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a  b s t r  a  c t

Cell death is a  finely regulated process occurring through different pathways. Regulated cell

death, either through apoptosis or  regulated necrosis offers the possibility of therapeutic

intervention. Necroptosis and ferroptosis are among the best studied forms of regulated

necrosis in the  context of kidney disease. We  now review the current evidence supporting a

role  for ferroptosis in kidney disease and the implications of this knowledge for the design

of  novel therapeutic strategies. Ferroptosis is defined functionally, as a  cell modality charac-

terized by peroxidation of certain lipids, constitutively suppressed by GPX4 and inhibited by

iron  chelators and lipophilic antioxidants. There is functional evidence of the involvement

of  ferroptosis in diverse forms of kidneys disease. In  a  well characterized nephrotoxic acute

kidney injury model, ferroptosis caused an  initial wave of death, triggering an  inflammatory

response that in turn promoted necroptotic cell death that perpetuated kidney dysfunction.

This suggests that ferroptosis inhibitors may be explored as prophylactic agents in clini-

cal  nephrotoxicity or ischemia–reperfusion injury such as during kidney transplantation.

Transplantation offers the unique opportunity of using anti-ferroptosis agent ex vivo, thus

avoiding bioavailability and in vivo pharmacokinetics and pharmacodynamics issues.

© 2020 Sociedad Española de Nefrologı́a. Published by Elsevier España, S.L.U. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Ferroptosis  y  nefropatía
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r e s u m e n

La muerte celular es un proceso minuciosamente regulado que se desarrolla a través de

diferentes vías. La muerte celular regulada, ya sea mediante apoptosis o necrosis regulada,

ofrece la posibilidad de introducir una intervención terapéutica. La necroptosis y la ferrop-

tosis  se encuentran entre las formas mejor estudiadas de  necrosis regulada en el  contexto

de  la nefropatía. Revisamos los datos actuales que avalan que la ferroptosis desempeña

una función en la nefropatía y  las repercusiones que tiene este conocimiento en el diseño

de  nuevas estrategias terapéuticas. La ferroptosis se define de forma funcional como una

modalidad celular caracterizada por la peroxidación de ciertos lípidos, constitutivamente

suprimida por GPX4 e inhibida por quelantes férricos y  antioxidantes lipofílicos. Existen

datos probatorios funcionales de la implicación de la ferroptosis en diversas formas de

nefropatía. En un modelo de lesión renal aguda nefrotóxica bien caracterizado, la ferropto-

sis provocó una ola inicial de muerte, la cual desencadenó una  respuesta inflamatoria que a

su  vez promovió la  muerte celular necroptótica que perpetuó la disfunción renal. Esto sug-

iere que los inhibidores de la ferroptosis pueden explorarse como agentes profilácticos en la

nefrotoxicidad clínica o en la lesión por isquemia-reperfusión, como durante un trasplante

de  riñón. Los trasplantes ofrecen una oportunidad única para el  uso de  agentes inhibidores

de  la ferroptosis ex vivo, con lo que se evitarían los problemas de biodisponibilidad y  los

problemas de farmacocinética y  farmacodinámica in vivo.

© 2020 Sociedad Española de  Nefrologı́a. Publicado por Elsevier España, S.L.U. Este es  un

artı́culo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Regulated  necrosis

