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Acute kidney injury (AKI), one of the most prevalent clinical diseases with a high
incidence rate worldwide, is characterized by a rapid deterioration of renal
function and further triggers the accumulation of metabolic waste and toxins,
leading to complications and dysfunction of other organs. Multiple pathogenic
factors, such as rhabdomyolysis, infection, nephrotoxic medications, and
ischemia-reperfusion injury, contribute to the onset and progression of AKI.
However, the detailed mechanism remains unclear. Ferroptosis, a recently
identified mechanism of nonapoptotic cell death, is iron-dependent and
caused by lipid peroxide accumulation in cells. A variety of studies have
demonstrated that ferroptosis plays a significant role in AKIl development, in
contrast to other forms of cell death, such as apoptosis, necroptosis, and
pyroptosis. In this review, we systemically summarized the definition, primary
biochemical mechanisms, key regulators and associated pharmacological
research progress of ferroptosis in AKI. We further discussed its therapeutic
potential for the prevention of AKI, in the hope of providing a useful reference
for further basic and clinical studies.
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Introduction

Acute kidney injury (AKI) is one of the most common and severe clinical kidney
syndromes, with higher morbidity and mortality globally. Epidemiological investigations
showed that the morbidity of AKI is over 20% in adults and over 30% in children, and
AKI-triggered mortality has reached up to 23.9% in adults (Susantitaphong et al., 2013).
The high mortality, expense, and potential for progression to chronic kidney disease
(CKD) make AKI a major worldwide health issue and research priority (Mehta et al.,
2015). A growing body of evidence has demonstrated that multiple pathogenic factors,
including rhabdomyolysis, infection, nephrotoxic drugs, and ischemia-reperfusion injury,
contribute to the initiation and progression of AKI (Basile et al., 2012). The current
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TABLE 1 The comparative study of different types of cell death.

Type of cell Morphological features

Biochemical features

10.3389/fphar.2022.1065867

Regulatory genes

death
Ferroptosis Rupture of the cell membrane; reduction and Decrease in GPX4 activity; iron overload; GPX4, SLC7A11, Nrf2, p53, Hirschhorn and
morphological shrinkage of mitochondria; an depletion of glutathione; accumulation of ROS ~ ACSL4, FSP1 Stockwell, (2019)
increase in density of bilayer membrane
structure; reduction or disappearance of
mitochondrial cristae
Autophagy Autophagy body and autophagic lysosomes Microautophagy is mediated by direct RIP1, RIP3, PI3K, p53, ATG  Glick et al. (2010)
formation lysosomal engulfment of cytoplasmic cargo.
Chaperone-mediated autophagy through heat
shock proteins recognizes particular proteins
and degrades in lysosomes. Macroautophagy is
the fusion of autophagy bodies and lysosomes
Apoptosis Blebbing of the plasma membrane, cell rounding;  Mitochondrial outer membrane Caspases, Bcl-2 family Wang et al. (2015);
decrease of cellular and nuclear volume; DNA permeabilization through the intrinsic proteins, TNF-a, Fas, p53 Bertheloot et al.
cleavage; nuclear fragmentation, chromatin pathway, the extrinsic pathway, and the (2021)
condensation; formation of apoptotic bodies endoplasmic reticulum pathway
Necrosis Increased cell membrane permeability) cell Decrease in ATP level through RIP3-MLKL PIPK3, ATG5, ATG7, Tonnus et al. (2019)
swelling; organelle deformation or swelling; related signaling pathways, PKC-MAPK-AP-  Caspase-8, Beclin-1
plasma membrane rupture; chromatin 1 related signaling pathway, ROS-related
condensation; cell component overflow metabolic regulation pathway
Pyroptosis The cells swelled and expanded, and many The formation of inflammatory bodies; the Caspase-1/11, IL-18 Yu et al. (2021a);
bubbles like protrusions form; scorched bodies  activation of inflammatory caspases Bertheloot et al.
form; the cell membrane breaks and the content  gasdermin; the release of a mass of (2021)
flows out proinflammatory factors
Cuproptosis Reduction of mitochondria volume and cristae;  Excessive Cu accumulation triggers disruption  Lipoylation DLAT, PDHA1, = Wang et al. (2022a)

increased density of bilayer membrane structure

of iron-sulfur cofactors; stimulates harmful
reactive oxygen species resulting from Fenton
reactions; Cu-dependent, mitochondria-
induced cell death

PDHB, SLC25A3, FDX1,
LIAS, HSP70

therapeutic methods for AKI mainly include correcting acid-base
balance and electrolyte disorder, correcting volume load,
avoiding nephrotoxic drugs, and renal replacement therapy
(Levey and James, 2017). However, the specific mechanism
linked to the occurrence and development of AKI has yet to
be identified. There are currently no effective treatment methods
to prevent the onset of AKI, delay its progression, and promote
its repair. Therefore, it is necessary to deeply investigate the
specific pathogenesis of AKI and develop new corresponding
therapies for clinical treatment. The main pathological
manifestations of AKI are cell injury, apoptosis and renal
tubular epithelial cell abscission. Recent studies have shown
that iron-overload induced ferroptosis of renal tubular
epithelial cells is positively correlated with the incidence rate
and mortality of clinical AKI (Feng et al., 2022). There is direct
evidence that iron chelating agents and small molecular
ferroptosis inhibitors possess renal protective effects among
various animal models of AKI, suggesting that ferroptosis
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plays an important role in the initiation and progression of
AKI. Therefore, it is of great significance to explore the
mechanism of ferroptosis of renal tubular epithelial cells in
AKI and clarify the effects of ferroptosis on the progression of
AKI to CKD.

As early as in 2003, Dolma et al. found a new small molecule
compound erastin, which can induce the death of RAS-mutant
cancer cells (Dolma et al., 2003). However, this mode of cell death
was different from what had been reported before, and this new
type of cell death can be blocked by iron chelators and
antioxidants, indicating that it is related to the accumulation
of iron and active oxidation products in cells. Subsequently,
similar to erastin, two new drugs RSL3 and RSL5 were also found
to induce this pattern of cell death (Yagoda et al., 2007; Yang and
Stockwell, 2008). Subsequently, deferoxamine and vitamin E
were further proven to reduce and inhibit cell death. In 2012,
Dixon et al. officially named this iron-dependent cell death
mediated by excessive lipid peroxidation as ferroptosis for the
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first time. Intracellular iron retention, reduced glutathione (GSH)
depletion and iron-dependent lipid reactive oxygen species
(ROS) accumulation are the main characteristics of ferroptosis
(Dixon et al.,, 2012). The excessive accumulation of ROS can
activate intracellular oxidative stress response, damage proteins,
nucleic acids and lipids, and ultimately result in the occurrence
ferroptosis (Tang et al., 2021). In contrast, ferroptosis is different
from the previously identified regulatory cell death patterns such
as apoptosis, necrosis and autophagy in morphology, genetics
and mechanism (Hirschhorn and Stockwell, 2019) (Table 1).
Particularly, in the process of ferroptosis, it will not cause the
chromatin concentration that occurs in apoptosis, destruction of
capsule integrity that occurs in necrosis, and formation of bilayer
vesicle autophagy bodies that occur in autophagy (Mou et al.,
2019). Morphologically, the cell volume becomes smaller,
rounder and separated from each other, the volume of
mitochondria decreases, the membrane density increases, the
cristac decrease or disappear, tremendous iron ions are
distributed in mitochondria and endoplasmic reticulum, but
the cell membrane maintains its integrity and the nucleus
remains normal in size (Qiu et al., 2020). In addition, no
characteristic manifestations of other regulatory cell death
modes such as nuclear pyknosis, nuclear lysis and phagocytic
vesicles were observed. Biochemically, it is mainly manifested in
the depletion of intracellular GSH, the decrease of glutathione
peroxidase 4 (GPX4) activity and the increase in iron ion levels,
and Fe** oxidizes lipids in a Fenton reaction-like manner,
resulting in lipid peroxidation and a large amount of ROS,
which promotes ferroptosis (Li et al, 2020a). Genetically,
ferroptosis is a biological process regulated by multiple genes,
which mainly participate in genetic variance in iron homeostasis
and lipid peroxidation metabolism, but the specific regulatory
mechanism needs to be further investigated. Additionally, due to
the accumulation of autophagosomes in response to ferroptosis
activators (such as erastin and RSL3) and the involvement of
autophagy machinery components (such as ATG3, ATGS5,
ATG4B, ATG7, ATG13, and BECNI1), ferroptosis has recently
been regarded as a type of autophagy-dependent cell death.
NCOA4-facilitated ferritinophagy, RAB7A-dependent
lipophagy, BECNI1-mediated system Xc~ inhibition, STAT3-
induced lysosomal membrane permeability, and HSP90-
associated chaperone-mediated autophagy may all contribute
to ferroptosis (Zhou et al., 2020).

Many studies have reported that ferroptosis may act as a
trigger of different pathological and physiological processes (Xie
et al., 2016). Ferroptosis was recently demonstrated to play an
important role in the development of various kidney diseases,
including AKI (Feng et al., 2022). Before the identification of
ferroptosis, apoptosis and necrosis were believed to be the
primary mechanisms of AKI-induced kidney damage, and
numerous pertinent studies have mainly focused on necrosis
and apoptosis. With the deep studies of ferroptosis and AKI,
several experiments have identified that ferroptosis participates
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in the development of AKI. This review aimed to summarize the
key regulators, molecular mechanisms, and pharmacological
progress of ferroptosis, and further expound on the role of
ferroptosis in the development of AKI, in the hope of
providing new ideas for the clinical treatment, and prevention
of AKL

Key molecular mechanisms and
regulators of ferroptosis

Recently, the process and function of ferroptosis, as well as its
impact on disease susceptibility, have been well explored. In
addition, several regulators and molecular mechanisms of
ferroptosis have been extensively investigated, such as system
Xc~, GPX4, nuclear factor erythroid 2-related factor 2 (Nrf2),
iron metabolism and lipid peroxidation. Herein, in this section, a
briefly description of the key molecular mechanisms and
related

ferroptosis are summarized in Figure 1.

regulators and signaling pathways involved in

Iron metabolism

Iron is one of the most significant microelements in the
human body, and its homeostasis is very important for the
normal physiological function of cells (van Swelm et al,
2020). In general, Fe* absorption or
erythrocyte metabolism to Fe’* by
ceruloplasmin in plasma. This happens when it combines with
transferrin (TF) to form the TF-TFR complex, and then
ferroportin 1 (FPN1) on the cell membrane and moves into

from intestinal

can be oxidized

the cells by endocytosis. Ferritin is an intracellular iron-storing
protein composed of ferritin heavy chain 1 (FTH1) and ferritin
light chain (FTL), with FTH1 being active in iron oxidase, which
can convert Fe** to Fe®* (Cabantchik, 2014). The Fenton reaction
produces abundant free radicals when cells are overloaded with
Fe**, which finally leads to lipid peroxidation and ferroptosis
(Anderson and Frazer, 2017). Under some physiological and
pathological conditions, cells susceptible to ferroptosis show up-
regulation of TFR expression and down-regulation of ferritin
(including FTH1 and FTL) expression, indicating that increasing
iron uptake or reducing stored forms of iron can induce
ferroptosis (Dixon and Stockwell, 2014). Some iron chelators
are strongly associated with eliminating lipid peroxide free
radicals, which may contribute to alleviating ferroptosis-
related diseases, including AKI.

