27. Stamenkovic, A.; O’Hara, K.A.; Nelson, D.C.; Maddaford, T.G.; Edel, A.L.; Maddaford, G.; Dibrov, E.; Aghanoori, M.; Kir
shenbaum, L.A.; Fernyhough, P.; et al. Oxidized phosphatidylcholines trigger ferroptosis in cardiomyocytes during ische
mia/reperfusion injury. Am. J. Physiol. Circ. Physiol. 2021.

28. Srikantan, S.; Gorospe, M. HuR function in disease. Front. Biosci. 2012, 17, 189–205.

29. Chen, H.-Y.; Xiao, Z.-Z.; Ling, X.; Xu, R.-N.; Zhu, P.; Zheng, S.-Y. ELAVL1 is transcriptionally activated by FOXC1 and p
romotes ferroptosis in myocardial ischemia/reperfusion injury by regulating autophagy. Mol. Med. 2021, 27, 1–14.

30. Zhou, T.; Chuang, C.C.; Zuo, L. Molecular Characterization of Reactive Oxygen Species in Myocardial Ischemia-Reperf
usion Injury. BioMed Res. Int. 2015, 2015, 864946.

31. Hannenhalli, S.; Kaestner, K.H. The evolution of Fox genes and their role in development and disease. Nat. Rev. Gene
t. 2009, 10, 233–240.

32. Sarhan, M.; Land, W.G.; Tonnus, W.; Hugo, C.P.; Linkermann, A. Origin and consequences of necroinflammation. Physi
ol. Rev. 2018, 98, 727–780.

33. Tait, S.W.G.; Ichim, G.; Green, D.R. Die another way-non-apoptotic mechanisms of cell death. J. Cell Sci. 2014, 127, 2
135–2144.

34. Proneth, B.; Conrad, M. Ferroptosis and necroinflammation, a yet poorly explored link. Cell Death Differ. 2019, 26, 14–
24.

35. Linkermann, A.; Stockwell, B.R.; Krautwald, S.; Anders, H.J. Regulated cell death and inflammation: An auto-amplificati
on loop causes organ failure. Nat. Rev. Immunol. 2014, 14, 759–767.

36. Seiler, A.; Schneider, M.; Förster, H.; Roth, S.; Wirth, E.K.; Culmsee, C.; Plesnila, N.; Kremmer, E.; Rådmark, O.; Wurs
t, W.; et al. Glutathione Peroxidase 4 Senses and Translates Oxidative Stress into 12/15-Lipoxygenase Dependent- an
d AIF-Mediated Cell Death. Cell Metab. 2008, 8, 237–248.

37. Linkermann, A.; Skouta, R.; Himmerkus, N.; Mulay, S.R.; Dewitz, C.; De Zen, F.; Prokai, A.; Zuchtriegel, G.; Krombach,
F.; Welz, P.S.; et al. Synchronized renal tubular cell death involves ferroptosis. Proc. Natl. Acad. Sci. USA 2014, 111, 1
6836–16841.



38. Martín-Fernández, B.; Gredilla, R. Mitochondria and oxidative stress in heart aging. Age 2016, 38, 225–238.

39. Loor, G.; Kondapalli, J.; Iwase, H.; Chandel, N.S.; Waypa, G.B.; Guzy, R.D.; Vanden Hoek, T.L.; Schumacker, P.T. Mitoc
hondrial oxidant stress triggers cell death in simulated ischemia-reperfusion. Biochim. Biophys. Acta Mol. Cell Res. 201
1, 1813, 1382–1394.

40. Li, N.; Jiang, W.; Wang, W.; Xiong, R.; Wu, X.; Geng, Q. Ferroptosis and its emerging roles in cardiovascular diseases.
Pharmacol. Res. 2021, 166, 105466.

41. Wang, H.; Liu, C.; Zhao, Y.; Gao, G. Mitochondria regulation in ferroptosis. Eur. J. Cell Biol. 2020, 99, 151058.

42. Škárka, L.; Ošťádal, B. Mitochondrial membrane potential in cardiac myocytes. Physiol. Res. 2002, 51, 425–434.

43. Gao, M.; Yi, J.; Zhu, J.; Minikes, A.M.; Monian, P.; Thompson, C.B.; Jiang, X. Role of Mitochondria in Ferroptosis. Mol.
Cell 2019, 73, 354–363.e3.

44. Liang, H.; Van Remmen, H.; Frohlich, V.; Lechleiter, J.; Richardson, A.; Ran, Q. Gpx4 protects mitochondrial ATP gener
ation against oxidative damage. Biochem. Biophys. Res. Commun. 2007, 356, 893–898.

