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Reactive oxygen species (ROS) play a crucial part in the process of cell death,
including apoptosis, autophagy, and ferroptosis. ROS involves in the oxidation
of lipids and generate 4-hydroxynonenal and other compounds associated
with it. Ferroptosis may be facilitated by lipid peroxidation of phospholipid
bilayers. In order to offer novel ideas and directions for the investigation of
disorders connected to these processes, we evaluate the function of ROS in
lipid peroxidation which ultimately leads to ferroptosis as well as proposed
crosstalk mechanisms between ferroptosis and other types programmed cell
death.
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Introduction

Reactive oxygen species are the byproduct of molecular oxygen which includes
reactive nitrogen, sulfur, carbon, selenium, electrophile and halogen species. During
normal metabolism, reactive oxygen species (ROS) are formed through both enzymatic
and non-enzymatic routes. Besides, excess amounts of ROS interact with numerous
biological components, such as DNA, lipids, and proteins, they are also capable of
creating other reactive species that may have harmful effects (Halliwell and Gutteridge,
2015; Li et al., 2022). Due to their high levels of polyunsaturated fatty acids (PUFAs),
cellular membranes or organelle membranes are particularly vulnerable to ROS
damage, often known as “lipid peroxidation.” Lipid peroxidation results from
oxygen-free radicals attacking polyunsaturated fatty acids, which are extremely
susceptible to this, damage (Yang et al., 2016; Que et al., 2018; Liang et al., 2022).
Phospholipids are directly destroyed by lipid peroxidation, which is also utilized as a
cell death signal to cause intended cell death. Recent research has revealed that lipid
peroxidation caused by ROS encouraged the processes of apoptosis and autophagy.
Lipid peroxidation as a consequence of ROS also promotes non-apoptotic cell death,
Ferroptosis, which is dependent on iron and lipid reactive oxygen species, amplifies
lipid peroxidation’s role in the biological process of cell death (Yang et al., 2016; Chen
et al., 2017; Zhong et al., 2017; Yu et al., 2021). Understanding how ROS are generated
and the mechanism lipid peroxidation driven by ROS contributes to cell death is
crucial. In this piece, we provide an overview of the mechanism of ROS-induced lipid
peroxidation in ferroptosis and discuss about how ferroptosis interact with
programmed cell death (apoptosis and autophagy).
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Reactive oxygen species: friend or foe?

Free radicals are examples of partially reduced oxygen-
containing molecules known as ROS. Superoxide radical, which is
produced primarily by NADPH oxidases (NOXs), xanthine oxidase
(XO), and the mitochondrial electron-transport chain (mETC) in
endogenous biologic systems, is the source of the majority of
intracellular ROS. Through the Fenton reaction, which uses
various peroxide species to produce hydroxyl (OH) or alkoxyl
(RO) radicals, ROS are transformed by the superoxide dismutase
(SOD) to hydrogen peroxide, which then releases the highly deadly
hydroxyl radical in the presence of reduced iron (Fe2+). Through
the Haber-Weiss reaction, ferric iron (Fe3+) can be converted back
to Fe2+ by oxidizing with a peroxyl radical and oxygen. Oxidative
stress is caused by an imbalance in the rate of ROS synthesis, which
results in a generation of free radicals that may attack DNA,
proteins, and lipids (Kruszewski, 2003; Sakellariou et al., 2014;
Latunde-Dada, 2017). ROS may operate as signaling molecules,
which played crucial roles in modulating a variety of
physiological processes, including the growth, proliferation,
differentiation, autophagy, and death of cells. ROS formation and
removal were subject to strict supervision. In the meantime, cells
went through various stages of life on a regular basis. The

proliferation of cells was markedly accelerated by H2O2 (1–10 M)
treatment.When Jurkat T-lymphocytes were exposed to 50 MH2O2,
the induction of apoptosis was sluggish. Although by 6 h,
recognizable apoptotic alterations were apparent. Contrarily, cells
could undergo direct necrosis in response to a high level of oxidative
stress (100 MH2O2). Surprisingly, studies have shown that the H2O2

that human colon cancer cells create may play a crucial role in
triggering cell death to produce anti-tumor effects (Zeng et al.,
2023). The dynamic and stable balance of ROS depends heavily
on the antioxidant system of the cell. The ability of this
antioxidant system to maintain equilibrium in vivo depends
on maintaining levels of hydrogen peroxide and nitric oxide
(NO) production and elimination within a range that prevents
the buildup of significant amounts of peroxynitrite (ONOO) or
hydroxyl radical (Forman et al., 2014; Ferreira et al., 2018).
endogenous antioxidants consist of both non-enzymatic, such
as vitamins or their analogues (vitamins A, C, and E; coenzyme
Q10; flavonoids), minerals (selenium and zinc), and metabolites
(bilirubin and melatonin). Enzymatic antioxidants include
superoxide dismutase, catalases, glutathione peroxidase (GPX),
glutathione reductase. Oxidative stress can be brought on by
redox state changes and antioxidant depletion, which can result
in oxidative damage (Sies et al., 2017; Liguori et al., 2018).

FIGURE 1
Interaction of ferroptosis with apoptosis and autophagy under oxidative environment.
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Reactive oxygen species: induction of cell
damage

Numerous biological components, including DNA, lipids, and
proteins, interact with ROS (Halliwell and Gutteridge, 2015). Base
alterations, abasic sites, and single- or double-stranded breaks in
DNA are only a few of the several DNA lesions that can result from
oxidative stress. According to Srinivas et al., 2019, the main way that
DNA gets modified is through the 8-hydroxylation of guanine (8-
hydroxy-2′-deoxyguanosine). Protein carbonyl formation and
mercaptan oxidation are the two most frequent oxidative changes
of proteins. Protein oxidation reduces an enzyme’s ability to bind
and function. The sulfur-containing amino acids cysteine and
methionine are more likely to be attacked by oxidative processes.
Methionine and cysteine can both be oxidized to produce
methionine sulfoxide and sulfur radical and disulfides
respectively (Ahmad et al., 2017; Colovic et al., 2018).
Polyunsaturated fatty acids, which are significant phospholipids
in cell membranes, control the fluidity and deformability of the
cell membrane (Mondal et al., 2019). Lipid peroxidation results from
assaulting polyunsaturated fatty acids by oxygen free radical, which
are extremely susceptible. The creation of lipid-free radicals results
in the formation of peroxidized-free radicals, which target nearby
polyunsaturated fatty acids and membrane proteins while also
causing membrane lipid peroxidation (Yang et al., 2016; Que
et al., 2018; Liang et al., 2022).