Reactive oxygen species

ROS are unavoidably formed during redox reactions, which
are essential for organisms. Under normal circumstances, cells
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FIGURE 1
Mechanisms and key regulators of ferroptosis. Iron metabolism and lipid peroxidation are two key regulatory pathways for ferroptosis, and
several key regulators (e.g., system Xc~, GPX4, and acyl-CoA synthetase long-chain family member 4 [ACSL4]) are also involved in ferroptosis.
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FIGURE 2
Treatment of AKI by targeting ferroptosis of renal tubular epithelial cells. VDR, risin, Curcumin, FG-4592, MCTR1, XJB-5-131, Nuciferine and Rgl

can alleviate or delay the development of AKI by inhibiting ferroptosis.

closely monitor the ROS level. The imbalance of ROS and tissue oxidative damage (Cheung and Vousden, 2022). A
homeostasis may result in the occurrence of a series of large number of studies have reported that ROS can alter cell
chronic diseases. High levels of ROS will induce cytotoxicity signaling proteins and mediate the development of

Frontiers in Pharmacology 04 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

Li et al.

atherosclerosis, diabetes, uninhibited cell growth,
neurodegeneration, inflammation, and aging (Zhang et al,
2016). In addition, ROS also participate

regulation and stress responses through the primary medium

in metabolic

of specific target protein-mediated signaling pathways, which is
beneficial for cells to adapt to changes in the environment and
stress. Therefore, ROS homeostasis is essential for the body to
maintain its function. Previous researches have demonstrated
that the accumulation of ROS-induced lipid peroxidation is the
ultimate course of ferroptosis (Yang and Stockwell, 2016). Two
mechanisms are responsible for the accumulation of ROS during
ferroptosis. The first mechanism is that the function of GPX4 is
inhibited and cannot timely remove ROS produced by cell
oxidation reaction. The other mechanism is that the excessive
Fe®* in cells generates a considerable amount of ROS through the
Fenton reaction. Therefore, GPX4 inhibition and intracellular
Fe’* overload caused by ROS accumulation play key roles in
regulating the initiation and progression of ferroptosis.

Glutathione peroxidase 4

Glutathione peroxidases (GPXs) are members of the
peroxidase enzyme family. Their primary biological role is the
reduction of lipid hydroperoxide and free hydrogen peroxide to
protect organisms from oxidative damage (Jiao et al., 2017). To
date, eight sub-members of GPXs have been identified in the
human body, in which GPX4 has been found to play a key role in
ferroptosis. As an evolutionarily highly conserved and highly
efficient reductase, GPX4 can convert toxic lipid hydroperoxides
(L-OOH) (L-OH)
indispensable partner glutathione (GSH), therefore restricting

into nontoxic lipid alcohols via an
the propagation of lipid peroxidation and the accumulation of
lipid peroxides (Forcina and Dixon, 2019; Ursini and Maiorino,
2020). Studies have been around for decades showing that the
morphology of cysteine-deprived cell death differed from that of
other amino acids deprived cell deaths (Eagle, 1955). As a small
molecule active peptide containing sulthydryl group, GSH is
composed of glutamic acid, cysteine, and glycine (Kalinina and
Novichkova, 2021). Glycine is considered as the richest low-
molecular-weight mercaptan compound synthesized in cells, and
its sulfhydryl structure can be oxidized and dehydrogenated,
allowing it to play an important role in antioxidation and free
radical scavenging to play a central role in some metabolic
pathways and cytoprotective mechanisms (Forman et al.,
2009). GSH biosynthesis occurs in the cytoplasm and is
present in the most vital cell regions, including the
mitochondria, nucleus and endoplasmic reticulum (Scire et al.,
2019). Furthermore, GSH is a cofactor of GPX4 catalytic
reaction. The consumption of GSH in cells significantly
reduces the GPX4 activity, resulting in the accumulation of
lipid peroxide and cell ferroptosis. (Ursini and Maiorino,

2020). Angeli et al. found that the inactivation of GPX4 can
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result in ferroptosis-related cell death, which leads to AKI in mice
(Friedmann Angeli et al., 2014). Recent studies have found that
autophagy activation mediated by acid sphingomyelinase (ASM),
one of the key enzymes in sphingolipid metabolism, is essential
for GPX4 degradation and ferroptosis activation (Thayyullathil
et al., 2021). The function of GPX4 is the core of ferroptosis, and
its significance has been gradually uncovered. Inhibition of
GPX4 expression or hindering its function may cause
oxidative damage to cells or tissues. Many studies have shown
that the antioxidant function of GPX4 is the central link to
ferroptosis (Ursini and Maiorino, 2020). Therefore, the
molecules that affect the function and activity of GPX4 may
significantly affect the incidence of ferroptosis.

System Xc~

System Xc is an amino acid transporter widely expressed on
the cell membrane, a channel for cystine and glutamate, and a
heterodimer composed of SLC7A11 and SLC3A2. Intracellular
and extracellular cystine and glutamate are exchanged in a 1:
1 ratio, and their concentrations affect the transport function
(Dixon et al., 2014; Ursini and Maiorino, 2020). Cystine enters
the cell through system Xc~ exchange with glutamate, rapidly
reduces to cysteine, and subsequently contributes to the synthesis
of GSH. Thus, promoting the function of System Xc~ can inhibit
ferroptosis. According to recent studies, the uptake of cystine
mediated by SLC7A11 promotes GSH and GPX4 protein
synthesis, and ultimately inhibits ferroptosis (Zhang et al,
2021a). Moreover, polydatin could dose-dependently alleviate
cell death induced by the system Xc™ inhibitor (Zhou et al., 2022).
Another study indicated that downregulation of connexin 43
(Cx43) can inhibit ferroptosis by restoring the level of
SLC7Allto alleviate cisplatin-induced AKI (Yu et al., 2021b).
In turn, inhibition of System Xc~ promotes the occurrence and
development of ferroptosis. For example, Patulin (PAT), a
common food-borne activity  of
SLC7A11 by activating AMP-activated protein kinase
(AMPK)-mediated of the beclinl-SLC7A11
complex and exacerbated folic acid-induced nephrotoxicity in
a mouse model of AKI (Chen et al., 2022). Research has shown
that targeted inhibition of the SLC3A2 subunit in system XC~ can
induce ferroptosis (Ma et al., 2021a). Therefore, maintaining the

mycotoxin, decreased

formation

normal function of system Xc~ is crucial to protecting cells and
tissues from ferroptosis.

Polyunsaturated fatty acids

Lipid metabolism-related ferroptosis is closely related to AKI,
and the existing research found that changes in lipid metabolism
can drive AKI (Bugarski et al., 2021). Many studies have reported
obvious fatty acid oxidation dysfunction and lipid deposition in
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cisplatin-induced AKI (Nagothu et al., 2005). Another study
showed that w3-polyunsaturated fatty acids (w3-PUFAs) can
attenuate Ischemia-reperfusion (I/R) injury-induced AKI in fat-1
mice (Gwon et al, 2017). The carbon-carbon double bonds
present in PUFAs are unstable; when compared to saturated
PUFAs, PUFAs are easily oxidized to lipid peroxides (Yang et al.,
2016). The peroxidation of PUFAs in lipid membranes is the core
and concluding step of ferroptosis. Arachidonoyl (AA) and
adrenic acid (ADA) are the two most specific lipid membrane
PUFAs in ferroptosis. The peroxidation of PUFAs is driven by
acyl-CoA synthase long-chain family member 4 (ACSL4). AA
and ADA are esterified into acyl CoA derivatives by ACSL4,
esterified into phosphatidyl ethanolamine (PE-AA/ADA) by
lysophosphatidylcholine acyltransferase 3 (LPCAT3), and then
(PE-AA/ADA-OOH) by
lipoxygenases (LOXs). Additionally, excessive Fe’* can react

oxidized into lipid peroxides
with lipid peroxides to generate free radicals, further
propagating lipid peroxidation. Mishima et al. proved that
some drugs that scavenge lipid peroxyl radicals can help
control ferroptosis-related disorders, including AKI (Mishima
et al., 2020). Similarly, cholesterol-rich membrane structures will
also undergo peroxidation (Zielinski and Pratt, 2016). The
antioxidant system continuously reduces lipid peroxides
produced in the normal oxidation environment to form a
balance. If the antioxidant system is damaged, excessive
activation of ACSL4, LPCATS3, and LOXs, and excessive Fe?*
can lead to high consumption of cell membrane phospholipids,
and the accumulation of lipid peroxides will result in ferroptosis
(Kagan et al., 2017; Ursini and Maiorino, 2020).

Ferroptosis suppressor protein 1

Ferroptosis suppressor protein 1 (FSP1) was previously
known as apoptosis-inducing factor mitochondrion-associated
2 (AIFM2). Sebastian et al. identified and suggested in 2019 that
FSP1 and coenzyme Q10 (CoQ10) inhibited ferroptosis. Reduced
CoQI10 could capture lipid peroxyl radicals in the cytoplasm,
thereby preventing lipid peroxidation of the phospholipid
membrane and inhibiting ferroptosis. Meanwhile, FSP1 can
catalyze the regeneration of CoQl0 in the presence of
NAD(P)H (Doll et al., 2019). Together with the GPX4-related
pathway, this pathway inhibits lipid peroxidation and ferroptosis
(Bersuker et al., 2019).

Nuclear factor erythroid 2-related
factor 2

Nrf2 is a transcription factor that is able to bind nuclear
factors and coordinatethe basal and stress-induced activation of
many cytoprotective genes, especially genes that counteract
oxidative and electrophilic stresses (Itoh et al., 1997; Tonelli
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etal., 2018). Normally, Nrf2 is kept basally low by three different
E3-ubiquitin ligase complexes: Kelch-like ECH-associated
protein 1-Cullin 3-Ring box 1 (KEAP1-CUL3- RBX1), S-phase
kinase-associated protein 1-Cullin1-Rbx1/B-transducin repeat-
containing protein (SCF/B-TrCP), and synoviolin/Hrd1 (Dodson
et al, 2019). In response to different activating stimuli,

Nrf2 transfers to the nucleus, where it initiates the
transcription of antioxidant response element (ARE)-
containing genes (Nguyen et al, 2009). Interestingly

numerous ferroptosis-related proteins and enzymes, such as
GPX4, system Xc~ subunit, and GSH synthase, are Nrf2 target
genes (Rojo dela Vega et al., 2018; Tonelli et al., 2018). Moreover,
Nrf2 targets play an important role in iron metabolism, and
Nrf2 is responsible for several genes involved in hemolysin,
hemoglobin catabolism, iron storage, and iron export (Kerins
and Ooi, 2018). To maintain intracellular iron homeostasis, the
activation of Nrf2 can up-regulate the expression of iron
metabolism-related proteins, such as ferritin (light chain and
heavy chain), intracellular iron storage proteins, iron chelatase,
etc. In conclusion, the role of Nrf2 in ferroptosis can be divided
into three categories: iron metabolism, intermediate metabolism,
and glutathione metabolism (Dodson et al., 2019). The specific
target genes of Nrf2 are shown in Table 2. Multiple studies have
confirmed that genetic or pharmacological enhancement of
Nrf2 activity in the renal tubules significantly ameliorated
damage related to AKI and that targeting the Keapl-Nrf2
system could prevent kidney disease progression (Nezu et al.,
2017). A study showed that cordyceps cicadae mycelia could
ameliorate cisplatin-induced AKI, and one of the mechanisms
was through activating the HO-1/Nrf2 (Deng et al., 2020). Irisin
could also protect against sepsis-induced AKI by activating the
Nrf2 signaling pathway (Qiongyue et al., 2022). In conclusion,
Nrf2 is closely related to ferroptosis and AKI.

Other regulators

Other regulators or pathways are also closely related to
ferroptosis. Su et al. demonstrated that pannexin 1 (PANX1),
a family protein deletion of the ATP release pathway, can
regulate ferroptosis by activating the mitogen-activated protein
kinases (MAPK)/extracellular signal-regulated kinase (ERK)
pathway, thereby protecting the kidney from ischemia-
reperfusion injury (Su et al,, 2019a). The SLC39/ZIP family is
a group of transmembrane transporters of divalent metal ions.
The SLC39A14/ZIP14 and SLC39A8/ZIP8 transporters are
closely associated with ferroptosis. Yu et al. found that
conditional knockout of liver SLC39A14 could reduce liver
iron accumulation and hepatic fibrosis mediated by
ferroptosis, indicating that SLC39A14 can promote liver cell
ferroptosis through mediated iron uptake (Yu et al, 2020). A
study found that erastin-induced ferroptosis in neuronal cells

was accompanied by BH3-interacting domain death agonist
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TABLE 2 Target genes of Nrf2 involved in preventing ferroptosis.