Cell death is  a finely regulated process occurring through

different molecular pathways. Whereas apoptosis is  an

active and programmed cell death mode, necrosis has been

classically defined as an  accidental cell death not sub-

jected to molecular regulation. However, in recent years,

different forms of regulated necrosis have been described,

including necroptosis, ferroptosis, pyroptosis, or mitochon-

dria permeability transition regulated necrosis (MPT-RN)1,2

(Table 1). A common feature of regulated necrosis is  cell

membrane rupture with release of intracellular contents

promoting an inflammatory response that may  amplify tis-

sue injury and activate other cell death modalities. This

auto-amplification loop driven by necrosis has been named

necroinflammation.3

The best-characterized form of regulated necrosis is

necroptosis,4 defined as a necrotic cell death dependent on

the kinase activity of RIPK1, which, upon stimulation, phos-

phorylates and activates RIPK3, which in turn activates MLKL,

forming a complex that induces plasma membrane rupture.5

In ferroptosis, cell death occurs through massive lipid

peroxidation that leads to  plasma membrane rupture.1

Glutamate-induced cell death mediated by inhibition of the

cystine/glutamate antiporter Xc and consequent oxidative

stress was termed “oxytosis” in the early 2000s.6 However,

oxytosis and ferroptosis are now considered two names for

the same cell death pathway.7,8

MPT-RN is  triggered by perturbations of the intracellular

microenvironment, such as elevated calcium concentrations,

which induce an abrupt loss of the impermeability of the  inner

mitochondrial membrane to small solutes following open-

ing of a  so-called mitochondrial permeability transition pore

(mPT) which requires Cyclophilin D. This results in rapid ��m

dissipation, osmotic breakdown of both mitochondrial mem-

branes, and necrotic cell death.1 In some circumstances, mPT

can trigger apoptosis due to  cytochrome c release.5

Pyroptosis is a non-apoptotic caspase-dependent cell death

which ultimately drives the cleavage of gasdermin D, which

translocates to the plasma membrane and binds phospho-

lipids, thus inducing the formation of pores that ultimately

cause membrane lysis.9,10

Extracellular traps (ETs) are web-like structures composed

of double stranded DNA, histones, antimicrobial peptides,

and proteases, ejected by immune cells to ensnare microbes

in a sticky matrix of extracellular chromatin and microbi-

cidal proteins.11 ETs were first observed in neutrophils and

called NETs (neutrophil ETs). Netotic cell death or NETosis

consists of the release of granular enzymes to  the nucleus,

followed by histone citrullination, chromatin decondensation,

nuclear envelope disruption, release of NETs and cell death.12

However, under some conditions, neutrophils releasing NETs

remain viable.13,14 This is usually associated with release of

mitochondrial DNA, rather than nuclear DNA.12 RIPK3/MLKL-

dependent lytic death may  also result in NET generation.15

Macrophages may  also release ETs, called METs and undergo

METosis.16

Molecular  mechanisms  of  ferroptosis

Ferroptosis is  a  caspase-independent form of cell death

characterized by massive lipid peroxidation at the plasma
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Table 1 – Mechanism of regulated necrosis and relevance for kidney disease.

Pathway Key proteins Experimental kidney disease Reference

Necroptosis RIPK1, RIPK3, MLKL IRI

Folic acid-AKI

Rhabdomyolysis

Crystal nephropathy

Cisplatin-AKI

UUO

Subtotal nephrectomy

ANCA-associated vasculitis

56,58

60,68

57,76

75,77

Ferroptosis ACSL4, LOXs

GPX4

xCT antiporter

IRI

Folic  acid-AKI

Rhabdomyolysis

Crystal nephropathy

Cisplatin-AKI

21,54

59,67

29

MPT-RN Cyclophilin D IRI

Cisplatin-AKI

Crystal nephropathy

58,61

Pyroptosis NLRP3, ASC

Caspase 1

IL-1�,  IL-18

Gasdermin D

IRI

Cisplatin-AKI

Septic AKI

88,89

NETosis PAD4

Neutrophil  elastase

Myeloperoxidase

Systemic autoimmune

diseases:

SLE and ANCA-associated

vasculitis

90

IRI: ischemia–reperfusion injury; UUO: unilateral ureteral obstruction; SLE: systemic lupus erythematosus; ANCA: antineutrophil cytoplasm

antibody.

Fig. 1 – Molecular mechanisms of ferroptosis. Exacerbated esterification of arachidonic acid (AA) increases

phosphatidylethanolamine-AA species which can be  oxidized by lipoxygenase (LOX) leading to  cell death by ferroptosis.

ACSL4 and LPCAT3 favor ferroptosis since they mediate AA-PE species generation. In contrast, glutathione peroxidase 4

(GPX4) reduces lipid hydroperoxides (L-OOH) producing oxidized glutathione (GSSG) and negatively regulating ferroptosis.

Inhibitors of the Xc antiporter, of glutathione synthesis and of GPX4 activity are inductor of ferroptosis since they reduce

cellular anti-oxidative capacity. Ferroptosis can be prevented by  scavengers of lipid peroxidation, inhibitors of phospholipid

synthesis and LOXs, iron chelators and lipophilic antioxidants.
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membrane and/or subcellular compartments such as mito-

chondria, endoplasmic reticulum or lysosomes7,17–19 (Fig. 1).

Ferroptosis is involved in neurotoxicity, neurodegenerative

disease, liver and heart ischemia/reperfusion injury (IRI)