Role of reactive oxygen species in lipid
peroxidation

In broad terms, the process of oxidants like free radicals
attacking lipids with carbon-carbon double bonds, notably
polyunsaturated fatty acids (PUFAs), is known as lipid
peroxidation (Yang et al., 2016). Three steps make up the lipid
peroxidation process mediated by ROS: initiation, transmission, and
termination. In the first phase of lipid peroxidation, promoters like
hydroxyl radicals remove allyl hydrogen to produce lipid-free
radicals with a carbon nucleus. During the transmission stage,
lipid-free radicals quickly combine with oxygen to form lipid
peroxy radicals, which then continuously chain-react to make
new lipid free radicals and lipid hydrogen peroxide by stealing
hydrogen from more lipid molecules. Antioxidants, including
vitamin E, give lipid peroxy radicals a hydrogen atom in the
termination reaction. This results in the formation of a vitamin
E-free radical, which then combines with another lipid peroxy
radical to create a non-free radical product. Lipid peroxidation
starts a chain reaction that continues until the termination
product is created (Hermetter et al., 2012; Volinsky and
Kinnunen, 2013; Que et al., 2018). Lipid hydro-peroxides are the
major end result of lipid peroxidation. Furthermore, it has been
found that a variety of aldehydes, including malondialdehyde
(MDA), propionaldehyde, hexanal, and 4-hydroxynonenal
(4HNE), were produced as byproducts of lipid peroxidation. Of
them, 4HNE has been demonstrated to play a significant role as a
signaling molecule, promoting gene expression, improving cellular
antioxidant capacity, and enhancing adaptive responses at low
levels. It can also induce autophagy, senescence, or cell cycle

arrest upon organelle and protein damage at moderate levels.
And at high or extremely high levels, it can promote adduct
formation and apoptosis or necrotic cell death (Zarkovic, 2003;
Ayala et al., 2014; Schaur et al., 2015).

Reactive oxygen species and ferroptosis

The word “ferroptosis” refers to a novel non-apoptotic cell death
process involving iron and lipid reactive oxygen clusters. Three key
characteristics of ferroptosis were observed: (Li et al., 2022):
oxidation of membrane phospholipids containing PUFA;
(Halliwell and Gutteridge, 2015); availability of redox active iron;
and (Que et al., 2018) lack of the ability to repair lipid hydroperoxide
(Dixon et al., 2012). As a result, it was shown that oxidative stress
and cellular antioxidant levels were key regulators of lipid
peroxidation in ferroptosis. It was brought on by the drugs that
can avoid iron-dependent lipid peroxidation and by lipophilic
antioxidants like vitamin E, ferrostatin-1, liproxstatin-1, and
polyphenols with strong biological activity. It was also brought
on by the drugs erastin, salazosulfapyridine, and RSL3 (Angeli
et al., 2017; Shah et al., 2017). Numerous cellular metabolic
pathways, such as cellular respiration (such as the mitochondrial
tricarboxylic acid (TCA) cycle and electron transport chain), lipid
metabolism, and amino acid metabolism, generate significant
amounts of ROS and consequently cause ferroptosis (Stockwell
et al., 2017; Javadov, 2022).

Mechanisms of ferroptosis
Ferroptosis involves two main players: iron and lipid peroxides.

It appears that ferroptosis is ultimately caused by the buildup of lipid
peroxides, particularly phosphatidylethanolamine-OOH (PE-
OOH), with iron acting as a catalyst or a crucial regulator of
ferroptosis. In the presence of glutathione (GSH), a cofactor of
GPX4, hazardous lipid peroxides are converted to harmless lipid
alcohols by GPX4. Through the removal of internal lipid ROS,
GPX4 protects cells from ferroptosis, while GPX4 inhibition results
in the onset of ferroptosis. Ferroptosis is also started by ROS
generated by the Fenton reaction, which is accelerated by iron
(Toyokuni et al., 2017; Lei et al., 2019).

GPX4 activity and ferroptosis
The system Xc—GSH—GPX4 route is the classic ferroptosis

control axis. Glutamate cysteine ligase (GCL) and glutamate cysteine
synthase (GSS), which are both catalyzed by GSH, produce cystine
after the system Xc-swaps internal glutamate for extracellular
cystine at a 1:1 ratio. High levels of oxidative stress make most
cancer cells more vulnerable to GSH shortage, which is a weakness
that can be exploited in cancer therapy. Any phospholipid hydrogen
peroxide in cells is reduced by GPX4 to the corresponding alcohols
by the action of GSH, a powerful reducer and cofactor for GPX4.
Since GPX4 is the most significant reductase, it has been discovered
that its inhibition and silencing cause ferroptosis, but its
overexpression lowers ROS levels and inhibits cells from going
through ferroptosis (Dixon et al., 2012; Lv et al., 2019; Bai
et al., 2021; Jiang et al., 2021; Liu et al., 2021). RSL3 is a
specific inhibitor of GPX4, leading to cellular ferroptosis by
inhibiting GPX4 activity. FIN56 caused ferroptosis by
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depleting GPX4 and coenzyme Q (Dixon et al., 2012). The trace
element selenium was also found to be important for
GPX4 activity (Dixon et al., 2012; Hadian and Stockwell,
2020). The catalytic and regulatory subunits of GCL (GCLC
and GCLM), GSS, and a subunit of the system Xc-solute
carrier family 7 member 11 (SLC7A11) are essential for GSH
synthesis and under the control of nuclear factor erythroid 2-
related factor 2 (NRF2). NRF2 is a comprehensive regulator of
the anti ferroptotic reaction since it controls the expression of
GPX4 as well as other critical antioxidant defense system
components (Saha et al., 2020; Akiyama et al., 2022; Li and
Huang, 2022).