GSH Metabolism

Intermediate
metabolism

Iron metabolism

Target genes

Glutamate-cysteine ligase modifier subunit (GCLM)
GSH synthetase (GSS)
GPX4

NADPH quinone dehydrogenase 1 (NQO1)
SLC7A11

glutathione-S-transferases pi 1 and alpha 1
(GSTP1 and GSTA1)

Small heterodimer partner (SHP)

Peroxisome proliferator-activated receptor y
(PPARG)

Aldo-ketoreductases (AKR1B1, AKR1B10)
Glucose-6-phosphate dehydrogenase (G6PD)

Aldehyde dehydrogenase 1 family member Al
(ALDHIA1)

ABCB6
Ferrochelatase (FECH)

Heme oxygenase-1 (HO-1)
Biliverdin reductase A (BLVRA)
Ferritin heavy chain 1 (FTHI)

Ferritin light chain (FTL)

Ferroportin 1 (FPN1)

10.3389/fphar.2022.1065867

Effects References

Promote GSH synthesis Sasaki et al. (2002)
Promote GSH synthesis Sasaki et al. (2002)
Anti-lipid peroxidation

et al., 2018)
Anti-lipid peroxidation Ross and Siegel, (2021)
Transport cysteine into cells Fan et al. (2017)

Reduction of oxidized substrates with GSH or Nebert and Vasiliou, (2004)

NADPH

Involve in lipid metabolism Huang et al. (2010)

Involve in lipid metabolism Cho et al. (2010)

Reduction of aldehydes and ketones to alcohols  Jung et al. (2013)

Glucose metabolism/NAPDH regeneration Thimmulappa et al. (2002)

Oxidation of aldehydes to carboxylic acids Duong et al. (2017)

Participate in the heme biosynthetic pathway Campbell et al. (2013)

Participate in the heme biosynthetic pathway

2022a)
Decompose heme into biliverdin and free iron Alam et al. (1999)
Repress BACH1 and allows Nrf2 to express HO-1

Subunit of transferrin that affects iron ion
transport

Tsuji et al. (2000)

Subunit of transferrin that affects iron ion
transport

Tsuji et al. (2000)

Unstable iron can be exported from the cytosol ~ Pietsch et al. (2003)

through FPN1

(Rojo de la Vega et al., 2018; Tonelli

(Campbell et al., 2013; Yang et al,,

(Kldska et al., 2019; Consoli et al., 2021)

(BID) transactivation to mitochondria, loss of mitochondrial
membrane potential, enhanced mitochondrial fragmentation
and reduced ATP levels. Mitochondrial transactivation of BID
links ferroptosis to mitochondrial damage (Neitemeier et al.,
2017). Lee et al. found that inactivation of AMPK largely
abolishes the protective effects of energy stress on ferroptosis
in vitro and on ferroptosis-associated renal ischemia-reperfusion
injury in vivo (Lee et al., 2020). Moreover, a study showed that
hyperactive mutation of PI3K-AKT-mTOR signaling protects
cancer cells from ferroptosis through SREBP1/SCD1-mediated
lipogenesis (Yi et al., 2020). However, the knowledge of these
pathways is insufficient, and we still need to find their internal
relationship.

Research progress of ferroptosis-
related intervention reagents

Recently, many natural and synthetic drugs have been found
to induce or inhibit ferroptosis by regulating related pathways,
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which has great therapeutic potential for ferroptosis-related
diseases. In various proliferative diseases such as tumors,
inducing ferroptosis can promote tumor cell death and play
an anti-tumor role. In some non-neoplastic diseases (such as
ischemia-reperfusion injury, cardiovascular and cerebrovascular
diseases, kidney diseases, etc.), ferroptosis inhibitors can prevent
the occurrence and development of lipid peroxidation and
ferroptosis by different targets in the related pathway. Several
ferroptosis-related inducers and inhibitors are shown in Table 3.

Interplay between ferroptosis and
other types of cellular processes

It is generally believed that the main pathological
characteristic of AKI is damage and death of renal tubules.
In the past few decades, several cellular processes have been
reported in AKI, such as apoptosis, necrosis, autophagy and
inflammation. Although ferroptosis has been confirmed to be
a new form of cell death that differs from other cellular
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TABLE 3 Inducers and inhibitors of ferroptosis.

Classification

Ferroptosis Inducers

Ferroptosis inhibitors

processes, recent studies have found that these cellular

Reagents

Erastin
Sulfasalazine
Sorafenib

ATF3
Acetaminophen
RSL3

FINO2
Lipopolysaccharide
Legumain
Dexamethasone
DPI2

BSO

Cisplatin

FIN56

Siramesine

Fer-1

SRS 16-86

SRS 11-92
Liproxstatin-1
Vitamin E
Vitamin K
Quercetin (QCT)
Nuciferine
Irisin

VDR
Ginsenoside Rgl
Entacapone

MCTR1

Targets

System Xc~, VDAC2/3, p53
System Xc°

Nrf2, Keapl, System Xc
SLC7A11, GPX4

GSH, GPX4

NF-«B, GPX4

GPX4, Fe**

SLC7A11, GPX4

GPX4

GSH

GSH

GSH

GSH, GPX4

GPX4, CoQ10

FPN, Ferritin

Lipid peroxidation

Lipid peroxidation

Lipid peroxidation

GPX4, Lipid peroxidation
Lipid peroxidation

FSP1

MDA, ROS, GSH

Lipid peroxidation

GPX4, Lipid peroxidation
GPX4, Lipid peroxidation
GPX4, GSH, FSP1

Nrf2

Nrf2

AKI, but which type is dominant during the development of

10.3389/fphar.2022.1065867

References

(Dolma et al., 2003; Yang et al., 2020)

Gout et al. (2001)
Louandre et al. (2015)

(Wang et al., 2020; Wang et al., 2021)

Mitchell et al. (1973)
Yang et al. (2014)
Gaschler et al. (2018)
Liu et al. (2020a)
Chen et al. (2021)

von Missenhausen et al. (2022)

Yang et al. (2014)
Yang et al. (2014)
Yamaguchi et al. (2013)
Shimada et al. (2016)
Ma et al. (2016)

Skouta et al. (2014)
Skouta et al. (2014)

Linkermann et al. (2014a)

Friedmann Angeli et al. (2014)

Hinman et al. (2018)
Mishima et al. (2022)
Wang et al. (2021)
Li et al. (2021)
Zhang et al. (2021b)
Hu et al. (2020)

Guo et al. (2022)
Yang et al. (2022b)
Xiao et al. (2021)

processes may coincide and be related in some ways. At the
cellular level, all of these cellular processes are involved in
mitochondrial alterations. Mitochondrial fragmentation,
cytochrome ¢ release and caspase activation lead to
apoptosis in AKI induced by ischemia and cisplatin
(Brooks et al., 2009). A range of mitochondrial dysfunction
also occurs in necrosis (Vandenabeele et al., 2010). Moreover,
current studies suggest that the diverse roles of mitochondria
in bioenergetic, biosynthetic, and ROS regulation contribute
to ferroptosis (Brenner et al, 2000; Gan, 2021). At the
molecular level, excessive ROS attack biological membranes
and propagate the lipid peroxidation chain reaction, which in
turn induces different types of cell death, including apoptosis,
autophagy and ferroptosis (Su et al., 2019b). In conclusion, we
hypothesize that different cellular processes may coexist in
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AKI and whether different cellular processes interact with
each other need to be further studied.

Ferroptosis in different types of acute
kidney injury

Rhabdomyolysis-induced acute kidney
injury

When ferritin gene knockout mice develop AKI induced
by rhabdomyolysis (RM), the mortality of mice increases, and
the structural and functional renal injury is exacerbated
(Zarjou et al, 2013), indicating that FTH plays an
important role in AKI renal injury. Zorova et al. found that
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the levels of heme and free iron in renal cell cytoplasm and
mitochondria were significantly increased in RM rats, as well
as the level of lipid peroxide in renal tissue (Zorova et al,,
2016). Guerrero-Hue et al. found that although apoptosis and
necrosis were also activated, ferroptosis played a pivotal role
in RM-induced AKI. Curcumin was also found to inhibit the
toll-like receptor 4 (TLR4)/nuclear factor kappa-B (NF-kB)
axis and activate HO-1 to reduce inflammation and oxidative
stress, inhibiting ferroptosis and effectively improving renal
function (Guerrero-Hue et al., 2019). The latest research by
Zhao et al. showed that iron deficiency aggravates RM-
induced AKI by increasing catalytic heme iron and that
correcting iron deficiency may reduce all types of AKI
(Zhao et al, 2021). The above studies suggested that
ferroptosis may be involved

development of RM-induced AKI.

in the occurrence and

Ischemia/reperfusion injury-induced
acute kidney injury

Studies reported that ischemia/reperfusion injury (IRI)-
induced AKI-associated ferroptosis is mediated by the
mitochondrial cytokine augmenter of liver regeneration
(ALR), which is related to the GPX4 system. Silencing the
ALR gene leads to aggravation of mitochondrial damage,
decreases GPX4 activity, and promotes ferroptosis (Huang
et al.,, 2019). Another study also suggested that ferroptosis
plays an important role in IRI-induced AKI, and through the
inhibition of inositol requiring enzyme 1 (IRE1)/c-Jun NH,-
terminal kinases (JNK) pathway can protect against IRI
induced renal injury by inhibiting ferroptosis (Liang et al.,
2022). Single-cell RNA sequencing (scRNA-seq) revealed that
the ferroptosis-associated genes are mainly expressed in the
renal tubular epithelium after IRI, but there is little expression
of necroptosis and apoptosis-associated genes (Zhao et al.,
2020). XJB-5-131 is an oxidation-resistant mitochondrial
nitrogen oxide that reduces inflammatory cell infiltration,
ferroptosis, and renal injury. XJB-5-131 showed excellent
plasma stability, rapid plasma kidney transfer, and high
renal affinity in mice. It is expected to be an effective drug
for treating renal cell ferroptosis (Zhao et al., 2020). Ding et al.
showed that miR-182-5p and miR-378a-3p are up-regulated
in kidney IRI. By direct binding of GPX4 and SLC7All,
mRNA 3'UTR, GPX4, and SLC7A1ll1 were negatively
regulated, and ferroptosis was induced. Silencing this gene
is expected to reduce the renal injury caused by ferroptosis
(Ding et al., 2020). Moreover, Su et al. demonstrated that
silencing the expression of pannexinl can significantly
prevent renal IRI by inhibiting MAPK/ERK activation in
the ferroptosis pathway (Su et al., 2019a). By up-regulating
GPX4, irisin treatment can reduce AKI caused by IRL
Treatment with the GPX4 inhibitor RSL3 eliminates the
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protective effect of irisin (Zhang et al., 2021b). Melatonin
and entacapone were confirmed to upregulate the nuclear
translocation of Nrf2, resulting in increased expression of the
downstream SLC7AI11
oxidative stress and ferroptosis (Yang et al.,, 2022b; Huang

and significant suppression of
et al., 2022). Recent research revealed that dexmedetomidine
could attenuate ferroptosis-mediated IRI-induced AKI by
inhibiting ACSL4 (Tao et al,, 2022), and ACSL4 knockout
also significantly alleviated this injury (Wang et al., 2022b).
Ubiquitin specific peptidase 7 (USP7) inhibition attenuated
IRI-induced renal injury by inhibiting ferroptosis through
decreasing ubiquitination of TANK-binding kinase 1
(TBK1) and promoting DNMT1-mediated methylation of
FMRI1 (Dong et al., 2022). Michael et al. conducted a
druggability screen to identify ferroptosis as a key driver
that
ameliorates

pathway for maladaptive repair and found

pharmacological inhibition of ferroptosis
maladaptive kidney responses and fibrosis after severe IRI
(Balzer et al., 2022). Various studies have shown that iron
chelators and other ferroptosis inhibitors can reduce the renal
damage induced by ischemia-reperfusion and that the
inactivation of regulatory factors related to ferroptosis can
cause or aggravate AKI (Friedmann Angeli et al, 2014;
Linkermann, 2016). The above studies revealed ferroptosis
plays an important role in AKI and silencing specific genes or
proteins may provide for

treating AKI.

specific potential targets

Folic acid-induced acute kidney injury

Low doses of folic acid (FA) are beneficial against
oxidative stress (Hwang et al, 2011), while high doses of
FA are widely used in the induction of animal kidney disease.
As folate reduction by dihydrofolate reductase to form
tetrahydrofolate uses large amounts of NADPH as a
reducing power, high levels of folate in the kidneys can
severely compromise cellular antioxidative systems, leading
to aggravated redox imbalance and oxidative stress (Gupta
et al., 2012; Ducker and Rabinowitz, 2017). Sanchez et al.
found that in the AKI model induced by FA, lipid
peroxidation and down-regulation of GSH metabolism
occur in the kidney, a characteristic of ferroptosis (Martin-
Sanchez et al., 2017). The ferroptosis inhibitor Fer-1 can
prevent renal injury, reduce inflammation, and prevent the
down-regulation of Klotho expression. However, inhibition of
necrosis or apoptosis at the pharmacological or genetic level
cannot achieve the above objectives, suggesting that
ferroptosis is the main pathway of AKI injury induced by
FA (Martin-Sanchez et al., 2017). Guo et al. also confirmed
that ferroptosis is the main cause of FA-induced AKI, and
targeted inhibition of Rev-erb-a/p can increase the
transcription of SLC7A11 and HO-1, thereby inhibiting
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ferroptosis to improve FA-induced AKI (Guo et al., 2021). The
latest research found that legumain, a conserved asparagine
by
GPX4 lysosomal autophagy in FA-induced AKI. Legumain

endopeptidase, promotes ferroptosis enhancing
deficiency can alleviate GPX4 lysosomal autophagy and
improve renal injury (Chen et al., 2021). Li et al. reported
that the bioactive compound nuciferine inhibits the formation
of iron and lipid peroxidation, alleviates FA-induced AKI in
mice, and inhibits the ferroptosis (Li et al., 2021). Another
research showed that FG-4592, an inhibitor of prolyl
hydroxylase of hypoxia-inducible factor (HIF), can reduce
ferroptosis in the early stage of FA-induced renal injury via
Akt/glycogen synthase kinase-3 beta (GSK-3()-mediated
Nrf2 activation, thereby delaying fibrosis progression (Li
et al,, 2020b). Wang et al. found that the natural flavonoid
QCT can increase GSH, SLC7A11 and GPX4 levels by
reducing the expression of ATF3, inhibiting ferroptosis in
many aspects (Wang et al., 2021). These studies contribute to a
better understanding of the relationship between ferroptosis
and AKI and provide suggestions for developing new
treatment strategies for AKI.