and acute kidney injury (AKI).20,21 Sensitivity to ferroptosis

depends on different biological processes, including amino

acid, iron, and polyunsaturated fatty acid metabolism, and

the biosynthesis of glutathione, phospholipids, NADPH,

and coenzyme Q10.22 Reduced glutathione (GSH) is the major

intracellular antioxidant and glutathione biosynthesis is lim-

ited by cysteine availability. In this sense, inhibition of the

cystine/glutamate antiporter Xc promotes cell death by fer-

roptosis in some cell types. Xc− is inhibited directly by

erastin or its more  potent analogs imidazole ketone erastin

(IKE) and piperazine erastin (PE), or indirectly by sorafenib

or high extracellular glutamate concentrations.7,23 However,

some cells use the transsulfuration pathway to synthesize

cysteine becoming resistant to Xc− inhibitors.24 Moreover,

buthionine-(S, R)-sulfoximine (BSO), an  inhibitor glutamate-

cysteine ligase, interferes with GSH synthesis and can also

promote ferroptosis.25

Additionally, loss  of glutathione peroxidase 4 (GPX4) activ-

ity elicits ferroptosis. GPX4 is a GSH-dependent enzyme

that reduces lipid hydroperoxides (L-OOH) into the cor-

responding alcohols (L-OH) producing oxidized glutathion

(GSSG). Genetic knockdown of GPX4 or its chemical inhi-

bition with RSL3 increased intracellular lipid hydroperoxide

levels and promoted ferroptotic cell death independently of

Xc− status.26 FINO2 and FIN56 were recently identified as

compounds that decrease GPX4 activity either directly or

indirectly.27

Lipid metabolism is a key driver of cell sensitivity to fer-

roptosis: the amount and localization of polyunsaturated

fatty acids (PUFAs) determine the occurrence of ferropto-

sis. Phospholipid derivatives of arachidonic acid (AA) or

adrenoyl acid are most susceptible to lipid peroxidation during

ferroptosis.28–30 In this line, Acyl-CoA synthetase long-chain

family member 4 (ASCL4) and lysophosphatidylcholine acyl-

transferase 3 (LPCAT3), both involved in  the insertion of

PUFAs, such AA, into cell membranes, have been identi-

fied as potential points of regulation of ferroptosis. In fact,

AA containing phosphatidylethanolamine (AA-PE) species

is specifically oxidized during ferroptosis and incubation

with AA promotes ACSL4-dependent ferroptosis in cultured

fibroblasts.30,31 Moreover, ACSL4 contributes to ferroptosis in

breast cancer cells and in intestinal IRI.31,32. However, LPCAT3

is not required for ferroptosis induction.31

Both, non-enzymatic (Fenton chemistry) and enzy-

matic (lipoxygenases, LOXs) mechanisms may  trigger lipid

peroxidation.33,34 However, the specific contribution of each

mechanism is unclear and it may  differ for different ferropto-

sis inducers.34 At which regulatory point iron contributes to

ferroptosis is unclear. Iron is  required for Fenton Chemistry,

but LOXs are non-heme iron-containing proteins whose

function could be regulated by iron levels.35 Further studies

are necessary to determine the relative contribution of iron

to both pathways.

The molecular link between lipid peroxidation and cell

death remains unclear. Potential mechanisms include mem-

brane disruption, formation of protein pores, and generation

of toxic oxidation products as malondialdehyde (MDA)  and

4-hydroxynonenal (4-HNE).33

From a therapeutic point of view, pharmacological

inhibitors of ferroptosis may be used to prevent ferroptosis-

induced tissue injury. These include inhibitors of ACSL4

or LOXs, iron chelators, lipophilic antioxidants, and the

small molecules ferrostatins and liproxstatins that inhibit

lipid peroxidation, possibly by acting as  radical-trapping

antioxidants22 (Table 2). All these inhibitors have been broadly

used to assess the role and molecular regulation of ferroptosis

in cultured cells, but their use in vivo is limited by low stability

and efficacy. Thus, the development of more  stable ferroptosis

inhibitors that are safe to  use in human disease is an unmet

clinical need.

Ferroptosis  and  disease

Recently, ferroptosis has been reported as  a relevant cell

death subroutine in cardiomyocytes. Myocardial ferropto-

sis promotes heart failure (HF), myocardial infarction, heart

transplantation and doxorubicin-induced cardiotoxicity.22

Cardiac IRI is  a  critical event leading to HIF-induced transfer-

rin receptor-1 upregulation and iron overload, reactive oxygen

species generation, lipid oxidative damage and ferroptosis.36

Moreover, mitochondrial iron accumulates in rat myocar-

dial IRI cell-permeable iron chelators decreased myocardial

injury.37 Iron accumulation also induced Nuclear factor ery-

throid 2-related factor 2 (Nrf2)-mediated Heme-oxygenase

(Hmox) up-regulation, mitochondrial lipid peroxidation and

ferroptosis in doxorubicin and IRI-induced HF.38 Myocardial

Toll like receptor 4 (TLR4) and NADPH oxidase 4 (NOX4) know-

down also reduced ventricular remodeling and cardiomyocyte

ferroptosis in  rat  HF.39

Ferroptosis contribution to chronic obstructive pulmonary

disease pathogenesis was demonstrated in either GPX4 defi-

cient or overexpressing mice.40

A  role of ferroptosis in  hereditary hemochromatosis

progressing to liver cirrhosis was hypothesized. Liver accu-

mulation results from loss-of-function mutations in genes

encoding negative regulators of iron absorption. Indeed, in

murine hereditary hemochromatosis, ferrostatin prevented

liver damage as  judged by lower levels of lipid peroxidation,

serum transaminase activity and liver collagen deposition.41

The most common liver disease, simple steatosis during

nonalcoholic fatty liver disease, may led to steatohepatitis

characterized by lipid droplet accumulation, inflammation

and fibrosis. Similar to the role of ferroptosis as  the ini-

tial driver of cell death folic acid-induced AKI, discussed

below, ferroptosis is the  main driver, rather than apoptosis

and necroptosis, of steatohepatitis in  a  mice fed a choline-

deficient, methionine-supplemented diet.42

There are several in vivo links between ferroptosis-related

events and human or experimental neurological disorders

(e.g. Alzheimer, Parkinson, ferroptosis-related events, and

Huntington disease, amyotrophic lateral sclerosis, Friedreich

ataxia, traumatic brain injury, stroke, periventricular leuko-

malacia), namely iron accumulation in  specific brain neuronal

areas, reduced GSH activity or content, reduced GPX4 protein

levels and cell loss.43 For instance, iron accumulates in areas
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Table 2 – Targeting ferroptosis in experimental AKI.