Mechanism of iron metabolism that promote
ferroptosis

Lipoxygenases (LOXs) and P450, the main ROS-producing
enzymes during ferroptosis, require iron as a cofactor for their
biosynthesis. Through the Fenton reaction and the Haber-Weiss
reaction, the iron metabolism process encourages lipid
peroxidation. Exogenous iron supplementation makes cells
more susceptible to drugs that inhibit ferroptosis, including
erastin. The so-called “labile iron pool” (LIP), a modest
amount of uncoordinated redox activity of Fe2+, is also
present in cells. By lowering the availability of iron in the LIP,
iron chelators and iron metabolism inhibitors (such as
deferoxamine and ciclopirox) reduced lipid peroxidation (Doll
and Conrad, 2017; Silva et al., 2018; Pan et al., 2022). Numerous
essential iron storage, metabolism, and transport proteins,
including ferritin light chain (FTL), ferritin heavy chain 1
(FTH1), SLC40A1, and biliverdin reductases (BLVRA/B), were
found to be transcriptionally regulated by NRF2 as well. The
breakdown of heme to ferrous iron, biliverdin, and carbon
monoxide was facilitated by excessive activation of HO-1 that
was controlled by NRF2, raising the iron level in the lip and
promoting ferroptosis. Therefore, HO-1′s protective effect was
attributed to its antioxidant activity, whereas its toxic effect of
excessive upregulation was attributed to increased ferrous iron
production that encouraged Fenton reaction-mediated peroxide
catabolism in the presence of a deficiency in ferritin buffering
capacity. Furthermore, through the accommodation of ferritin
and transferrin receptors, ROS-mediated autophagy raised
intracellular iron levels and ferroptosis (Kerins and Ooi, 2018;
Chen et al., 2020; Li et al., 2021).

The interaction of ferroptosis with
other type of cell death in oxidative
environment

Ferroptosis and apoptosis

There was evidence that apoptosis and ferroptosis interacted and
ultimately caused cell death. NADPH oxidase (NOX) was
demonstrated to be involved in the activation of apoptosis as a
key regulator of lipid redox signaling (Mukherjee and Lynn, 1977).
Similar to how NOX1-, NOX2-, and NOX4-mediated ROS

generation caused lipid peroxidation to begin ferroptosis (Dixon
et al., 2012; Xie et al., 2016; Chen et al., 2019). It was shown that
ferroptosis inducers, such as erastin and artesunate, promoted
P53 upregulated modulator of apoptosis (PUMA) and possibly
enhanced TRAIL-induced apoptosis by increasing death receptor
5 levels as mentioned in Figure 1. These effects of the ferroptosis
inducers and TRAIL to promote apoptosis were synergistic (Jiang
et al., 2015; Xie et al., 2017; Lee et al., 2018; Lee et al., 2019). Cystatin
protease cleaves acyl-CoA synthase long chain family member 4
(ACSL4) during bortezomib-induced apoptosis (Guo, 2022).
Therefore, it is possible that the inactivation of ACSL4 during
apoptosis prevents the insertion of PUFAs into the cell
membrane, thereby reducing the capacity of cells to undergo
ferroptosis. Apoptosis can be induced by some ferroptosis
inducers via mitochondria-related pathways. Erastin and TRAIL
therapy improved apoptosis via a BAX-mitochondria dependent
mechanism (Lee YS. et al., 2020; Tang et al., 2022). Erastin caused
cancer cells to undergo caspase-9-dependent mitochondrial
apoptosis (Chen et al., 2021a). Ferroptosis caused by erastin was
inhibited by the BH3 interacting domain (BID) inhibitor BI-6c9
(Battaglia et al., 2020). Bim and Bax functioned as cross-linked
regulators of abivertinib-induced apoptosis and ferroptosis,
activating the apoptotic pathway by upregulating caspases and
the ferroptosis pathway by suppressing SLC7A11 and GPX4,
both of which need mitochondria to function (Tang et al., 2022).

Bid is a GPX4 downstream signal molecule that has a role in
ferroptosis in neuronal cells brought on by RSL3. While it undergoes
different modifications during apoptosis and ferroptosis, the
mitochondria, an essential organelle in both kinds of cell death,
may be an excellent subject for research into the relationship
between the two. Erastin altered the voltage-dependent anion
channels (VDACs) on the mitochondrial membrane during
ferroptosis. This reversed the Warburg effect and enhanced ROS
formation by causing an increase in oxidative phosphorylation and a
decrease in the production of ATP via glycolysis (Wilde et al., 2017;
Oh et al., 2022; Zhang et al., 2022). Contrarily, during apoptosis,
other BCL2 family members control the mitochondrial membrane
further, discharging chemicals such cytochrome c (Dadsena et al.,
2021). On the other hand, since the generation of ROS is a crucial
part of mitochondria’s role in ferroptosis, while the release of
chemicals like cytochrome c through ruptured membranes is a
crucial part of apoptosis. Ferroptosis and apoptosis share the
same signaling molecules, thus possibly this could be
investigated potential interactions. Ferroptosis was discovered
to be bidirectionally regulated by p53 by transcriptional or
1 3 post-translational pathways, in addition to its effects on
apoptosis, autophagy, and the cell cycle. One way that
p53 induced ferroptosis was by directly inhibiting the activity
of dipeptidyl peptidyl peptidase 4 (DPP4) or by inducing the
expression of cell cycle protein-dependent kinase inhibitor 1A
(CDKN1A/p21). On the other hand, p53 promoted ferroptosis
by inhibiting the expression of SLC7A11 or by increasing the
expression of spermine/spermine 1 acetyltransferase 1 (SAT1) and
glutaminase 2 (GLS2). Under basal or low ROS stress, P53 may
function as a rheostat, inhibiting ferroptosis while boosting it under
high oxidative stress. (Kang et al., 2019; Ji et al., 2022).
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Ferroptosis and autophagy