Cisplatin-induced acute kidney injury

Cisplatin is an inorganic platinum-based chemotherapeutic
agent that is widely used in the treatment of a variety of solid
malignant tumors (Kodama et al,, 2014). After a single dose of
cisplatin, approximately one-third of the patients develop
nephrotoxicity (Lebwohl and Canetta, 1998). A recent study
identified Dpepl and Chmpla as kidney disease genes, and at
the molecular level, both genes are crucial regulators of ferroptosis.
Chmpla knockdown enhances ferroptosis through increased iron
accumulation in cisplatin induced AKI, and Dpepl knockdown
ameliorates cisplatin-induced apoptosis and ferroptosis. Moreover,
Dpepl and Chmpla levels are also strongly and negatively
correlated in AKI models (Guan et al, 2021). Studies have
shown that cisplatin-induced reduced glutathione consumption
and glutathione peroxidase inactivation can cause ferroptosis and
tumor resistance (Guo et al., 2018). We speculated that AKI renal
cells exhibit a similar effect. Human or mouse proximal tubular
epithelial cells treated with cisplatin showed significant cell death,
which ferroptosis inhibitors could reduce. Overexpression of myo-
inositol oxygenase (MIOX) systematically aggravates oxidative
damage, including a decrease in GPX4 activity and the levels of
nicotinamide adenine dinucleotide phosphate (NADPH) and GSH.
Inhibiting MIOX expression inhibits ferroptosis (Dutta et al.,, 2017;
Deng et al., 2019). Hu et al. also verified that ferroptosis played an
important role in cisplatin-induced AKI. Similarly, they found that
VDR activation may bind to the promoter of GPX4 and inhibit
ferroptosis by increasing the GPX4 expression, thereby preventing
cisplatin-induced renal injury (Hu et al., 2020). Rhebl, a molecular
switch in renal tubular cells, inhibits ferroptosis in renal tubular cells
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by maintaining mitochondrial homeostasis and alleviates cisplatin-
induced AKIT (Lu et al., 2020). Moreover, farnesoid X receptor (FXR)
was found to regulate the transcription of ferroptosis-related genes
and has a protective effect against cisplatin-induced AKI (Kim et al.,
2022). Prevention of drug-induced AKI by inhibiting ferroptosis
may be a future research direction.

Sepsis-induced acute kidney injury

Sepsis is defined as organ dysfunction resulting from the
host’s deleterious response to infection. One of the most common
organs affected is the kidney, resulting in sepsis-induced AKI
(SA-AKI). ROS is a major contributor to sepsis. Studies have
shown that the ferroptosis inhibitor Fer-1 significantly attenuates
septic renal injury (Yao et al., 2022). A recent study also showed
that irisin inhibits ferroptosis and improves renal function in
septic mice by reducing ROS production, iron content, and MDA
levels, increasing GSH levels and changing the expression of
GPX4 and ACSH4 in kidney tissue (Qiongyue et al., 2022). This
result was consistent with the results of Fer-1. Another study
verified the role of ferroptosis in sepsis-induced AKI and found
that MCTRI1 effectively suppressed ferroptosis in SA-AKI by
upregulating Nrf2 expression (Xiao et al, 2021). Melatonin
treatment was proven to suppress ferroptosis and alleviate
sepsis-induced AKI by upregulating the Nrf2/HO-1 pathway
(Qiu et al, 2022). Another small molecule, ginsenoside Rgl,
can improve the viability of HK-2 cells and reduce the
accumulation of iron and lipid peroxidation. Its
ferroptosis activity is dependent on FSP1 (Guo et al., 2022).

anti-

Other types of acute kidney injury

In addition, erastin is a ferroptosis inducer. Studies have
demonstrated that erastin can also cause oxidative damage to
renal tubular cells, which further confirms the role of ferroptosis
in AKI (Hu et al., 2020; Chen et al., 2021). In AKT induced by other
drugs such as gentamicin, glycerol, and cyclosporine, there are
enhanced generation of reactive oxygen and hydrogen peroxide.
Meanwhile, there are alterations in antioxidant defenses, such as GSH
and HO-1. Scavengers of reactive oxygen metabolites as well as iron
chelators can provide protection (Baliga et al., 1997). Severe acute
pancreatitis (SAP)-induced AKI was followed by iron accumulation,
increased lipid peroxidation, and upregulation of ferroptosis-related
proteins and genes. Treatment with liproxstatin-1 alleviated
pancreatic and renal histopathology injury in SAP rats (Ma et al,
2021b). There are many causes of AKI, and Figure 2 summarizes the
current treatment progress of AKI by targeting ferroptosis of renal
tubular epithelial cells. In addition to the common factors mentioned
above, ureteral obstruction, surgery, other nephrotoxic drugs, etc.
(Singh et al., 2012; Bao et al., 2018). More research is needed to
determine the relationship between ferroptosis and AKI, but we
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speculate that regardless of the cause of AKI, the form of cell death is
similar. Further studies can be performed to try to treat AKI by
inhibiting ferroptosis.

Discussion

AKT has always been a severe hazard to world health and the
focus of research. In recent years, the morbidity and mortality of
AKT have exhibited an increasing trend (Liu et al., 2020b), However,
there is still no effective preventive and treatment methods. To
maintain the stability of kidney function and protect human health,
it is necessary to thoroughly understand the molecular mechanism
of AKT and to develop appropriate treatment strategies to intervene
and inhibit its further progression. Ferroptosis, rather than apoptosis
and autophagy or other types of cell death has been identified as a
new trigger for the occurrence of AKI (Martin-Sanchez et al., 2017).
A study showed that genetic induction of high ferroptotic stress in
proximal tubular (PT) cells after injury leads to the accumulation of
inflammatory PT cells, enhancing inflammation, oxidative stress
and fibrosis (Ide et al., 2021). This suggests an important role for
ferroptosis in the progression from AKI to CKD. As mentioned
above, several small molecules and drugs targeting the ferroptosis
pathway have been shown to alleviate AKI in animal models. The
identification of ferroptosis and the expansion of related research
undoubtedly provide new ideas for the management of AKIL

In recent years, studies on ferroptosis have gradually
increased in scope and depth. Many reports have revealed
that ferroptosis is essential in the pathophysiology of various
human diseases, including cancers, neurodegenerative diseases,
cardiovascular diseases, liver diseases and kidney diseases.
Several important molecules such as GPX4, FPN1, and
SLC7AL11, and genes such as Nrf2, have been shown to play a
significant role in ferroptosis (Dixon et al., 2012; Tonelli et al.,
2018); however, the complete pathways of ferroptosis from gene
to protein to cell and tissue are still unclear. Even so its
importance cannot be denied. Recent studies have gradually
favored ferroptosis as the main form of cell death in AKI, but
there is no doubt that other forms of cell death such as necrosis
and apoptosis exist in AKI (Linkermann et al., 2014b). Moreover,
ferroptosis, necrosis, and apoptosis overlap at the gene level (Hu
etal,, 2019). Future studies will focus on the specific pathways of
ferroptosis, the interaction between each pathway, and the
internal relationship between ferroptosis and other forms of
cell death in AKI. This will benefit a deep understanding of
the development process of AKI and the development of
therapeutic targets covering a wider range. Although targeting
ferroptosis has been shown to be effective in many animal
experiments, animal models and humans are different, and
more studies are needed to confirm that this strategy is also
effective in vivo. Moreover, the extent to which ferroptosis can be
used as a therapeutic target to restore AKI is the focus of future
research. At present, known treatments related to ferroptosis are
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mainly applied in cancer treatment. Whether relieving AKI by
ferroptosis inhibition will affect the occurrence and development
of tumors is a challenge for future research. This reminds us
whether alleviating AKI by inhibiting ferroptosis may have side
effects on other systems. Therefore, further comprehensive
investigation of ferroptosis in AKI development is urgently
required to expand our knowledge and prevent kidney injury
to benefit future clinical applications.

This review summarizes the recent scientific developments
on AKI and ferroptosis, the close association between AKI and
ferroptosis caused by different etiologies, and the effects of
ferroptosis-related regulators, mechanisms and inhibitors on
the prognosis of AKI. Through further investigation and
exploration of ferroptosis, new therapies to improve AKI are
expected to be found.

Author contributions

QF, ZL, DL, and SL designed and wrote the manuscript. SL,
RW, YW, YL, JC, PL, YQ, and SP revised the manuscript, and all
authors reviewed the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding

This work was financially supported by the National
Natural Science Foundation of China Joint Project (No.
U21A20348), the National Natural Science Young Scientists
Foundation of China (No. 82200796, 81900624), the General
Program of the National Natural Science Foundation of China
General Project (No. 81970633), the Excellent Young
Scientists Fund Program of the Natural Science Foundation
of Henan Province (N0.202300410363), the Key R&D and
Promotion Special Projects of Henan Province (No.
212102310194), and the Medical Science and Technology
Research Project of Henan Province (SBGJ202102145,
LHGJ20190265).

Acknowledgments

We sincerely thank Lianxiang Luo (The Marine Biomedical

Research Institute, Guangdong Medical University) for

providing valuable suggestions on paper writing and revision.