Molecule Target  Experimental kidney disease Effect Reference

Ferrostatin-1 Scavenger of lipid

peroxidation

IRI

Cisplatin

Folic  acid-AKI

Rhabdomyolysis

↑ renal function

↓ tubular injury

↓ tubular cell death

↓ lipid peroxidation

21,54

59,67

29

16–86 Scavenger of lipid

peroxidation

IRI  ↑  renal function

↓ tubular injury

54

Liproxstatin Scavenger of lipid

peroxidation

GPX4−/− mice ↑  survival

↓ tubular cell death

↓ tubular injury

28

Rosiglitazone ACSL4 inhibitor GPX4−/− mice ↑  survival 31

PD146176 15-LOX Not tested in kidney

Deferoxamine Iron chelator IRI and rhadomyolysis

but ferroptosis not

explored

↑ renal function

↓ lipid peroxidation

86,91

Vitamin E  Lipophilic antioxidant IRI and cisplatin but

ferroptosis not explored

↑  renal function

↓ tissue damage

92,93

IRI: ischemia reperfusion injury; LOX: lipoxygenase.

susceptible to  Alzheimer’s disease that show plaque forma-

tion, even before aggregation of A� and tau  proteins which is

also favored by oxidative stress.44–46

Ferroptosis  markers

Therapeutic interventions benefit from the  availability of

biomarkers that provide information on the state of activa-

tion of the therapeutic target and monitor the effectiveness

of the therapeutic intervention in suppressing the target.

Thus, the hallmarks of ferroptosis are potential biomarkers in

the clinic. Oxidation products such as MDA or 4-HNE could be

markers of lipid peroxidation during ferroptosis. In this regard,

MDA and 4-HNE levels are increased in pathological situations

where ferroptosis could have a clinical relevance such as neu-

rodegenerative and cardiovascular diseases.47–51 In this line,

a clinical trial in Amyotrophic Lateral Sclerosis confirmed the

predictive value for six of four biomarkers associated to fer-

roptosis, neuronal integrity, DNA oxidation, lipid peroxidation

and iron status.52 However, additional pathways could mod-

ulate these biomarkers and their specificity for ferroptosis is

highly questionable. Therefore, it would be desirable the iden-

tification of specific markers of ferroptosis. ACSL4 expression

is increased in experimental kidney and intestinal IRI  and

this correlated with the severity of the injury.32,53 In addition,

tubular ASCL4 expression was increased in human post-

transplantation AKI.53 While ASCL4 activation contributes to

ferroptosis, whether ACSL4 levels (not activity) provides infor-

mation on ferroptosis occurrence is yet unclear. Recent reports

indicate that lipid peroxidation during ferroptosis could have a

specific pattern. PE-AA is most susceptible to suffer oxidation

during ferroptosis.28,29 Thus, the analysis of the oxy-lipidome

could provide ferroptosis biomarkers.

Ferroptosis  and  kidney  disease

Ferroptosis has  been involved in several forms of AKI by

functional in vivo studies targeting ferroptosis with chemi-

cal inhibitors or gene expression modulation. Indeed, it has

shown to cause synchronized necrosis of renal tubules in mod-

els of IRI and oxalate crystal-induced AKI.54 Synchronization is

the well-known phenomenon of some tubules being severely

affected while others are relatively preserved during kidney

injury.

Kidney  IRI

The kidneys are highly susceptible to IRI, which represents

a  common clinical problem. Kidneys are injured both dur-

ing both  ischemia and subsequent reperfusion, leading to

tubular cell death, AKI, and potentially to subsequent a pro-

gressive chronic kidney injury. There is accumulating evidence

for a  role of regulated necrosis and, specifically, ferroptosis,

in kidney IRI. Both ferrostatin-1 and its more  stable analog

16–86 prevented AKI in mice with severe kidney IRI, reducing

tubular injury and improving renal function, but 16–86 was

more  effective. In addition, combined inhibition of necropto-

sis, MPT-RN and ferroptosis offered complete protection from

ultra-severe kidney IRI, being more  effective that monother-

apy. This suggests that the three pathways cooperate to cause

AKI in kidney IRI.54 In this regard, in  cell culture experiments,

deficiency of the necroptotic protein MLKL favored the occur-

rence of ferroptosis, and absence of the pro-ferroptotic protein

ACSL4 favored the occurrence of necroptosis.53 Furthermore,

in kidney IRI, MLKL deficiency accelerated the increase in

ACSL4 expression, potentially suggesting accelerated fer-

roptosis when necroptosis is suppressed, but prophylactic

16–86 followed by additional doses every 3 h was  not

protective.53,54 Despite the authors suggestion that increased

ACSL4 represents increased ferroptosis when necroptosis is

suppressed, the fact that 16–86 failed to prevent kidney

dysfunction in MLKL deficient mice indeed argues against

recruitment of ferroptosis in this model, and, consequently

argues against a role for ACSL4 as  a marker of ferroptosis

in vivo.
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Fig. 2 – Interplay of different forms of regulated necrosis in the course of AKI and therapeutic implications. Ferroptosis is an

early event that triggers an inflammatory response and, dependent of inflammation, a secondary wave of necroptotic cell

death that amplifies and maintains kidney dysfunction. Ferroptosis occurs before current diagnosis of AKI and its  targeting

could be useful for prevention, while, necroptosis is sensitive to therapeutic intervention since is initiated after AKI has

been triggered.