Autophagy has a role in ferroptosis. Strong inducers of
autophagy include oxidative stress and the byproducts of lipid
peroxidation, including MDA, ROS, and 4-HNE, while excessive
autophagy encourages ferroptosis (Liu et al., 2020; Zhao et al., 2020).
By destroying ferroptosis repressors in a way that boosted
intracellular free iron or made it possible for the buildup of lipid
peroxides, selective kinds of autophagy and chaperone-mediated
GPX4 autophagy (Yu et al., 2022) promoted ferroptosis. The nuclear
receptor coactivator 4 (NCOA4)-mediated degradation of
intracellular ferritin was found to increase ferritinophagy by
releasing free iron and encouraging ferroptosis, which was aided
by ROS (Hou et al., 2016). RSL3 increased ferroptosis by raising
intracellular-free lipids through the destruction of lipid droplets and
aryl hydrocarbon receptor nuclear translocation factor-like
(ARNTL/BMAL1), which in turn caused lipophagy and
clockophagy (Liu et al., 2019; Liu et al., 2020). ROS and Erastin
can encourage mitophagy, the selective autophagy of mitochondria
(Basit et al., 2017). Additionally, by blocking mTOR or enhancing
the AMPK pathway, certain inhibitors and medications can cause
ferroptosis and autophagy. Rapamycin was discovered to act as a
typical mTOR inhibitor, causing autophagy that was beneficial for
survival at low dosages but autophagy-dependent ferroptosis at large
levels (Wu et al., 2022). Additionally, mTOR was inhibited by
cysteine deficiency (Zhou et al., 2021). Erastin increased
autophagy by boosting the AMPK pathway, while
RSL3 promoted autophagy by blocking mTOR activation
(Figure 1) (Li et al., 2020; Gong et al., 2022). Erastin and
sulfasalazine enhanced AMPK phosphorylation, which in turn
promoted BECN1 phosphorylation and binding to SLC7A11,
leading to GSH depletion and ferroptosis. Acetyl-CoA
carboxylation (ACACA) was phosphorylated by AMPK, which
inhibited it in order to reduce ferroptosis (Lee H. et al., 2020;
Chen et al., 2021b; Chen et al., 2022). P62 served as an
autophagy cargo receptor and activated NRF2 by deactivating
the protein Kelch-like ECH-associated protein 1 (KEAP1) to
prevent ferroptosis. This suggests that p62/KEAP1/
NRF2 functions as a similar route to control both autophagy
and ferroptosis (Lleonart et al., 2018). It is yet unknown how the
autophagic machinery reacts to ferroptosis activators to change
from a pro-survival to a fatal fashion.

Conclusion

A precise balance between the production and removal of ROS is
maintained in connection with a number of pathogenic processes,

including cell growth, differentiation, and death. Cells are
safeguarded against oxidative damage by the general
endogenous antioxidant system, which consists of both
enzymatic and nonenzymatic antioxidants. Cell death is
caused by lipid peroxidation, which is induced by an excess
of ROS. Newer types of programmed cell death include
ferroptosis. It is not entirely understood how cumulative lipid
peroxidation caused ferroptosis to develop. Currently,
ferroptosis has been discovered to be intimately linked to a
number of diseases, making it a novel method of death. If the
riddle of lipid peroxidation-induced ferroptosis is solved, it may
offer fresh perspectives and treatment options for various
diseases in humans that are linked to ferroptosis. But, the
effectiveness of a single ferroptosis inhibitor in treating
various disorders has to be further investigated. Cell death
was finally brought on by ferroptosis, which combined with
apoptosis and autophagy. In addition, there are many studies on
the interactions between ferroptosis and apoptosis and
autophagy, but more research is still needed to understand
how these cell death mechanisms relate to oxidative stress in
order to identify possible targets for future therapies.

Author contributions

The conception of the work, design of the work, acquisition of
data, analysis, and interpretation of data was done by HE. Data
curation, drafting the article, revising it critically for intellectual
content, validation and final approval of the version to be published
was done by TM and WT. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmad, S., Khan, H., Shahab, U., Rehman, S., Rafi, Z., Khan, M. Y., et al. (2017).
Protein oxidation: An overview of metabolism of sulphur containing amino acid,
cysteine. Front. Bioscience-Scholar 9 (1), 71–87. doi:10.2741/s474

Akiyama, M., Unoki, T., Aoki, H., Nishimura, A., Shinkai, Y., Warabi, E., et al. (2022).
Cystine-dependent antiporters buffer against excess intracellular reactive sulfur species-
induced stress. Redox Biol. 57, 102514. doi:10.1016/j.redox.2022.102514

Angeli, J. P., Shah, R., Pratt, D. A., and Conrad, M. (2017). Ferroptosis inhibition:
Mechanisms and opportunities. Trends Pharmacol. Sci. 38 (5), 489–498. doi:10.1016/j.
tips.2017.02.005

Ayala, A., Muñoz, M. F., and Argüelles, S. (2014). Lipid peroxidation: Production,
metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal.
Oxidative Med. Cell. Longev. 2014, 360438. doi:10.1155/2014/360438

Frontiers in Cell and Developmental Biology frontiersin.org05

Endale et al. 10.3389/fcell.2023.1226044

https://doi.org/10.2741/s474
https://doi.org/10.1016/j.redox.2022.102514
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1155/2014/360438
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1226044


Bai, L., Yan, F., Deng, R., Gu, R., Zhang, X., and Bai, J. (2021). Thioredoxin-1 rescues
MPP+/MPTP-induced ferroptosis by increasing glutathione peroxidase 4. Mol.
Neurobiol. 58, 3187–3197. doi:10.1007/s12035-021-02320-1

Basit, F., Van Oppen, L. M., Schöckel, L., Bossenbroek, H. M., Van Emst-de Vries, S.
E., Hermeling, J. C., et al. (2017). Mitochondrial complex I inhibition triggers a
mitophagy-dependent ROS increase leading to necroptosis and ferroptosis in
melanoma cells. Cell Death Dis. 8 (3), e2716. doi:10.1038/cddis.2017.133

Battaglia, A. M., Chirillo, R., Aversa, I., Sacco, A., Costanzo, F., and Biamonte, F.
(2020). Ferroptosis and cancer: Mitochondria meet the “iron maiden” cell death. Cells 9
(6), 1505. doi:10.3390/cells9061505