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.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

Li et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Alam, J., Stewart, D., TouChard, C., Boinapally, S., Choi, A. M., and Cook, J. L.
(1999). Nrf2, a Cap’n’Collar transcription factor, regulates induction of the heme
oxygenase-1 gene. J. Biol. Chem. 274 (37), 26071-26078. doi:10.1074/jbc.274.37.
26071

Anderson, G. J., and Frazer, D. M. (2017). Current understanding of iron
homeostasis. Am. J. Clin. Nutr. 106 (6), 15595-1566S. doi:10.3945/ajcn.117.155804

Baliga, R., UedaN.Walker, P. D., and Shah, S. V. (1997). Oxidant mechanisms in
toxic acute renal failure. Am. J. Kidney Dis. 29 (3), 465-477. doi:10.1016/s0272-
6386(97)90212-2

Balzer, M. S., Doke, T, Yang, Y. W., Aldridge, D. L., Hu, H., Mai, H, et al. (2022).
Single-cell analysis highlights differences in druggable pathways underlying
adaptive or fibrotic kidney regeneration. Nat. Commun. 13 (1), 4018. doi:10.
1038/541467-022-31772-9

Bao, Y. W., Yuan, Y., Chen, J. H,, and Lin, W. Q. (2018). Kidney disease models:
Tools to identify mechanisms and potential therapeutic targets. Zool. Res. 39 (2),
72-86. doi:10.24272/j.issn.2095-8137.2017.055

Basile, D. P., Anderson, M. D., and Sutton, T. A. (2012). Pathophysiology of acute
kidney injury. Compr. Physiol. 2 (2), 1303-1353. doi:10.1002/cphy.c110041

Bersuker, K., Hendricks, J. M., Li, Z., Magtanong, L., Ford, B, Tang, P. H,, et al.
(2019). The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis.
Nature 575 (7784), 688-692. doi:10.1038/s41586-019-1705-2

Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and
apoptosis: An intricate game of cell death. Cell. Mol. Immunol. 18 (5), 1106-1121.
doi:10.1038/s41423-020-00630-3

Brenner, C., Cadiou, H., Vieira, H. L., ZamzamiN.Marzo, 1., Xie, Z., et al. (2000).
Bcl-2 and Bax regulate the channel activity of the mitochondrial adenine nucleotide
translocator. Oncogene 19 (3), 329-336. doi:10.1038/sj.onc.1203298

Brooks, C., Wei, Q., Cho, S. G., and Dong, Z. (2009). Regulation of mitochondrial
dynamics in acute kidney injury in cell culture and rodent models. J. Clin. Invest.
119 (5), 1275-1285. doi:10.1172/JCI37829

Bugarski, M., Ghazi, S., Polesel, M., Martins, J. R., and Hall, A. M. (2021). Changes
in NAD and lipid metabolism drive acidosis-induced acute kidney injury. J. Am.
Soc. Nephrol. 32 (2), 342-356. doi:10.1681/ASN.2020071003

Cabantchik, Z. 1. (2014). Labile iron in cells and body fluids: Physiology,
pathology, and pharmacology. Front. Pharmacol. 5, 45. doi:10.3389/fphar.2014.
00045

Campbell, M. R,, Karaca, M., Adamski, K. N., Chorley, B. N., Wang, X., and Bell,
D. A. (2013). Novel hematopoietic target genes in the NRF2-mediated
transcriptional pathway. Oxid. Med. Cell. Longev. 2013, 120305. doi:10.1155/
2013/120305

Chen, C., Wang, D., Yu, Y., Zhao, T., Min, N., Wu, Y., et al. (2021). Legumain
promotes tubular ferroptosis by facilitating chaperone-mediated autophagy of
GPX4 in AKL Cell Death Dis. 12 (1), 65. doi:10.1038/s41419-020-03362-4

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

Cheung, E. C, and Vousden, K. H. (2022). The role of ROS in tumour
development and progression. Nat. Rev. Cancer 22 (5), 280-297. doi:10.1038/
$41568-021-00435-0

Cho, H. Y., Gladwell, W., Wang, X., Chorley, B., Bell, D., Reddy, S. P., et al. (2010).
Nrf2-regulated PPAR{gamma} expression is critical to protection against acute lung
injury in mice. Am. J. Respir. Crit. Care Med. 182 (2), 170-182. doi:10.1164/rccm.
200907-10470C

Consoli, V., Sorrenti, V., Grosso, S., and Vanella, L. (2021). Heme oxygenase-1
signaling and redox homeostasis in physiopathological conditions. Biomolecules 11
(4), 589. doi:10.3390/biom11040589

Deng, F., Sharma, L, Dai, Y., Yang, M., and Kanwar, Y. S. (2019). Myo-inositol
oxygenase expression profile modulates pathogenic ferroptosis in the renal
proximal tubule. J. Clin. Invest. 129 (11), 5033-5049. doi:10.1172/JCI129903

Frontiers in Pharmacology

10.3389/fphar.2022.1065867

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.

Deng, J. S., Jiang, W. P., Chen, C. C,, Lee, L. Y,, Li, P. Y., Huang, W. C,, et al.
(2020). Cordyceps cicadae mycelia ameliorate cisplatin-induced acute kidney injury
by suppressing the TLR4/NF-kB/MAPK and activating the HO-1/Nrf2 and sirt-1/
AMPK pathways in mice. Oxid. Med. Cell. Longev. 2020, 7912763. doi:10.1155/
2020/7912763

Ding, C., Ding, X., Zheng, J., Wang, B., Li, Y., Xiang, H., et al. (2020). miR-182-5p
and miR-378a-3p regulate ferroptosis in I/R-induced renal injury. Cell Death Dis. 11
(10), 929. doi:10.1038/541419-020-03135-2

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

Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R,, Lee, E. D., Hayano, M., et al.
(2014). Pharmacological inhibition of cystine-glutamate exchange induces
endoplasmic reticulum stress and ferroptosis. Elife 3, €02523. doi:10.7554/eLife.
02523

Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen
species in cell death. Nat. Chem. Biol. 10 (1), 9-17. doi:10.1038/nchembio.1416

Dodson, M., Castro-Portuguez, R, and Zhang, D. D. (2019). NRF2 plays a critical
role in mitigating lipid peroxidation and ferroptosis. Redox Biol. 23, 101107. doi:10.
1016/j.redox.2019.101107

Doll, S., Freitas, F. P., Shah, R., Aldrovandi, M., da Silva, M. C,, Ingold, L, et al.
(2019). FSP1 is a glutathione-independent ferroptosis suppressor. Nature 575
(7784), 693-698. d0i:10.1038/541586-019-1707-0

Dolma, S., Lessnick, S. L., Hahn, W. C., and Stockwell, B. R. (2003). Identification
of genotype-selective antitumor agents using synthetic lethal chemical screening in
engineered human tumor cells. Cancer Cell 3 (3), 285-296. doi:10.1016/s1535-
6108(03)00050-3

Dong, B, Ding, C., Xiang, H., Zheng, J., Li, X, Xue, W., et al. (2022).
USP7 accelerates FMR1-mediated ferroptosis by facilitating TBK1 ubiquitination
and DNMT1 deubiquitination after renal ischemia-reperfusion injury. Inflamm.
Res. doi:10.1007/s00011-022-01648-1

Ducker, G. S., and Rabinowitz, J. D. (2017). One-carbon metabolism in health and
disease. Cell Metab. 25 (1), 27-42. doi:10.1016/j.cmet.2016.08.009

Duong, H. Q,, You, K. S, Oh, S., Kwak, S. J., and Seong, Y. S. (2017). Silencing of
NRF2 reduces the expression of ALDH1A1 and ALDH3A1 and sensitizes to 5-FU
in pancreatic cancer cells. Antioxidants (Basel) 6 (3), E52. doi:10.3390/
antiox6030052

Dutta, R. K., Kondeti, V. K., Sharma, I, Chandel, N. S., Quaggin, S. E., and
Kanwar, Y. S. (2017). Beneficial effects of myo-inositol oxygenase deficiency in
cisplatin-induced AKIL. J. Am. Soc. Nephrol. 28 (5), 1421-1436. doi:10.1681/ASN.
2016070744

Eagle, H. (1955). Nutrition needs of mammalian cells in tissue culture. Science 122
(3168), 501-514. doi:10.1126/science.122.3168.501

Fan, Z., Wirth, A. K., Chen, D., Wruck, C. J., RauhM.BuchfelderM., et al. (2017).
Nrf2-Keapl pathway promotes cell proliferation and diminishes ferroptosis.
Oncogenesis 6 (8), €371. doi:10.1038/0ncsis.2017.65

Feng, Q., Yu, X,, Qiao, Y., Pan, S, Wang, R., Zheng, B, et al. (2022). Ferroptosis

and acute kidney injury (AKI): Molecular mechanisms and therapeutic potentials.
Front. Pharmacol. 13, 858676. doi:10.3389/fphar.2022.858676

Forcina, G. C., and Dixon, S. J. (2019). GPX4 at the crossroads of lipid
homeostasis and ferroptosis. Proteomics 19 (18), €1800311. doi:10.1002/pmic.
201800311

Forman, H. J,, Zhang, H.,, and Rinna, A. (2009). Glutathione: Overview of its
protective roles, measurement, and biosynthesis. Mol. Asp. Med. 30 (1-2), 1-12.
doi:10.1016/j.mam.2008.08.006

Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A,,
Hammond, V.]., et al. (2014). Inactivation of the ferroptosis regulator Gpx4 triggers
acute renal failure in mice. Nat. Cell Biol. 16 (12), 1180-1191. doi:10.1038/ncb3064

Gan, B. (2021). Mitochondrial regulation of ferroptosis. J. Cell Biol. 220 (9),
€202105043. doi:10.1083/jcb.202105043

frontiersin.org


https://doi.org/10.1074/jbc.274.37.26071
https://doi.org/10.1074/jbc.274.37.26071
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.1016/s0272-6386(97)90212-2
https://doi.org/10.1016/s0272-6386(97)90212-2
https://doi.org/10.1038/s41467-022-31772-9
https://doi.org/10.1038/s41467-022-31772-9
https://doi.org/10.24272/j.issn.2095-8137.2017.055
https://doi.org/10.1002/cphy.c110041
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/sj.onc.1203298
https://doi.org/10.1172/JCI37829
https://doi.org/10.1681/ASN.2020071003
https://doi.org/10.3389/fphar.2014.00045
https://doi.org/10.3389/fphar.2014.00045
https://doi.org/10.1155/2013/120305
https://doi.org/10.1155/2013/120305
https://doi.org/10.1038/s41419-020-03362-4
https://doi.org/10.1016/j.fct.2022.113255
https://doi.org/10.1016/j.fct.2022.113255
https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.1164/rccm.200907-1047OC
https://doi.org/10.1164/rccm.200907-1047OC
https://doi.org/10.3390/biom11040589
https://doi.org/10.1172/JCI129903
https://doi.org/10.1155/2020/7912763
https://doi.org/10.1155/2020/7912763
https://doi.org/10.1038/s41419-020-03135-z
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1016/s1535-6108(03)00050-3
https://doi.org/10.1016/s1535-6108(03)00050-3
https://doi.org/10.1007/s00011-022-01648-1
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.3390/antiox6030052
https://doi.org/10.3390/antiox6030052
https://doi.org/10.1681/ASN.2016070744
https://doi.org/10.1681/ASN.2016070744
https://doi.org/10.1126/science.122.3168.501
https://doi.org/10.1038/oncsis.2017.65
https://doi.org/10.3389/fphar.2022.858676
https://doi.org/10.1002/pmic.201800311
https://doi.org/10.1002/pmic.201800311
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1038/ncb3064
https://doi.org/10.1083/jcb.202105043
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

Li et al.

Gaschler, M. M., Andia, A. A., Liu, H., Csuka, J. M., Hurlocker, B., Vaiana, C. A.,
et al. (2018). FINO(2) initiates ferroptosis through GPX4 inactivation and iron
oxidation. Nat. Chem. Biol. 14 (5), 507-515. d0i:10.1038/s41589-018-0031-6

Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: Cellular and molecular
mechanisms. J. Pathol. 221 (1), 3-12. doi:10.1002/path.2697

Gout, P. W, Buckley, A. R, Simms, C. R, and BruchovskyN. (2001).
Sulfasalazine, a potent suppressor of lymphoma growth by inhibition of the
x(c)- cystine transporter: A new action for an old drug. Leukemia 15 (10),
1633-1640. doi:10.1038/sj.leu.2402238

Guan, Y., Liang, X., Ma, Z., Hu, H., Liu, H., Miao, Z., et al. (2021). A single genetic
locus controls both expression of DPEPI/CHMP1A and kidney disease
development via ferroptosis. Nat. Commun. 12 (1), 5078. doi:10.1038/s41467-
021-25377-x

Guerrero-Hue, M., Garcia-Caballero, C., Palomino-Antolin, A., Rubio-Navarro,
A., Vazquez-Carballo, C., Herencia, C., et al. (2019). Curcumin reduces renal
damage associated with rhabdomyolysis by decreasing ferroptosis-mediated cell
death. Faseb J. 33 (8), 8961-8975. doi:10.1096/£].201900077R

Guo, J., Wang, R, and Min, F. (2022). Ginsenoside Rgl ameliorates sepsis-
induced acute kidney injury by inhibiting ferroptosis in renal tubular epithelial cells.
J. Leukoc. Biol. 112, 1065-1077. doi:10.1002/JLB.1A0422-211R

Guo, J., Xu, B,, Han, Q., Zhou, H., Xia, Y., Gong, C,, et al. (2018). Ferroptosis: A
novel anti-tumor action for cisplatin. Cancer Res. Treat. 50 (2), 445-460. doi:10.
4143/crt.2016.572