Toxic  and  crystal-induced  AKI

Nephrotoxicity and crystal-induced kidney injury are also  fre-

quent causes of AKI. Experimental cisplatin and folic  acid

nephropathy are frequently studied models which have a

human counterpart.55 Folic acid-AKI is  characterized by a

tubular cell death and there is evidence that early injury is

mediated by ferroptosis: whereas single prophylactic doses

of either or both apoptosis or necroptosis inhibitors were

not protective, a single prophylactic dose of ferrostatin-1

reduced renal injury and improved renal function.21 More-

over, ferrostatin-1 prevented the inflammatory response and

the expression of necroptotic proteins, suggesting that fer-

roptosis may activate other pathways of cell death, including

necroptosis, which was previously shown to depend on the

proinflammatory cytokine TWEAK and its receptor Fn14 in

this model.21,56 In this regard, folic acid nephropathy could

represent an excellent model to study ferroptosis biomarkers,

given the demonstrated role of ferroptosis, the high levels of

kidney 4-HNE and oxygenated AA-PE species and the response

of both markers to ferrostatin-1.21,29 Moreover, in folic acid

nephropathy, ferroptosis is  an  early event that triggers an

inflammatory response and a  secondary wave of necroptotic

cell death that amplifies and maintains kidney dysfunction56

(Fig. 2).

Cisplatin is a nephrotoxic cancer chemotherapy drug.

Genetic targeting or chemical inhibition of necroptosis pre-

served renal function in cisplatin nephrotoxicity in vivo and

decreased tubular cell death in vitro.57,58 Ferroptosis also

contributes to cisplatin nephrotoxicity. In mice, a  single

prophylactic dose of ferrostatin-1 attenuated kidney injury

and improved renal function assessed 3 days later. The

enzyme myo-inositol oxygenase, a  proximal tubular enzyme

that exacerbates cellular redox injury, played a  key role in

cisplatin-induced ferroptosis.59 However, discrepant results

were reported in cultured tubular cells. Ferrostatin-1 weakly

decreased cisplatin-induced HK2 death, while the necropto-

sis inhibitor necrostatin-1 was not protective.59 HK-2 cells

are a human proximal tubular cell line. By contrast, block-

ing necroptosis protected primary murine tubular cells from

cisplatin-induced death.57 Different experimental conditions

may  account for this discrepancy: different sources of tubular

cells and different timing and doses of cisplatin.57,59 Block-

ing necroptosis and ferroptosis under the same experimental

conditions may  solve the discrepancy.

Crystal nephropathies may  trigger three different path-

ways of regulated necrosis: necroptosis, ferroptosis and

MPT-RN. The role of both  necroptosis and MPT-RN has been

studied in-depth, and prophylactic inhibition of both path-

ways offered protection at 24 h after injury.60,61 In addition,
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the protection offered by prophylactic ferrostatin-1 supports

a contribution of ferroptosis. Ferrostatin-1 pretreatment pre-

served renal function, and decreases tubular injury and

inflammation in a  murine model of crystal nephropathy.54

Dual necroptosis and MPT-RN blockade was  more  effective

than monotherapy, but ferrostatin-1 combinations were not

tested.61

Heme proteins (hemoglobin and myoglobin) are endoge-

nous nephrotoxic agents released from cells upon intravascu-

lar hemolysis or rhabdomyolysis, respectively. Both are freely

filtered by glomeruli, and cause tubular cell oxidative stress,

inflammation, mitochondria dysfunction, cell death that may

be apoptotic in  nature, and AKI.62–66 Ferroptosis also con-

tributes to rhabdomyolysis-associated AKI.67 Although there

was evidence of activation of apoptosis and necroptosis path-

ways in the kidneys during rhabdomyolysis, only ferrostatin-1

reduced oxidative stress, cell death and preserved kidney

function, both in vivo and in vitro, whereas no beneficial

effects were observed after administration of the  pan-caspase

inhibitor zVAD or in RIPK3 deficient mice.68

Ferroptosis plays a  key role in hemoglobin-induced cell

death in several cell types. For instance, hemin overload

increased oxidative stress, platelet activation and monocyte

death, an effect partially prevented by ferrostatin-1.69,70 Sim-

ilarly, ferrostatin-1 reduced neuron lipid peroxidation and

cell death after hemorrhagic stroke.71 However, whether fer-

roptosis mediates hemoglobin-mediated kidney disease is

still unclear. Necrostatin-1 reduced hemin-induced mouse

cortical collecting duct cell death while ferrostatin-1 was

not protective.72 However, proximal tubular cells may  repre-

sent a more  appropriate model and in vivo confirmation is

needed.

Chronic  kidney  disease  (CKD)