Chen, H., Cao, L., Han, K., Zhang, H., Cui, J., Ma, X., et al. (2022). Patulin disrupts
SLC7A11-cystine-cysteine-GSH antioxidant system and promotes renal cell ferroptosis
both in vitro and in vivo. Food Chem. Toxicol. 166, 113255. doi:10.1016/j.fct.2022.
113255

Chen, X., Li, J., Kang, R., Klionsky, D. J., and Tang, D. (2021b). Ferroptosis:
Machinery and regulation. Autophagy 17 (9), 2054–2081. doi:10.1080/15548627.
2020.1810918

Chen, X., Xu, S., Zhao, C., and Liu, B. (2019). Role of TLR4/NADPH oxidase
4 pathway in promoting cell death through autophagy and ferroptosis during heart
failure. Biochem. biophysical Res. Commun. 516 (1), 37–43. doi:10.1016/j.bbrc.2019.
06.015

Chen, X., Yu, C., Kang, R., Kroemer, G., Tang, D., Tang, Y., et al. (2021a). Previous
mode of delivery affects subsequent pregnancy outcomes: A Chinese birth register
study. Cell Death Differ. 28 (4), 1135–1148. doi:10.21037/atm-20-8127

Chen, X., Yu, C., Kang, R., and Tang, D. (2020). Iron metabolism in ferroptosis. Front.
Cell Dev. Biol. 8, 590226. doi:10.3389/fcell.2020.590226

Chen, Y. F., Liu, H., Luo, X. J., Zhao, Z., Zou, Z. Y., Li, J., et al. (2017). The roles of
reactive oxygen species (ROS) and autophagy in the survival and death of leukemia cells.
Crit. Rev. Oncology/Hematology 112, 21–30. doi:10.1016/j.critrevonc.2017.02.004

Colovic, M. B., Vasic, V. M., Djuric, D. M., and Krstic, D. Z. (2018). Sulphur-
containing amino acids: Protective role against free radicals and heavy metals. Curr.
Med. Chem. 25 (3), 324–335. doi:10.2174/0929867324666170609075434

Dadsena, S., King, L. E., and García-Sáez, A. J. (2021). Apoptosis regulation at the
mitochondria membrane level. Biochimica Biophysica Acta (BBA)-Biomembranes. 1863
(12), 183716. doi:10.1016/j.bbamem.2021.183716

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C.
E., et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell
149 (5), 1060–1072. doi:10.1016/j.cell.2012.03.042

Doll, S., and Conrad, M. (2017). Iron and ferroptosis: A still ill-defined liaison.
IUBMB life 69 (6), 423–434. doi:10.1002/iub.1616

Ferreira, C. A., Ni, D., Rosenkrans, Z. T., and Cai, W. (2018). Scavenging of reactive
oxygen and nitrogen species with nanomaterials. Nano Res. 11, 4955–4984. doi:10.1007/
s12274-018-2092-y

Forman, H. J., Davies, K. J., and Ursini, F. (2014). How do nutritional antioxidants
really work: Nucleophilic tone and para-hormesis versus free radical scavenging in vivo.
Free Radic. Biol. Med. 66, 24–35. doi:10.1016/j.freeradbiomed.2013.05.045

Gong, D., Chen, M., Wang, Y., Shi, J., and Hou, Y. (2022). Role of ferroptosis on
tumor progression and immunotherapy. Cell death Discov. 8 (1), 427. doi:10.1038/
s41420-022-01218-8

Guo, N. (2022). Identification of ACSL4 as a biomarker and contributor of ferroptosis
in clear cell renal cell carcinoma. Transl. Cancer Res. 11 (8), 2688–2699. doi:10.21037/
tcr-21-2157

Hadian, K., and Stockwell, B. R. (2020). SnapShot: Ferroptosis. Cell 181 (5),
1188–1188.e1. doi:10.1016/j.cell.2020.04.039

Halliwell, B., and Gutteridge, J. M. C. (2015). Free radicals in biology and medicine.
Oxford University Press.

Hermetter, A., Kinnunen, P., and Spickett, C. (2012). Oxidized phospholipids: Their
properties and interactions with proteins. BBA-Biomembranes. 1818 (10), 2373. doi:10.
1016/j.bbamem.2012.06.009

Hou,W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., III, et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12 (8), 1425–1428. doi:10.
1080/15548627.2016.1187366

Javadov, S. (2022). Mitochondria and ferroptosis. Curr. Opin. Physiology 25, 100483.
doi:10.1016/j.cophys.2022.100483

Ji, H., Wang, W., Li, X., Han, X., Zhang, X., Wang, J., et al. (2022). p53: A double-
edged sword in tumor ferroptosis. Pharmacol. Res. 177, 106013. doi:10.1016/j.phrs.
2021.106013

Jiang, L., Kon, N., Li, T., Wang, S. J., Su, T., Hibshoosh, H., et al. (2015). Ferroptosis as
a p53-mediated activity during tumour suppression. Nature 520 (7545), 57–62. doi:10.
1038/nature14344

Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: Mechanisms, biology
and role in disease. Nat. Rev. Mol. Cell Biol. 22 (4), 266–282. doi:10.1038/s41580-020-
00324-8

Kang, R., Kroemer, G., and Tang, D. (2019). The tumor suppressor protein p53 and
the ferroptosis network. Free Radic. Biol. Med. 133, 162–168. doi:10.1016/j.
freeradbiomed.2018.05.074

Kerins, M. J., and Ooi, A. (2018). The roles of NRF2 in modulating cellular iron
homeostasis. Antioxidants redox Signal. 29 (17), 1756–1773. doi:10.1089/ars.2017.7176

Kruszewski, M. (2003). Labile iron pool: The main determinant of cellular response to
oxidative stress. Mutat. Research/Fundamental Mol. Mech. Mutagen. 531 (1-2), 81–92.
doi:10.1016/j.mrfmmm.2003.08.004