Guo, L., Zhang, T., Wang, F., Chen, X,, Xu, H,, Zhou, C,, et al. (2021). Targeted
inhibition of Rev-erb-a/B limits ferroptosis to ameliorate folic acid-induced acute
kidney injury. Br. J. Pharmacol. 178 (2), 328-345. doi:10.1111/bph.15283

Gupta, A., Puri, V., Sharma, R., and Puri, S. (2012). Folic acid induces acute renal
failure (ARF) by enhancing renal prooxidant state. Exp. Toxicol. Pathol. 64 (3),
225-232. doi:10.1016/j.etp.2010.08.010

Gwon, D. H,, Hwang, T. W, Ro, J. Y., Kang, Y. J,, Jeong, J. Y., Kim, D. K,, et al.
(2017). High endogenous accumulation of w-3 polyunsaturated fatty acids protect
against ischemia-reperfusion renal injury through AMPK-mediated autophagy in
fat-1 mice. Int. J. Mol. Sci. 18 (10), E2081. doi:10.3390/ijms18102081

Hinman, A, Holst, C. R,, Latham, J. C., Bruegger, . J., Ulas, G., McCusker, K. P.,
etal. (2018). Vitamin E hydroquinone is an endogenous regulator of ferroptosis via
redox control of 15-lipoxygenase. PLoS One 13 (8), €0201369. doi:10.1371/journal.
pone.0201369

Hirschhorn, T., and Stockwell, B. R. (2019). The development of the concept of
ferroptosis. Free Radic. Biol. Med. 133, 130-143. doi:10.1016/j.freeradbiomed.2018.
09.043

Hu, Z., Zhang, H., Yang, S. K., Wu, X., He, D., Cao, K,, et al. (2019). Emerging role
of ferroptosis in acute kidney injury. Oxid. Med. Cell. Longev. 2019, 8010614. doi:10.
1155/2019/8010614

Hu, Z., Zhang, H., Yi, B., Yang, S, Liu, J., Hu, J,, et al. (2020). VDR activation
attenuate cisplatin induced AKI by inhibiting ferroptosis. Cell Death Dis. 11 (1), 73.
doi:10.1038/s41419-020-2256-z

Huang, J., Tabbi-Anneni, I, Gunda, V., and Wang, L. (2010). Transcription factor
Nrf2 regulates SHP and lipogenic gene expression in hepatic lipid metabolism. Am.
J. Physiol. Gastrointest. Liver Physiol. 299 (6), G1211-G1221. doi:10.1152/ajpgi.
00322.2010

Huang, L. L., Liao, X. H,, Sun, H,, Jiang, X,, Liu, Q., and Zhang, L. (2019).
Augmenter of liver regeneration protects the kidney from ischaemia-reperfusion
injury in ferroptosis. J. Cell. Mol. Med. 23 (6), 4153-4164. doi:10.1111/jcmm.14302

Huang, Y. B,, Jiang, L., Liu, X. Q., Wang, X,, Gao, L., Zeng, H. X,, et al. (2022).
Melatonin alleviates acute kidney injury by inhibiting NRF2/slc7al1l axis-mediated
ferroptosis. Oxid. Med. Cell. Longev. 2022, 4776243. doi:10.1155/2022/4776243

Hwang, S. Y., Siow, Y. L., Au-Yeung, K. K. W., House, J., and O, K. (2011). Folic
acid supplementation inhibits NADPH oxidase-mediated superoxide anion
production in the kidney. Am. J. Physiol. Ren. Physiol. 300 (1), F189-F198.
doi:10.1152/ajprenal.00272.2010

Ide, S., Kobayashi, Y., Ide, K., Strausser, S. A., Abe, K., Herbek, S., et al. (2021).
Ferroptotic stress promotes the accumulation of pro-inflammatory proximal
tubular cells in maladaptive renal repair. Elife 10, e68603. doi:10.7554/eLife.68603

Itoh, K., Chiba, T., TakahaShi, S., Ishii, T., Igarashi, K., Katoh, Y., et al. (1997). An
Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme
genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 236
(2), 313-322. doi:10.1006/bbrc.1997.6943

Jiao, Y., Wang, Y., Guo, S., and Wang, G. (2017). Glutathione peroxidases as
oncotargets. Oncotarget 8 (45), 80093-80102. doi:10.18632/oncotarget.20278

Jung, K. A., Choi, B. H,, Nam, C. W., Song, M., Kim, S. T,, Lee, J. Y., et al. (2013).
Identification of aldo-keto reductases as NRF2-target marker genes in human cells.
Toxicol. Lett. 218 (1), 39-49. doi:10.1016/j.toxlet.2012.12.026

Frontiers in Pharmacology

10.3389/fphar.2022.1065867

Kagan, V. E,, Mao, G., Qu, F,, Angeli, J. P. F,, Doll, S, Croix, C. S, et al. (2017).
Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol.
13 (1), 81-90. doi:10.1038/nchembio.2238

Kalinina, E., and Novichkova, M. (2021). Glutathione in protein redox
modulation through S-glutathionylation and S-nitrosylation. Molecules 26 (2),
E435. doi:10.3390/molecules26020435

Kerins, M. J., and Ooi, A. (2018). The roles of NRF2 in modulating cellular iron
homeostasis. Antioxid. Redox Signal. 29 (17),1756-1773. d0i:10.1089/ars.2017.7176

Kim, D. H., Choi, H. L, Park, J. S., Kim, C. S., Bae, E. H., Ma, S. K,, et al. (2022).
Farnesoid X receptor protects against cisplatin-induced acute kidney injury by
regulating the transcription of ferroptosis-related genes. Redox Biol. 54, 102382.
doi:10.1016/j.redox.2022.102382

Kléska, D., Kopacz, A., Piechota-Polanczyk, A., Neumayer, C., Huk, L, Dulak, J.,
et al. (2019). Biliverdin reductase deficiency triggers an endothelial-to-
mesenchymal transition in human endothelial cells. Arch. Biochem. Biophys.
678, 108182. doi:10.1016/j.abb.2019.108182

Kodama, A., Watanabe, H., Tanaka, R., Kondo, M., Chuang, V. T. G., Wu, Q,,
et al. (2014). Albumin fusion renders thioredoxin an effective anti-oxidative and
anti-inflammatory agent for preventing cisplatin-induced nephrotoxicity. Biochim.
Biophys. Acta 1840 (3), 1152-1162. doi:10.1016/j.bbagen.2013.12.007

Lebwohl, D., and Canetta, R. (1998). Clinical development of platinum complexes
in cancer therapy: An historical perspective and an update. Eur. J. Cancer 34 (10),
1522-1534. doi:10.1016/50959-8049(98)00224-x

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

Levey, A. S., and James, M. T. (2017). Acute kidney injury. Ann. Intern. Med. 167
(9), ITC66-ITC80. doi:10.7326/AITC201711070

Li, D,, Liu, B, Fan, Y., Liu, M., Han, B., Meng, Y., et al. (2021). Nuciferine protects
against folic acid-induced acute kidney injury by inhibiting ferroptosis. Br.
J. Pharmacol. 178 (5), 1182-1199. doi:10.1111/bph.15364

Li, J., Cao, F, Yin, H. L., Huang, Z. J., Lin, Z. T., Mao, N,, et al. (2020).
Ferroptosis: Past, present and future. Cell Death Dis. 11 (2), 88. doi:10.1038/
$41419-020-2298-2

Li, X, Zou, Y., Xing, J., Fu, Y. Y., Wang, K. Y., Wan, P. Z, et al. (2020).
Pretreatment with roxadustat (FG-4592) attenuates folic acid-induced kidney
injury through antiferroptosis via akt/GSK-3B/nrf2 pathway. Oxid. Med. Cell.
Longev. 2020, 6286984. doi:10.1155/2020/6286984

Liang, Y, Liu, Z,, Qu, L., Wang, Y., Zhou, Y., Liang, L., et al. (2022). Inhibition of
the IRE1/JNK pathway in renal tubular epithelial cells attenuates ferroptosis in
acute kidney injury. Front. Pharmacol. 13, 927641. doi:10.3389/fphar.2022.927641

Linkermann, A., Chen, G., Dong, G., Kunzendorf, U., Krautwald, S., and Dong, Z.
(2014). Regulated cell death in AKL. J. Am. Soc. Nephrol. 25 (12), 2689-2701. doi:10.
1681/ASN.2014030262

Linkermann, A. (2016). Nonapoptotic cell death in acute kidney injury and
transplantation. Kidney Int. 89 (1), 46-57. d0i:10.1016/j.kint.2015.10.008

Linkermann, A., Skouta, R., Himmerkus, N., Mulay, S. R., Dewitz, C., De Zen,
F., et al. (2014). Synchronized renal tubular cell death involves ferroptosis.
Proc. Natl. Acad. Sci. U. S. A. 111 (47), 16836-16841. doi:10.1073/pnas.
1415518111

Liu, K. D., Goldstein, S. L., Vijayan, A., Parikh, C. R., Kashani, K., Okusa, M. D,
etal. (2020). AKI!Now initiative: Recommendations for awareness, recognition, and
management of AKL Clin. J. Am. Soc. Nephrol. 15 (12), 1838-1847. doi:10.2215/
CJN.15611219

Liu, P, Feng, Y., Li, H., Chen, X., Wang, G., Xu, S,, et al. (2020). Ferrostatin-1
alleviates lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis.
Cell. Mol. Biol. Lett. 25, 10. doi:10.1186/s11658-020-00205-0

Louandre, C., Marcq, I, Bouhlal, H., Lachaier, E., Godin, C., Saidak, Z., et al.
(2015). The retinoblastoma (Rb) protein regulates ferroptosis induced by sorafenib
in human hepatocellular carcinoma cells. Cancer Lett. 356 (2), 971-977. doi:10.
1016/j.canlet.2014.11.014

Lu, Q., Wang, M., Gui, Y., Hou, Q., Gu, M,, Liang, Y., et al. (2020). Rhebl protects
against cisplatin-induced tubular cell death and acute kidney injury via maintaining
mitochondrial homeostasis. Cell Death Dis. 11 (5), 364. doi:10.1038/s41419-020-
2539-4

Ma, D, Li, C, Jiang, P., Jiang, Y., Wang, J., and Zhang, D. (2021). Inhibition of
ferroptosis attenuates acute kidney injury in rats with severe acute pancreatitis. Dig.
Dis. Sci. 66 (2), 483-492. doi:10.1007/s10620-020-06225-2

Ma, L., Zhang, X, Yu, K, Xu, X,, Chen, T., Shi, Y., et al. (2021). Targeting
SLC3A2 subunit of system X(C)(-) is essential for m(6)A reader YTHDC2 to be an

endogenous ferroptosis inducer in lung adenocarcinoma. Free Radic. Biol. Med. 168,
25-43. doi:10.1016/j.freeradbiomed.2021.03.023

frontiersin.org


https://doi.org/10.1038/s41589-018-0031-6
https://doi.org/10.1002/path.2697
https://doi.org/10.1038/sj.leu.2402238
https://doi.org/10.1038/s41467-021-25377-x
https://doi.org/10.1038/s41467-021-25377-x
https://doi.org/10.1096/fj.201900077R
https://doi.org/10.1002/JLB.1A0422-211R
https://doi.org/10.4143/crt.2016.572
https://doi.org/10.4143/crt.2016.572
https://doi.org/10.1111/bph.15283
https://doi.org/10.1016/j.etp.2010.08.010
https://doi.org/10.3390/ijms18102081
https://doi.org/10.1371/journal.pone.0201369
https://doi.org/10.1371/journal.pone.0201369
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1155/2019/8010614
https://doi.org/10.1155/2019/8010614
https://doi.org/10.1038/s41419-020-2256-z
https://doi.org/10.1152/ajpgi.00322.2010
https://doi.org/10.1152/ajpgi.00322.2010
https://doi.org/10.1111/jcmm.14302
https://doi.org/10.1155/2022/4776243
https://doi.org/10.1152/ajprenal.00272.2010
https://doi.org/10.7554/eLife.68603
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.18632/oncotarget.20278
https://doi.org/10.1016/j.toxlet.2012.12.026
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.3390/molecules26020435
https://doi.org/10.1089/ars.2017.7176
https://doi.org/10.1016/j.redox.2022.102382
https://doi.org/10.1016/j.abb.2019.108182
https://doi.org/10.1016/j.bbagen.2013.12.007
https://doi.org/10.1016/s0959-8049(98)00224-x
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.7326/AITC201711070
https://doi.org/10.1111/bph.15364
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1155/2020/6286984
https://doi.org/10.3389/fphar.2022.927641
https://doi.org/10.1681/ASN.2014030262
https://doi.org/10.1681/ASN.2014030262
https://doi.org/10.1016/j.kint.2015.10.008
https://doi.org/10.1073/pnas.1415518111
https://doi.org/10.1073/pnas.1415518111
https://doi.org/10.2215/CJN.15611219
https://doi.org/10.2215/CJN.15611219
https://doi.org/10.1186/s11658-020-00205-0
https://doi.org/10.1016/j.canlet.2014.11.014
https://doi.org/10.1016/j.canlet.2014.11.014
https://doi.org/10.1038/s41419-020-2539-4
https://doi.org/10.1038/s41419-020-2539-4
https://doi.org/10.1007/s10620-020-06225-2
https://doi.org/10.1016/j.freeradbiomed.2021.03.023
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

Li et al.