45. Gao, M.; Monian, P.; Quadri, N.; Ramasamy, R.; Jiang, X. Glutaminolysis and Transferrin Regulate Ferroptosis. Mol. C
ell 2015, 59, 298–308.

46. Griffith, O.W.; Meister, A. Origin and turnover of mitochondrial glutathione. Proc. Natl. Acad. Sci. USA 1985, 82, 4668–4
672.

47. Marí, M.; Morales, A.; Colell, A.; García-Ruiz, C.; Fernández-Checa, J.C. Mitochondrial glutathione, a key survival antio
xidant. Antioxid. Redox Signal. 2009, 11, 2685–2700.

48. Ribas, V.; García-Ruiz, C.; Fernández-Checa, J.C. Glutathione and mitochondria. Front. Pharmacol. 2014, 5, 151.

49. Kim, S.E.; Zhang, L.; Ma, K.; Riegman, M.; Chen, F.; Ingold, I.; Conrad, M.; Turker, M.Z.; Gao, M.; Jiang, X.; et al. Ultra
small nanoparticles induce ferroptosis in nutrient-deprived cancer cells and suppress tumour growth. Nat. Nanotechnol.
2016, 11, 977–985.

50. Riegman, M.; Sagie, L.; Galed, C.; Levin, T.; Steinberg, N.; Dixon, S.J.; Wiesner, U.; Bradbury, M.S.; Niethammer, P.; Z
aritsky, A.; et al. Ferroptosis occurs through an osmotic mechanism and propagates independently of cell rupture. Nat.
Cell Biol. 2020, 22, 1042–1048.

51. Riegman, M.; Bradbury, M.S.; Overholtzer, M. Population Dynamics in Cell Death: Mechanisms of Propagation. Trends
Cancer 2019, 5, 558–568.

52. Tang, L.J.; Luo, X.J.; Tu, H.; Chen, H.; Xiong, X.M.; Li, N.S.; Peng, J. Ferroptosis occurs in phase of reperfusion but not
ischemia in rat heart following ischemia or ischemia/reperfusion. Naunyn. Schmiedebergs. Arch. Pharmacol. 2021, 394,
401–410.

53. Feng, Y.; Madungwe, N.B.; Imam Aliagan, A.D.; Tombo, N.; Bopassa, J.C. Liproxstatin-1 protects the mouse myocardiu
m against ischemia/reperfusion injury by decreasing VDAC1 levels and restoring GPX4 levels. Biochem. Biophys. Res.
Commun. 2019, 520, 606–611.

54. Berenshtein, E.; Vaisman, B.; Goldberg-Langerman, C.; Kitrossky, N.; Konijn, A.M.; Chevion, M. Roles of ferritin and iro
n in ischemic preconditioning of the heart. Mol. Cell. Biochem. 2002, 234–235, 283–292.

55. Chevion, M.; Jiang, Y.; Har-El, R.; Berenshtein, E.; Uretzky, G.; Kitrossky, N. Copper and iron are mobilized following m
yocardial ischemia: Possible predictive criteria for tissue injury. Proc. Natl. Acad. Sci. USA 1993, 90, 1102–1106.

56. Tang, W.H.; Wu, S.; Wong, T.M.; Chung, S.K.; Chung, S.S.M. Polyol pathway mediates iron-induced oxidative injury in i
schemic-reperfused rat heart. Free Radic. Biol. Med. 2008, 45, 602–610.

57. Chang, H.; Wu, R.; Shang, M.; Sato, T.; Chen, C.; Shapiro, J.S.; Liu, T.; Thakur, A.; Sawicki, K.T.; Prasad, S.V.; et al. Re
duction in mitochondrial iron alleviates cardiac damage during injury. EMBO Mol. Med. 2016, 8, 247–267.

58. Jian, Y.; Lesnefsky, E.J. Incremental iron overload during reperfusion progressively augments oxidative injury. Chin. Me
d. J. Engl. 1996, 109, 450–458.

59. Heger, M.; Reiniers, M.J.; Van Golen, R.F. Mitochondrial metabolomics unravel the primordial trigger of ischemia/reperf
usion injury. Gastroenterology 2015, 148, 1071–1073.

60. Li, Y.; Feng, D.; Wang, Z.; Zhao, Y.; Sun, R.; Tian, D.; Liu, D.; Zhang, F.; Ning, S.; Yao, J.; et al. Ischemia-induced ACSL
4 activation contributes to ferroptosis-mediated tissue injury in intestinal ischemia/reperfusion. Cell Death Differ. 2019,
26, 2284–2299.

Retrieved from https://encyclopedia.pub/entry/history/show/54543