Latunde-Dada, G. O. (2017). Ferroptosis: Role of lipid peroxidation, iron and
ferritinophagy. Biochimica Biophysica Acta (BBA)-General Subj. 1861 (8),
1893–1900. doi:10.1016/j.bbagen.2017.05.019

Lee, H., Zandkarimi, F., Zhang, Y., Meena, J. K., Kim, J., Zhuang, L., et al. (2020b).
Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 22 (2),
225–234. doi:10.1038/s41556-020-0461-8

Lee, Y. S., Hong, S. H., Lee, D. H., Jo, M. J., Jeong, Y. A., Kwon, W. T., et al. (2018).
Abstract 2321: Molecular crosstalk between ferroptosis and apoptosis: Emerging role of
ER stress-induced p53-independent PUMA expression. Cancer Res. 78 (13_Suppl.
ment), 2321. doi:10.1158/1538-7445.am2018-2321

Lee, Y. S., Kalimuthu, K., Park, Y. S., Luo, X., Choudry, M. H., Bartlett, D. L., et al.
(2020a). BAX-dependent mitochondrial pathway mediates the crosstalk between
ferroptosis and apoptosis. Apoptosis 25, 625–631. doi:10.1007/s10495-020-01627-z

Lee, Y. S., Lee, D. H., Jeong, S. Y., Park, S. H., Oh, S. C., Park, Y. S., et al. (2019).
Ferroptosis-inducing agents enhance TRAIL-induced apoptosis through upregulation
of death receptor 5. J. Cell. Biochem. 120 (1), 928–939. doi:10.1002/jcb.27456

Lei, P., Bai, T., and Sun, Y. (2019). Mechanisms of ferroptosis and relations with
regulated cell death: A review. Front. physiology 10, 139. doi:10.3389/fphys.2019.00139

Li, J., Liu, J., Xu, Y., Wu, R., Chen, X., Song, X., et al. (2021). Tumor heterogeneity in
autophagy-dependent ferroptosis. Autophagy 17 (11), 3361–3374. doi:10.1080/
15548627.2021.1872241

Li, M., Wang, X., Lu, S., He, C., Wang, C., Wang, L., et al. (2020). Erastin triggers
autophagic death of breast cancer cells by increasing intracellular iron levels.Oncol. Lett.
20 (4), 57. doi:10.3892/ol.2020.11918

Li, S., and Huang, Y. (2022). Ferroptosis: An iron-dependent cell death form linking
metabolism, diseases, immune cell and targeted therapy. Clin. Transl. Oncol. 24 (1),
1–12. doi:10.1007/s12094-021-02669-8

Li, X., Luo, R., Liang, X., Wu, Q., and Gong, C. (2022). Recent advances in enhancing
reactive oxygen species based chemodynamic therapy. Chin. Chem. Lett. 33 (5),
2213–2230. doi:10.1016/j.cclet.2021.11.048

Liang, D., Minikes, A. M., and Jiang, X. (2022). Ferroptosis at the intersection of lipid
metabolism and cellular signaling. Mol. Cell 82, 2215–2227. doi:10.1016/j.molcel.2022.
03.022

Liguori, I., Russo, G., Curcio, F., Bulli, G., Aran, L., Della-Morte, D., et al. (2018).
Oxidative stress, aging, and diseases. Clin. interventions aging 13, 757–772. doi:10.2147/
CIA.S158513

Liu, J., Kuang, F., Kroemer, G., Klionsky, D. J., Kang, R., and Tang, D. (2020).
Autophagy-dependent ferroptosis: Machinery and regulation. Cell Chem. Biol. 27 (4),
420–435. doi:10.1016/j.chembiol.2020.02.005

Liu, J., Yang, M., Kang, R., Klionsky, D. J., and Tang, D. (2019). Autophagic
degradation of the circadian clock regulator promotes ferroptosis. Autophagy 15
(11), 2033–2035. doi:10.1080/15548627.2019.1659623

Liu, Y., Wang, Y., Liu, J., Kang, R., and Tang, D. (2021). Interplay betweenMTOR and
GPX4 signaling modulates autophagy-dependent ferroptotic cancer cell death. Cancer
gene Ther. 28 (1-2), 55–63. doi:10.1038/s41417-020-0182-y

Lleonart, M. E., Abad, E., Graifer, D., and Lyakhovich, A. (2018). Reactive oxygen
species-mediated autophagy defines the fate of cancer stem cells. Antioxidants redox
Signal. 28 (11), 1066–1079. doi:10.1089/ars.2017.7223

Lv, H., Zhen, C., Liu, J., Yang, P., Hu, L., and Shang, P. (2019). Unraveling the
potential role of glutathione in multiple forms of cell death in cancer therapy. Oxidative
Med. Cell. Longev. 2019, 3150145. doi:10.1155/2019/3150145

Mondal, D., Dutta, R., Banerjee, P., Mukherjee, D., Maiti, T. K., and Sarkar, N. (2019).
Modulation of membrane fluidity performed on model phospholipid membrane and
live cell membrane: Revealing through spatiotemporal approaches of FLIM, FAIM, and
TRFS. Anal. Chem. 91 (7), 4337–4345. doi:10.1021/acs.analchem.8b04044

Mukherjee, S. P., and Lynn, W. S. (1977). Reduced nicotinamide adenine dinucleotide
phosphate oxidase in adipocyte plasma membrane and its activation by insulin: Possible
role in the hormone’s effects on adenylate cyclase and the hexose monophosphate
shunt. Archives Biochem. Biophysics 184 (1), 69–76. doi:10.1016/0003-9861(77)90327-7

Oh, S. J., Ikeda, M., Ide, T., Hur, K. Y., and Lee, M. S. (2022). Mitochondrial event as
an ultimate step in ferroptosis. Cell Death Discov. 8 (1), 414. doi:10.1038/s41420-022-
01199-8

Pan, L., Gong, C., Sun, Y., Jiang, Y., Duan, X., Han, Y., et al. (2022). Induction
mechanism of ferroptosis: A novel therapeutic target in lung disease. Front. Pharmacol.
13, 1093244. doi:10.3389/fphar.2022.1093244