Ma, S., Henson, E. S., Chen, Y., and Gibson, S. B. (2016). Ferroptosis is induced
following siramesine and lapatinib treatment of breast cancer cells. Cell Death Dis. 7
(7), €2307. doi:10.1038/cddis.2016.208

Martin-Sanchez, D., Ruiz-Andres, O., Poveda, J., Carrasco, S., Cannata-Ortiz, P.,
Sanchez-Nino, M. D, et al. (2017). Ferroptosis, but not necroptosis, is important in
nephrotoxic folic acid-induced AKI. J. Am. Soc. Nephrol. 28 (1), 218-229. doi:10.
1681/ASN.2015121376

Mehta, R. L., Cerda, J., Burdmann, E. A., Tonelli, M., Garcia-Garcia, G., Jha,
V., etal. (2015). International society of nephrology’s Oby25 initiative for acute
kidney injury (zero preventable deaths by 2025): A human rights case for
nephrology. Lancet 385 (9987), 2616-2643. doi:10.1016/S0140-6736(15)
60126-X

Mishima, E., Ito, J., Wu, Z., Nakamura, T., Wahida, A., Doll, S., et al. (2022). A
non-canonical vitamin K cycle is a potent ferroptosis suppressor. Nature 608
(7924), 778-783. doi:10.1038/s41586-022-05022-3

Mishima, E., Sato, E., Ito, J., Yamada, K. 1., Suzuki, C., Oikawa, Y., et al. (2020).
Drugs repurposed as antiferroptosis agents suppress organ damage, including AKI,
by functioning as lipid peroxyl radical scavengers. J. Am. Soc. Nephrol. 31 (2),
280-296. doi:10.1681/ASN.2019060570

Mitchell, J. R., Jollow, D. J., Potter, W. Z., Gillette, ]. R, and Brodie, B. B. (1973).
Acetaminophen-induced hepatic necrosis. IV. Protective role of glutathione.
J. Pharmacol. Exp. Ther. 187 (1), 211-217.

Mou, Y., Wang, J., Wu, ], He, D., Zhang, C., Duan, C,, et al. (2019). Ferroptosis, a
new form of cell death: Opportunities and challenges in cancer. J. Hematol. Oncol.
12 (1), 34. doi:10.1186/s13045-019-0720-y

Nagothu, K. K., Bhatt, R, Kaushal, G. P., and Portilla, D. (2005). Fibrate prevents
cisplatin-induced proximal tubule cell death. Kidney Int. 68 (6), 2680-2693. doi:10.
1111/j.1523-1755.2005.00739.x

Nebert, D. W., and Vasiliou, V. (2004). Analysis of the glutathione
S-transferase (GST) gene family. Hum. Genomics 1 (6), 460-464. doi:10.
1186/1479-7364-1-6-460

Neitemeier, S., Jelinek, A., Laino, V., Hoffmann, L., Eisenbach, L, Eying, R., et al.
(2017). BID links ferroptosis to mitochondrial cell death pathways. Redox Biol. 12,
558-570. doi:10.1016/j.redox.2017.03.007

Nezu, M., Suzuki, N., and Yamamoto, M. (2017). Targeting the KEAP1-NRF2
system to prevent kidney disease progression. Am. J. Nephrol. 45 (6), 473-483.
doi:10.1159/000475890

Nguyen, T., Nioi, P., and Pickett, C. B. (2009). The Nrf2-antioxidant response
element signaling pathway and its activation by oxidative stress. J. Biol. Chem. 284
(20), 13291-13295. doi:10.1074/jbc.R900010200

Pietsch, E. C., Chan, J. Y., Torti, F. M., and Torti, S. V. (2003). Nrf2 mediates the
induction of ferritin H in response to xenobiotics and cancer chemopreventive
dithiolethiones. J. Biol. Chem. 278 (4), 2361-2369. doi:10.1074/jbc.M210664200

Qiongyue, Z., Xin, Y., Meng, P., Sulin, M., Yanlin, W., Xinyi, L., et al. (2022). Post-
treatment with irisin attenuates acute kidney injury in sepsis mice through anti-
ferroptosis via the SIRT1/nrf2 pathway. Front. Pharmacol. 13, 857067. doi:10.3389/
fphar.2022.857067

Qiu, W,, An, S, Wang, T., Li, ], Yu, B,, Zeng, Z, et al. (2022). Melatonin
suppresses ferroptosis via activation of the Nrf2/HO-1 signaling pathway in the
mouse model of sepsis-induced acute kidney injury. Int. Immunopharmacol. 112,
109162. doi:10.1016/j.intimp.2022.109162

Qiu, Y., Cao, Y., Cao, W,, Jia, Y., and Lu, N. (2020). The application of
ferroptosis in diseases. Pharmacol. Res. 159, 104919. doi:10.1016/j.phrs.2020.
104919

Rojo de la Vega, M., Chapman, E., and Zhang, D. D. (2018). NRF2 and the
hallmarks of cancer. Cancer Cell 34 (1), 21-43. doi:10.1016/j.ccell.2018.03.022

Ross, D., and Siegel, D. (2021). The diverse functionality of NQO1 and its roles in
redox control. Redox Biol. 41, 101950. doi:10.1016/j.redox.2021.101950

Sasaki, H., Sato, H., Kuriyama-Matsumura, K., Sato, K., Maebara, K., Wang, H.,
et al. (2002). Electrophile response element-mediated induction of the cystine/
glutamate exchange transporter gene expression. J. Biol. Chem. 277 (47),
44765-44771. doi:10.1074/jbc.M208704200

Scire, A., Cianfruglia, L., Minnelli, C., Bartolini, D., Torquato, P., Principato, G.,
et al. (2019). Glutathione compartmentalization and its role in glutathionylation
and other regulatory processes of cellular pathways. Biofactors 45 (2), 152-168.
doi:10.1002/biof.1476

Shimada, K., Skouta, R., Kaplan, A., Yang, W. S., Hayano, M., Dixon, S. J., et al.
(2016). Global survey of cell death mechanisms reveals metabolic regulation of
ferroptosis. Nat. Chem. Biol. 12 (7), 497-503. doi:10.1038/nchembio.2079

Singh, A. P, Junemann, A., Muthuraman, A., Jaggi, A. S., Singh, N., Grover, K.,
et al. (2012). Animal models of acute renal failure. Pharmacol. Rep. 64 (1), 31-44.
doi:10.1016/s1734-1140(12)70728-4

Frontiers in Pharmacology

10.3389/fphar.2022.1065867

Skouta, R,, Dixon, S. J., Wang, J., Dunn, D. E,, Orman, M., Shimada, K, et al.
(2014). Ferrostatins inhibit oxidative lipid damage and cell death in diverse disease
models. J. Am. Chem. Soc. 136 (12), 4551-4556. doi:10.1021/ja411006a

Su, L., Jiang, X., Yang, C.,, Zhang, J., Chen, B, Li, Y., et al. (2019). Pannexin
1 mediates ferroptosis that contributes to renal ischemia/reperfusion injury. J. Biol.
Chem. 294 (50), 19395-19404. doi:10.1074/jbc. RA119.010949

Su, L. J., Zhang, J. H.,, Gomez, H., Murugan, R., Hong, X., Xu, D,, et al. (2019).
Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and
ferroptosis. Oxid. Med. Cell. Longev. 2019, 5080843. doi:10.1155/2019/5080843

Susantitaphong, P., Cruz, D. N., Cerda, J., Abulfaraj, M., Algahtani, F.,
Koulouridis, I, et al. (2013). World incidence of AKI: A meta-analysis. Clin.
J. Am. Soc. Nephrol. 8 (9), 1482-1493. d0i:10.2215/CJN.00710113

Tang, D., Chen, X., Kang, R, and Kroemer, G. (2021). Ferroptosis: Molecular
mechanisms and health implications. Cell Res. 31 (2), 107-125. doi:10.1038/s41422-
020-00441-1

Tao, W. H,, Shan, X. S., Zhang, J. X,, Liu, H. Y., Wang, B. Y., Wei, X,, et al. (2022).
Dexmedetomidine attenuates ferroptosis-mediated renal ischemia/reperfusion
injury and inflammation by inhibiting ACSL4 via a2-AR. Front. Pharmacol. 13,
782466. doi:10.3389/fphar.2022.782466

Thayyullathil, F., Cheratta, A. R., Alakkal, A., Subburayan, K., Pallichankandy, S.,
Hannun, Y. A, et al. (2021). Acid sphingomyelinase-dependent autophagic
degradation of GPX4 is critical for the execution of ferroptosis. Cell Death Dis.
12 (1), 26. doi:10.1038/s41419-020-03297-w

Thimmulappa, R. K., Mai, K. H,, Srisuma, S., Kensler, T. W., Yamamoto, M., and
Biswal, S. (2002). Identification of Nrf2-regulated genes induced by the
chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer Res.
62 (18), 5196-5203.

Tonelli, C., Chio, L. I. C., and Tuveson, D. A. (2018). Transcriptional regulation by
Nrf2. Antioxid. Redox Signal. 29 (17), 1727-1745. doi:10.1089/ars.2017.7342

Tonnus, W., Meyer, C., Paliege, A., Belavgeni, A., von Massenhausen, A.,
Bornstein, S. R., et al. (2019). The pathological features of regulated necrosis.
J. Pathol. 247 (5), 697-707. doi:10.1002/path.5248

Tsuji, Y., Ayaki, H., Whitman, S. P., Morrow, C. S., Torti, S. V., and Torti, F. M.
(2000). Coordinate transcriptional and translational regulation of ferritin in
response to oxidative stress. Mol. Cell. Biol. 20 (16), 5818-5827. doi:10.1128/
mcb.20.16.5818-5827.2000

Ursini, F., and Maiorino, M. (2020). Lipid peroxidation and ferroptosis: The role
of GSH and GPx4. Free Radic. Biol. Med. 152, 175-185. doi:10.1016/j.
freeradbiomed.2020.02.027

van Swelm, R. P. L., Wetzels, J. F. M., and Swinkels, D. W. (2020). The
multifaceted role of iron in renal health and disease. Nat. Rev. Nephrol. 16 (2),
77-98. d0i:10.1038/s41581-019-0197-5

Vandenabeele, P., Galluzzi, L., Vanden Berghe, T., and Kroemer, G. (2010).
Molecular mechanisms of necroptosis: An ordered cellular explosion. Nat. Rev. Mol.
Cell Biol. 11 (10), 700-714. doi:10.1038/nrm2970

von Missenhausen, A., Zamora Gonzalez, N., Maremonti, F., Belavgeni, A.,
Tonnus, W., Meyer, C,, et al. (2022). Dexamethasone sensitizes to ferroptosis by
glucocorticoid receptor-induced dipeptidase-1 expression and glutathione
depletion. Sci. Adv. 8 (5), eabl8920. doi:10.1126/sciadv.abl8920

Wang, L., Liu, Y., Du, T, Yang, H., Lei, L., Guo, M., et al. (2020). ATF3 promotes
erastin-induced ferroptosis by suppressing system Xc. Cell Death Differ. 27 (2),
662-675. doi:10.1038/s41418-019-0380-z

Wang, X,, Simpson, E. R,, and Brown, K. A. (2015). p53: Protection against tumor
growth beyond effects on cell cycle and apoptosis. Cancer Res. 75 (23), 5001-5007.
doi:10.1158/0008-5472.CAN-15-0563