The potential contribution of ferroptosis to chronic tissue

injury was conclusively demonstrated in doxorubicin-induced

cardiac injury and fibrosis.38 Interestingly, doxorubicin, a well-

known inducer of podocyte injury,73 also increased renal Ptgs2

mRNA,  a putative marker of ferroptosis.38 Ferroptosis may  also

contribute to chronic progressive tissue injury during infec-

tion. Thus, Pseudomonas aeruginosa lipoxygenase (pLoxA)

oxidized host AA-PE to 15-hydroperoxy-AA-PE (15-HOO-AA-

PE), and triggered ferroptosis in human bronchial epithelial

cells.74 However, evidence that regulated necrosis or regulated

necrosis-associated molecules contribute to CKD progression

relates mainly to necroptosis. Thus, the necroptosis inhibitor

necrostatin-1 preserved renal function in rats with subto-

tal nephrectomy75 and decreased kidney inflammation and

fibrosis in unilateral ureteral obstruction76 while targeting

necroptosis in myeloid cells reduced NET formation and

glomerular injury in  experimental ANCA vasculitis.77 Since

synchronized regulated necrosis may  promote nephron loss

and contribute to the AKI-to-CKD transition and it is triggered

by necroptosis and executed by ferroptosis, a  combination

therapy employing necrostatins and ferrostatins was hypoth-

esized to protect from irreversible nephron loss.78 However,

AKI findings should not be directly extrapolated to long-

term preservation of renal function and necroptosis targeting

findings may  not be directly related to putative ferroptosis

targeting findings. While necrostatin-1 aggravated experi-

mental polycystic kidney disease probably by decreasing the

loss of cyst wall cells,79 ferroptosis was hypothesized to be

protective, although the evidence, so far, is indirect. Thus, cyst

growth depends on transepithelial chloride secretion, through

the chloride channels cystic fibrosis transmembrane conduc-

tance regulator (CFTR) and TMEM16A (anoctamin 1). Plasma

membrane phospholipid peroxidation activated TMEM16A,

and this activation was inhibited by ferrostatin-1 and other

compounds.80 In any case, the putative protective roles of fer-

roptosis in  CKD should be demonstrated in in  vivo ferroptosis

targeting studies.

Evidence  from  human  kidney  disease

In humans, tubular cell death was  the best histopathological

correlate of renal dysfunction in the so-called acute tubular

necrosis form of AKI.81 Acute tubular necrosis (a term coined

in the  19th century an unrelated to current concepts of cell

death modalities) is the most common form of AKI. Despite

initial suggestions that apoptosis was  a  key contributor to

human AKI, no apoptosis-targeting therapy is yet in clini-

cal use. By contrast, there is evidence that ferroptotic cell

death is  a  feature of human AKI. Urinary casts in patients

with AKI resemble morphologically to ex vivo experiments

with isolated tubular segments exposed to erastin.54 Addi-

tionally, ACSL4 immunostaining was observed in  proximal

tubules from human kidney biopsies with AKI  following kid-

ney transplantation or in thrombotic microangiopathy, but

no in  normal kidneys.53 However, its potential association

with severity of injury was not assessed and whether ACSL4

immunostaining actually identifies ferroptotic cells is unclear.

Kidney PE-ox levels are increased in experimental folic acid-

AKI, where ferroptosis plays a  key role, and also the urinary

sediment of AKI patients, regardless of AKI  cause.29 Alto-

gether, this information suggests that ferroptosis may  occur

in human kidney disease, but unraveling its precise role in the

course of kidney disease awaits the performance of clinical

trials.

Therapeutic  options  to interfere  with
ferroptosis

Preclinical studies have showed that ferroptosis can be suc-

cessfully modulated in  AKI in vivo by different drugs, and

in some cases the  combined targeting of different regulated

necrosis pathways further improved the  outcomes. There-

fore, approaches to be tested in  clinical trials may consist

on prophylactic administration of one or several compounds

targeting one or several regulated necrosis pathways in high

risk situations such as patients undergoing heart surgery or in

preservation solutions used for kidney grafts. Table 2 summa-

rizes agents with the potential to  inhibit ferroptosis.

Among antioxidant agents, despite ferrostatin-1 success-

ful use as a  single dose prophylactic agent in Folic Acid

induced AKI,21 it is very unstable in vivo. Indeed, the

more  stable analog ferrostatin 16–86 was more  effective
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than Fer-1 in experimental kidney IRI.54 Another com-

pound named SRS 11–92 was  protective ex vivo in isolated

renal tubular cells exposed to hypoxia/reoxygenation and

iron/hydroxyquinolone.82 Also, liproxstatin-1 prevented kid-

ney injury resulting from inducible GPX4 depletion.28 Vitamin

E and its quinone/hydroquinone metabolites had anti-

ferroptotic activity in  mouse striatal cells stimulated with

RSL3,83 and were protective in IRI and cisplatin-AKI although

these studies were previous to ferroptosis description and the

effect over ferroptosis was not studied. Erastin-induced fer-

roptosis was reduced by the  antioxidant trolox.7,82

Additional drugs shown to decrease erastin-induced fer-

roptosis include ebselen (glutathione peroxidase mimetic) and

the MEK  inhibitor U0126,7 as  well as  baicalein which sup-

pressed erastin-mediated GPX-4 degradation in pancreatic

cancer.84

Rosiglitazone has ACSL4 inhibitor y effect and prolongs sur-

vival in GPX4−/− mice.31 While the drug is no longer available

for clinical use for diabetes in Europe due to safety concerns,

the short term and even single dose use needed in AKI may  be

safe. Alternatively, new molecules may  be designed based on

rosiglitazone structure.

PD146176, a 15 LOX inhibitor prevents cell death in  GPX−/−

mouse embryonic fibroblast and in human fibrosarcoma cells

exposed to erastin.31,85

Iron chelation prevents ferroptosis and diverse iron

chelating strategies were successfully used in experimen-

tal heme-associated AKI in the early nineties (e.g. 86).