Frontiers in Cell and Developmental Biology frontiersin.org06

Endale et al. 10.3389/fcell.2023.1226044

https://doi.org/10.1007/s12035-021-02320-1
https://doi.org/10.1038/cddis.2017.133
https://doi.org/10.3390/cells9061505
https://doi.org/10.1016/j.fct.2022.113255
https://doi.org/10.1016/j.fct.2022.113255
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1016/j.bbrc.2019.06.015
https://doi.org/10.1016/j.bbrc.2019.06.015
https://doi.org/10.21037/atm-20-8127
https://doi.org/10.3389/fcell.2020.590226
https://doi.org/10.1016/j.critrevonc.2017.02.004
https://doi.org/10.2174/0929867324666170609075434
https://doi.org/10.1016/j.bbamem.2021.183716
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1002/iub.1616
https://doi.org/10.1007/s12274-018-2092-y
https://doi.org/10.1007/s12274-018-2092-y
https://doi.org/10.1016/j.freeradbiomed.2013.05.045
https://doi.org/10.1038/s41420-022-01218-8
https://doi.org/10.1038/s41420-022-01218-8
https://doi.org/10.21037/tcr-21-2157
https://doi.org/10.21037/tcr-21-2157
https://doi.org/10.1016/j.cell.2020.04.039
https://doi.org/10.1016/j.bbamem.2012.06.009
https://doi.org/10.1016/j.bbamem.2012.06.009
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1016/j.cophys.2022.100483
https://doi.org/10.1016/j.phrs.2021.106013
https://doi.org/10.1016/j.phrs.2021.106013
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1089/ars.2017.7176
https://doi.org/10.1016/j.mrfmmm.2003.08.004
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.1158/1538-7445.am2018-2321
https://doi.org/10.1007/s10495-020-01627-z
https://doi.org/10.1002/jcb.27456
https://doi.org/10.3389/fphys.2019.00139
https://doi.org/10.1080/15548627.2021.1872241
https://doi.org/10.1080/15548627.2021.1872241
https://doi.org/10.3892/ol.2020.11918
https://doi.org/10.1007/s12094-021-02669-8
https://doi.org/10.1016/j.cclet.2021.11.048
https://doi.org/10.1016/j.molcel.2022.03.022
https://doi.org/10.1016/j.molcel.2022.03.022
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1080/15548627.2019.1659623
https://doi.org/10.1038/s41417-020-0182-y
https://doi.org/10.1089/ars.2017.7223
https://doi.org/10.1155/2019/3150145
https://doi.org/10.1021/acs.analchem.8b04044
https://doi.org/10.1016/0003-9861(77)90327-7
https://doi.org/10.1038/s41420-022-01199-8
https://doi.org/10.1038/s41420-022-01199-8
https://doi.org/10.3389/fphar.2022.1093244
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1226044


Que, X., Hung, M. Y., Yeang, C., Gonen, A., Prohaska, T. A., Sun, X., et al. (2018).
Oxidized phospholipids are proinflammatory and proatherogenic in
hypercholesterolaemic mice. Nature 558 (7709), 301–306. doi:10.1038/s41586-018-
0198-8

Saha, S., Buttari, B., Panieri, E., Profumo, E., and Saso, L. (2020). An overview of
Nrf2 signaling pathway and its role in inflammation. Molecules 25 (22), 5474. doi:10.
3390/molecules25225474

Sakellariou, G. K., Jackson, M. J., and Vasilaki, A. (2014). Redefining the major
contributors to superoxide production in contracting skeletal muscle. The role of
NAD (P) H oxidases. Free Radic. Res. 48 (1), 12–29. doi:10.3109/10715762.2013.
830718

Schaur, R. J., Siems, W., Bresgen, N., and Eckl, P. M. (2015). 4-hydroxy-nonenal—a
bioactive lipid peroxidation product. Biomolecules 5 (4), 2247–2337. doi:10.3390/
biom5042247

Shah, R., Margison, K., and Pratt, D. A. (2017). The potency of diarylamine radical-
trapping antioxidants as inhibitors of ferroptosis underscores the role of autoxidation in
the mechanism of cell death. ACS Chem. Biol. 12 (10), 2538–2545. doi:10.1021/
acschembio.7b00730

Sies, H., Berndt, C., and Jones, D. P. (2017). Oxidative stress. Annu. Rev. Biochem. 86,
715–748. doi:10.1146/annurev-biochem-061516-045037

Silva, I., Rausch, V., Peccerella, T., Millonig, G., Seitz, H., and Mueller, S. (2018).
Hypoxia enhances H2O2-mediated upreguation of hepcidin: Potential role of oxidases
in iron regulation. Z. für Gastroenterol. 56 (01), 1388–S210. doi:10.1016/s0168-8278(18)
30490-2

Srinivas, U. S., Tan, B. W., Vellayappan, B. A., and Jeyasekharan, A. D. (2019). ROS
and the DNA damage response in cancer. Redox Biol. 25, 101084. doi:10.1016/j.redox.
2018.101084

Stockwell, B. R., Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. J., et al.
(2017). Ferroptosis: A regulated cell death nexus linking metabolism, redox biology, and
disease. Cell 171 (2), 273–285. doi:10.1016/j.cell.2017.09.021

Tang, Q., Chen, H., Mai, Z., Sun, H., Xu, L., Wu, G., et al. (2022). Bim-and Bax-
mediated mitochondrial pathway dominates abivertinib-induced apoptosis and
ferroptosis. Free Radic. Biol. Med. 180, 198–209. doi:10.1016/j.freeradbiomed.2022.
01.013

Toyokuni, S., Ito, F., Yamashita, K., Okazaki, Y., and Akatsuka, S. (2017). Iron and
thiol redox signaling in cancer: An exquisite balance to escape ferroptosis. Free Radic.
Biol. Med. 108, 610–626. doi:10.1016/j.freeradbiomed.2017.04.024

Volinsky, R., and Kinnunen, P. K. (2013). Oxidized phosphatidylcholines in
membrane-level cellular signaling: From biophysics to physiology and molecular
pathology. FEBS J. 280 (12), 2806–2816. doi:10.1111/febs.12247