Wang, Y., Quan, F., Cao, Q,, Lin, Y., Yue, C, Bi, R, et al. (2021). Quercetin
alleviates acute kidney injury by inhibiting ferroptosis. J. Adv. Res. 28, 231-243.
doi:10.1016/j.jare.2020.07.007

Wang, Y., Zhang, L., and Zhou, F. (2022). Cuproptosis: A new form of
programmed cell death. Cell. Mol. Immunol. 19 (8), 867-868. doi:10.1038/
541423-022-00866-1

Wang, Y., Zhang, M., Bi, R, Su, Y, Quan, F, Lin, Y, et al. (2022).
ACSL4 deficiency confers protection against ferroptosis-mediated acute kidney
injury. Redox Biol. 51, 102262. doi:10.1016/j.redox.2022.102262

Xiao, J., Yang, Q., Zhang, Y., Xu, H., Ye, Y., Li, L., et al. (2021). Maresin conjugates
in tissue regeneration-1 suppresses ferroptosis in septic acute kidney injury. Cell
Biosci. 11 (1), 221. doi:10.1186/s13578-021-00734-x

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

Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A. J., Yang, W. S, Fridman,
D. J., et al. (2007). RAS-RAF-MEK-dependent oxidative cell death involving

frontiersin.org


https://doi.org/10.1038/cddis.2016.208
https://doi.org/10.1681/ASN.2015121376
https://doi.org/10.1681/ASN.2015121376
https://doi.org/10.1016/S0140-6736(15)60126-X
https://doi.org/10.1016/S0140-6736(15)60126-X
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1681/ASN.2019060570
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.1111/j.1523-1755.2005.00739.x
https://doi.org/10.1111/j.1523-1755.2005.00739.x
https://doi.org/10.1186/1479-7364-1-6-460
https://doi.org/10.1186/1479-7364-1-6-460
https://doi.org/10.1016/j.redox.2017.03.007
https://doi.org/10.1159/000475890
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.1074/jbc.M210664200
https://doi.org/10.3389/fphar.2022.857067
https://doi.org/10.3389/fphar.2022.857067
https://doi.org/10.1016/j.intimp.2022.109162
https://doi.org/10.1016/j.phrs.2020.104919
https://doi.org/10.1016/j.phrs.2020.104919
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.1016/j.redox.2021.101950
https://doi.org/10.1074/jbc.M208704200
https://doi.org/10.1002/biof.1476
https://doi.org/10.1038/nchembio.2079
https://doi.org/10.1016/s1734-1140(12)70728-4
https://doi.org/10.1021/ja411006a
https://doi.org/10.1074/jbc.RA119.010949
https://doi.org/10.1155/2019/5080843
https://doi.org/10.2215/CJN.00710113
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.3389/fphar.2022.782466
https://doi.org/10.1038/s41419-020-03297-w
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1002/path.5248
https://doi.org/10.1128/mcb.20.16.5818-5827.2000
https://doi.org/10.1128/mcb.20.16.5818-5827.2000
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1038/s41581-019-0197-5
https://doi.org/10.1038/nrm2970
https://doi.org/10.1126/sciadv.abl8920
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1158/0008-5472.CAN-15-0563
https://doi.org/10.1016/j.jare.2020.07.007
https://doi.org/10.1038/s41423-022-00866-1
https://doi.org/10.1038/s41423-022-00866-1
https://doi.org/10.1016/j.redox.2022.102262
https://doi.org/10.1186/s13578-021-00734-x
https://doi.org/10.1038/cdd.2015.158
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

Li et al.

voltage-dependent anion channels. Nature 447 (7146), 864-868. doi:10.1038/
nature05859

Yamaguchi, H., Hsu, J. L., Chen, C. T., Wang, Y. N,, Hsu, M. C,, Chang, S. S, et al.
(2013). Caspase-independent cell death is involved in the negative effect of EGF
receptor inhibitors on cisplatin in non-small cell lung cancer cells. Clin. Cancer Res.
19 (4), 845-854. doi:10.1158/1078-0432.CCR-12-2621

Yang, C, Wang, T., Zhao, Y., Meng, X., Ding, W., Wang, Q., et al. (2022).
Flavonoid 4, 4’-dimethoxychalcone induced ferroptosis in cancer cells by
synergistically activating Keapl/Nrf2/HMOXI pathway and inhibiting FECH.
Free Radic. Biol. Med. 188, 14-23. doi:10.1016/j.freeradbiomed.2022.06.010

Yang, J., Sun, X, Huang, N, Li, P., He, ], Jiang, L., et al. (2022). Entacapone
alleviates acute kidney injury by inhibiting ferroptosis. Faseb J. 36 (7), €22399.
doi:10.1096/1j.202200241RR

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. U. S. A. 113 (34), E4966-E4975. doi:10.
1073/pnas.1603244113

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R,
Viswanathan, V. S,, et al. (2014). Regulation of ferroptotic cancer cell death by
GPX4. Cell 156 (1-2), 317-331. d0i:10.1016/j.cell.2013.12.010

Yang, W. S., and Stockwell, B. R. (2016). Ferroptosis: Death by lipid peroxidation.
Trends Cell Biol. 26 (3), 165-176. doi:10.1016/j.tcb.2015.10.014

Yang, W. S., and Stockwell, B. R. (2008). Synthetic lethal screening identifies
compounds activating iron-dependent, nonapoptotic cell death in oncogenic-RAS-
harboring cancer cells. Chem. Biol. 15 (3), 234-245. doi:10.1016/j.chembiol.2008.
02.010

Yang, Y., Luo, M., Zhang, K., Zhang, J., Gao, T., Connell, D. O., et al. (2020).
Nedd4 ubiquitylates VDAC2/3 to suppress erastin-induced ferroptosis in
melanoma. Nat. Commun. 11 (1), 433. doi:10.1038/s41467-020-14324-x

Yao, W., Liao, H., Pang, M., Pan, L., Guan, Y., Huang, X,, et al. (2022). Inhibition
of the NADPH oxidase pathway reduces ferroptosis during septic renal injury in
diabetic mice. Oxid. Med. Cell. Longev. 2022, 1193734. doi:10.1155/2022/1193734

Yi, J., Zhu, J., Wu, J., Thompson, C. B., and Jiang, X. (2020). Oncogenic activation
of PI3K-AKT-mTOR signaling suppresses ferroptosis via SREBP-mediated
lipogenesis. Proc. Natl. Acad. Sci. U. S. A. 117 (49), 31189-31197. doi:10.1073/
pnas.2017152117

Yu, M, Lin, Z,, Tian, X, Chen, S, Liang, X., Qin, M., et al. (2021). Downregulation
of Cx43 reduces cisplatin-induced acute renal injury by inhibiting ferroptosis. Food
Chem. Toxicol. 158, 112672. doi:10.1016/j.fct.2021.112672

Frontiers in Pharmacology

15

10.3389/fphar.2022.1065867

Yu, P, Zhang, X,, Liu, N, Tang, L., Peng, C., and Chen, X. (2021). Pyroptosis:
Mechanisms and diseases. Signal Transduct. Target. Ther. 6 (1), 128. doi:10.1038/
$41392-021-00507-5

Yu, Y, Jiang, L., Wang, H., Shen, Z., Cheng, Q., Zhang, P., et al. (2020). Hepatic
transferrin plays a role in systemic iron homeostasis and liver ferroptosis. Blood 136
(6), 726-739. doi:10.1182/blood.2019002907

Zarjou, A., Bolisetty, S., Joseph, R., Traylor, A., Apostolov, E. O., Arosio, P., et al.
(2013). Proximal tubule H-ferritin mediates iron trafficking in acute kidney injury.
J. Clin. Invest. 123 (10), 4423-4434. doi:10.1172/JC167867

Zhang, J., Bi, ], Ren, Y., Du, Z,, Li, T., Wang, T,, et al. (2021). Involvement of
GPX4 in irisin’s protection against ischemia reperfusion-induced acute kidney
injury. J. Cell. Physiol. 236 (2), 931-945. doi:10.1002/jcp.29903

Zhang, J., Wang, X,, Vikash, V., Ye, Q., Wu, D, Liu, Y, et al. (2016). ROS and
ROS-mediated cellular signaling. Oxid. Med. Cell. Longev. 2016, 4350965. doi:10.
1155/2016/4350965

Zhang, Y., Swanda, R. V., Nie, L., Liu, X,, Wang, C,, Lee, H,, et al. (2021).
mTORC1 couples cyst(e)ine availability with GPX4 protein synthesis and
ferroptosis regulation. Nat. Commun. 12 (1), 1589. doi:10.1038/s41467-021-
21841-w

Zhao, S., Wang, X., Zheng, X,, Liang, X., Wang, Z., Zhang, J., et al. (2021). Iron
deficiency exacerbates cisplatin- or rhabdomyolysis-induced acute kidney injury
through promoting iron-catalyzed oxidative damage. Free Radic. Biol. Med. 173,
81-96. doi:10.1016/j.freeradbiomed.2021.07.025

Zhao, Z., Wy, J., Xu, H., Zhou, C., Han, B., Zhu, H., et al. (2020). XJB-5-
131 inhibited ferroptosis in tubular epithelial cells after ischemia-reperfusion injury.
Cell Death Dis. 11 (8), 629. doi:10.1038/s41419-020-02871-6

Zhou, B, Liu, J., Kang, R, Klionsky, D. J., Kroemer, G., and Tang, D. (2020).
Ferroptosis is a type of autophagy-dependent cell death. Semin. Cancer Biol. 66,
89-100. doi:10.1016/j.semcancer.2019.03.002

Zhou, L., Yu, P.,, Wang, T. T, Du, Y. W,, Chen, Y., Li, Z,, et al. (2022). Polydatin

attenuates cisplatin-induced acute kidney injury by inhibiting ferroptosis. Oxid.
Med. Cell. Longev. 2022, 9947191. doi:10.1155/2022/9947191

Zielinski, Z. A., and Pratt, D. A. (2016). Cholesterol autoxidation revisited:
Debunking the dogma associated with the most vilified of lipids. J. Am. Chem.
Soc. 138 (22), 6932-6935. doi:10.1021/jacs.6b03344

Zorova, L. D., Pevzner, 1. B, Chupyrkina, A. A., Zorov, S. D, Silachev, D. N,,
Plotnikov, E. Y., et al. (2016). The role of myoglobin degradation in nephrotoxicity
after rhabdomyolysis. Chem. Biol. Interact. 256, 64-70. doi:10.1016/j.cbi.2016.
06.020

frontiersin.org


https://doi.org/10.1038/nature05859
https://doi.org/10.1038/nature05859
https://doi.org/10.1158/1078-0432.CCR-12-2621
https://doi.org/10.1016/j.freeradbiomed.2022.06.010
https://doi.org/10.1096/fj.202200241RR
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1038/s41467-020-14324-x
https://doi.org/10.1155/2022/1193734
https://doi.org/10.1073/pnas.2017152117
https://doi.org/10.1073/pnas.2017152117
https://doi.org/10.1016/j.fct.2021.112672
https://doi.org/10.1038/s41392-021-00507-5
https://doi.org/10.1038/s41392-021-00507-5
https://doi.org/10.1182/blood.2019002907
https://doi.org/10.1172/JCI67867
https://doi.org/10.1002/jcp.29903
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1016/j.freeradbiomed.2021.07.025
https://doi.org/10.1038/s41419-020-02871-6
https://doi.org/10.1016/j.semcancer.2019.03.002
https://doi.org/10.1155/2022/9947191
https://doi.org/10.1021/jacs.6b03344
https://doi.org/10.1016/j.cbi.2016.06.020
https://doi.org/10.1016/j.cbi.2016.06.020
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1065867

	Ferroptosis: A new insight for treatment of acute kidney injury
	Introduction
	Key molecular mechanisms and regulators of ferroptosis
	Iron metabolism
	Reactive oxygen species
	Glutathione peroxidase 4
	System Xc-
	Polyunsaturated fatty acids
	Ferroptosis suppressor protein 1
	Nuclear factor erythroid 2-related factor 2
	Other regulators
	Research progress of ferroptosis-related intervention reagents
	Interplay between ferroptosis and other types of cellular processes
	Ferroptosis in different types of acute kidney injury
	Rhabdomyolysis-induced acute kidney injury
	Ischemia/reperfusion injury-induced acute kidney injury
	Folic acid-induced acute kidney injury
	Cisplatin-induced acute kidney injury
	Sepsis-induced acute kidney injury
	Other types of acute kidney injury

	Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