Retrospectively, they may have been interfering with fer-

roptosis. However, none of them is currently in  clinical

use. Dose-adjusted deferasirox may  be tested. It accumu-

lates in proximal tubular cells, driving iron depletion-induced

cell death.87 Precisely because of this proximal tubular cell

tropism, it may  be tested at lower doses to  induce enough iron

depletion to prevent ferroptosis.

Summary  and  future  perspectives

In summary, ferroptosis is a  proinflammatory form of regu-

lated necrosis characterized by lipid peroxidation that may

be targeted in vivo by small molecules and genetic manip-

ulation. There is evidence for the occurrence of ferroptosis

during AKI and its contribution to the pathogenesis of

diverse forms of AKI. Indeed, ferroptosis may  be an early

event driving the  amplification of kidney injury through

recruitment of inflammation and other forms of regulated

necrosis. Thus, we envision that clinical trials in  humans may

start by testing whether ferroptosis inhibitors protect from

ischemia–reperfusion kidney injury during transplantation:

this is a predictable for of AKI that allows ex vivo therapeu-

tic maneuvers. Ex vivo perfusion of the grafts with ferroptosis

inhibitors may  bypass safety, pharmacokinetics and pharma-

codynamics issues inherent to  in  vivo administration. In this

regard, experimentally, the feasibility of protecting from AKI

by a single prophylactic dose of ferroptosis inhibitors has been

demonstrated. Unmet needs include the availability of fer-

roptosis inhibitors better suited for in vivo use as well as

clarification of the optimal timing of ferroptosis inhibitor ther-

apy and of  the role of ferroptosis in CKD.
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de Nefrología, FRIAT, Comunidad de Madrid en Biomedicina

B2017/BMD-3686 CIFRA2-CM. Salary support: ISCIII Miguel

Servet and to A.B.S. and M.D.S.-N., B2017/BMD-3686 CIFRA2-

CM to M.F.-B. and D.M.-S., ISCIII Sara Borrell to J.M.-M.M.,

Ramon y  Cajal program to J.A.-M., and ISCIII PFIS to M.G.-H.

r  e f  e  r  e  n c  e  s

1. Galluzzi L, Vitale I,  Aaronson SA,  Abrams JM, Adam D,
Agostinis P, et al. Molecular mechanisms of cell death:
recommendations of the Nomenclature Committee on Cell
Death 2018. Cell Death Differ. 2018;25:486–541,
http://dx.doi.org/10.1038/s41418-017-0012-4.

2.  Martin-Sanchez D, Poveda J, Fontecha-Barriuso M,
Ruiz-Andres O, Sanchez-Niño MD, Ruiz-Ortega M,  et al.
Targeting of regulated necrosis in kidney disease. Nefrologia.
2018;38:125–35, http://dx.doi.org/10.1016/j.nefro.2017.04.004.

3.  Linkermann A. Death and fire – the concept of
necroinflammation. Cell Death Differ. 2019;26:1–3,
http://dx.doi.org/10.1038/s41418-018-0218-0.

4.  Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N,
et al. Chemical inhibitor of nonapoptotic cell death with
therapeutic potential for ischemic brain injury. Nat Chem
Biol. 2005;1:112–9, http://dx.doi.org/10.1038/nchembio711.

5. Fricker M, Tolkovsky AM, Borutaite V, Coleman M,  Brown GC.
Neuronal Cell Death. Physiol Rev. 2018;98:813–80,
http://dx.doi.org/10.1152/physrev.00011.2017.

6.  Tan S,  Schubert D, Maher P. Oxytosis: a  novel form of
programmed cell death. Curr Top Med  Chem. 2001;1:497–506,
http://dx.doi.org/10.2174/1568026013394741.

7.  Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, et al.  Ferroptosis: an iron-dependent form of
nonapoptotic cell death. Cell. 2012;149:1060–72,
http://dx.doi.org/10.1016/j.cell.2012.03.042.

8.  Lewerenz J, Ates G, Methner A,  Conrad M,  Maher P.
Oxytosis/ferroptosis-(Re-) emerging roles for oxidative
stress-dependent non-apoptotic cell  death in diseases of the
central nervous system. Front Neurosci. 2018;12,
http://dx.doi.org/10.3389/fnins.2018.00214.

9.  Cookson BT, Brennan MA. Pro-inflammatory programmed cell
death. Trends Microbiol. 2001;9:113–4.

10. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. The
molecular machinery of regulated cell  death. Cell Res.
2019;29:347–64, http://dx.doi.org/10.1038/s41422-019-0164-5.

11.  Boe DM, Curtis BJ, Chen MM, Ippolito JA, Kovacs EJ.
Extracellular traps and macrophages: new roles for the
versatile phagocyte. J Leukoc Biol. 2015;97:1023–35,
http://dx.doi.org/10.1189/jlb.4RI1014-521R.

12.  Yousefi S, Stojkov D, Germic N, Simon D, Wang X, Banarafa C,
et al. Untangling “NETosis” from NETs. Eur  J  Immunol.
2019;49:221–7, http://dx.doi.org/10.1002/eji.201747053.