Wilde, L., Roche, M., Domingo-Vidal, M., Tanson, K., Philp, N., Curry, J., et al.
(2017). Metabolic coupling and the Reverse Warburg Effect in cancer: Implications for
novel biomarker and anticancer agent development. Semin. Oncol. 44 (3), 198–203.
doi:10.1053/j.seminoncol.2017.10.004

Wu, J., Ye, J., Xie, Q., Liu, B., and Liu, M. (2022). Targeting regulated cell death with
pharmacological small molecules: An update on autophagy-dependent cell death,
ferroptosis, and necroptosis in cancer. J. Med. Chem. 65 (4), 2989–3001. doi:10.
1021/acs.jmedchem.1c01572

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis: Process
and function. Cell Death Differ. 23 (3), 369–379. doi:10.1038/cdd.2015.158

Xie, Y., Zhu, S., Song, X., Sun, X., Fan, Y., Liu, J., et al. (2017). The tumor suppressor
p53 limits ferroptosis by blocking DPP4 activity. Cell Rep. 20 (7), 1692–1704. doi:10.
1016/j.celrep.2017.07.055

Yang, W. S., Kim, K. J., Gaschler, M. M., Patel, M., Shchepinov, M. S., and Stockwell,
B. R. (2016). Peroxidation of polyunsaturated fatty acids by lipoxygenases drives
ferroptosis. Proc. Natl. Acad. Sci. 113 (34), E4966–E4975. doi:10.1073/pnas.1603244113

Yu, S., Li, Z., Zhang, Q., Wang, R., Zhao, Z., Ding, W., et al. (2022). GPX4 degradation
via chaperone-mediated autophagy contributes to antimony-triggered neuronal
ferroptosis. Ecotoxicol. Environ. Saf. 234, 113413. doi:10.1016/j.ecoenv.2022.113413

Yu, Y., Yan, Y., Niu, F., Wang, Y., Chen, X., Su, G., et al. (2021). Ferroptosis: A cell
death connecting oxidative stress, inflammation and cardiovascular diseases. Cell death
Discov. 7 (1), 193. doi:10.1038/s41420-021-00579-w

Zarkovic, N. (2003). 4-Hydroxynonenal as a bioactive marker of pathophysiological
processes. Mol. aspects Med. 24 (4-5), 281–291. doi:10.1016/s0098-2997(03)00023-2

Zeng, F. S., Yao, Y. F., Wang, L. F., and Li, W. J. (2023). Polysaccharides as
antioxidants and prooxidants in managing the double-edged sword of reactive
oxygen species. Biomed. Pharmacother. 159, 114221. doi:10.1016/j.biopha.2023.114221

Zhang, C., Liu, X., Jin, S., Chen, Y., and Guo, R. (2022). Ferroptosis in cancer therapy:
A novel approach to reversing drug resistance. Mol. cancer 21 (1), 47. doi:10.1186/
s12943-022-01530-y

Zhao, Y., Li, Y., Zhang, R., Wang, F., Wang, T., and Jiao, Y. (2020). The role of erastin
in ferroptosis and its prospects in cancer therapy. OncoTargets Ther. 13, 5429–5441.
doi:10.2147/OTT.S254995

Zhong, H., Xiao, M., Zarkovic, K., Zhu, M., Sa, R., Lu, J., et al. (2017). Mitochondrial
control of apoptosis through modulation of cardiolipin oxidation in hepatocellular
carcinoma: A novel link between oxidative stress and cancer. Free Radic. Biol. Med. 102,
67–76. doi:10.1016/j.freeradbiomed.2016.10.494

Zhou, Y., Liao, J., Mei, Z., Liu, X., and Ge, J. (2021). Insight into crosstalk between
ferroptosis and necroptosis: Novel therapeutics in ischemic stroke. Oxidative Med. Cell.
Longev. 2021, 9991001. doi:10.1155/2021/9991001

Frontiers in Cell and Developmental Biology frontiersin.org07

Endale et al. 10.3389/fcell.2023.1226044

https://doi.org/10.1038/s41586-018-0198-8
https://doi.org/10.1038/s41586-018-0198-8
https://doi.org/10.3390/molecules25225474
https://doi.org/10.3390/molecules25225474
https://doi.org/10.3109/10715762.2013.830718
https://doi.org/10.3109/10715762.2013.830718
https://doi.org/10.3390/biom5042247
https://doi.org/10.3390/biom5042247
https://doi.org/10.1021/acschembio.7b00730
https://doi.org/10.1021/acschembio.7b00730
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1016/s0168-8278(18)30490-2
https://doi.org/10.1016/s0168-8278(18)30490-2
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.freeradbiomed.2022.01.013
https://doi.org/10.1016/j.freeradbiomed.2022.01.013
https://doi.org/10.1016/j.freeradbiomed.2017.04.024
https://doi.org/10.1111/febs.12247
https://doi.org/10.1053/j.seminoncol.2017.10.004
https://doi.org/10.1021/acs.jmedchem.1c01572
https://doi.org/10.1021/acs.jmedchem.1c01572
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1016/j.ecoenv.2022.113413
https://doi.org/10.1038/s41420-021-00579-w
https://doi.org/10.1016/s0098-2997(03)00023-2
https://doi.org/10.1016/j.biopha.2023.114221
https://doi.org/10.1186/s12943-022-01530-y
https://doi.org/10.1186/s12943-022-01530-y
https://doi.org/10.2147/OTT.S254995
https://doi.org/10.1016/j.freeradbiomed.2016.10.494
https://doi.org/10.1155/2021/9991001
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1226044

	ROS induced lipid peroxidation and their role in ferroptosis
	Introduction
	Reactive oxygen species: friend or foe?
	Reactive oxygen species: induction of cell damage
	Role of reactive oxygen species in lipid peroxidation
	Reactive oxygen species and ferroptosis
	Mechanisms of ferroptosis
	GPX4 activity and ferroptosis
	Mechanism of iron metabolism that promote ferroptosis


	The interaction of ferroptosis with other type of cell death in oxidative environment
	Ferroptosis and apoptosis
	Ferroptosis and autophagy

	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