13. Yipp BG,  Petri B, Salina D, Jenne CN,  Scott BNV, Zbytnuik LD,
et al. Infection-induced NETosis is a dynamic process

dx.doi.org/10.1038/s41418-017-0012-4
dx.doi.org/10.1016/j.nefro.2017.04.004
dx.doi.org/10.1038/s41418-018-0218-0
dx.doi.org/10.1038/nchembio711
dx.doi.org/10.1152/physrev.00011.2017
dx.doi.org/10.2174/1568026013394741
dx.doi.org/10.1016/j.cell.2012.03.042
dx.doi.org/10.3389/fnins.2018.00214
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0510
dx.doi.org/10.1038/s41422-019-0164-5
dx.doi.org/10.1189/jlb.4RI1014-521R
dx.doi.org/10.1002/eji.201747053


392  n e f r  o l o g i  a 2 0 2 0;4  0(4):384–394

involving neutrophil multitasking in vivo. Nat Med.
2012;18:1386–93, http://dx.doi.org/10.1038/nm.2847.

14. Sollberger G, Tilley DO, Zychlinsky A. Neutrophil extracellular
traps: the biology of chromatin externalization. Dev Cell.
2018;44:542–53, http://dx.doi.org/10.1016/j.devcel.2018.01.019.

15.  Frangou E, Vassilopoulos D, Boletis J, Boumpas DT. An
emerging role of neutrophils and NETosis in chronic
inflammation and fibrosis in systemic lupus erythematosus
(SLE) and ANCA-associated vasculitides (AAV): implications
for the pathogenesis and treatment. Autoimmun Rev.
2019;18:751–60, http://dx.doi.org/10.1016/j.autrev.2019.06.011.

16.  Doster RS, Rogers LM, Gaddy JA, Aronoff DM. Macrophage
extracellular traps: a  scoping review. J Innate Immun.
2018;10:3–13, http://dx.doi.org/10.1159/000480373.

17.  Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al.
Role of mitochondria in ferroptosis. Mol Cell. 2019;73:354–63,
http://dx.doi.org/10.1016/j.molcel.2018.10.042, e353.

18.  Lee YS, Lee DH, Choudry HA, Bartlett DL, Lee YJ.
Ferroptosis-induced endoplasmic reticulum stress: cross-talk
between ferroptosis and apoptosis. Mol Cancer Res.
2018;16:1073–6,
http://dx.doi.org/10.1158/1541-7786.MCR-18-0055.

19. Hirayama T, Miki A,  Nagasawa H. Organelle-specific analysis
of labile Fe(ii) during ferroptosis by using a  cocktail of various
colour organelle-targeted fluorescent probes. Metallomics.
2019;11:111–7, http://dx.doi.org/10.1039/c8mt00212f.

20. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis:
process and function. Cell Death Differ. 2016;23:369–79,
http://dx.doi.org/10.1038/cdd.2015.158.

21. Martin-Sanchez D, Ruiz-Andres O, Poveda J, Carrasco S,
Cannata-Ortiz P, Sanchez-Niño MD, et al. Ferroptosis, but not
necroptosis, is important in nephrotoxic folic acid-induced
AKI. J Am Soc Nephrol. 2017;28:218–29,
http://dx.doi.org/10.1681/ASN.2015121376.

22.  Stockwell BR, Friedmann-Angeli JP, Bayir H, Bush AI, Conrad
M,  Dixon SJ, et al. Ferroptosis: a  regulated cell death nexus
linking metabolism, redox biology, and disease. Cell.
2017;171:273–85, http://dx.doi.org/10.1016/j.cell.2017.09.021.

23. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X.
Glutaminolysis and transferrin regulate ferroptosis. Mol Cell.
2015;59:298–308,
http://dx.doi.org/10.1016/j.molcel.2015.06.011.

24.  Hayano M, Yang WS, Corn CK, Pagano NC, Stockwell BR. Loss
of cysteinyl-tRNA synthetase (CARS) induces the
transsulfuration pathway and inhibits ferroptosis induced by
cystine deprivation. Cell Death Differ. 2016;23:270–8,
http://dx.doi.org/10.1038/cdd.2015.93.

25. Sun Y, Zheng Y, Wang C, Liu Y. Glutathione depletion induces
ferroptosis, autophagy, and premature cell senescence in
retinal  pigment epithelial cells. Cell Death Dis.  2018;9:753,
http://dx.doi.org/10.1038/s41419-018-0794-4.

26. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta
R,  Viswanathan VS, et al. Regulation of ferroptotic cancer cell
death by GPX4. Cell. 2014;156:317–31,
http://dx.doi.org/10.1016/j.cell.2013.12.010.

27. Gaschler MM, Andia AA,  Liu H, Csuka JM,  Hurlocker B, Vaiana
CA, et al. FINO. Nat Chem Biol. 2018;14:507–15,
http://dx.doi.org/10.1038/s41589-018-0031-6.

28. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY,
Tyurin VA, Hammond VJ, et al. Inactivation of the ferroptosis
regulator Gpx4 triggers acute renal failure in mice. Nat Cell
Biol. 2014;16:1180–91, http://dx.doi.org/10.1038/ncb3064.

29.  Wenzel SE, Tyurina YY, Zhao J, St. Croix CM, Dar HH, Mao G,
et  al. PEBP1 wardens ferroptosis by  enabling lipoxygenase
generation of lipid death signals. Cell. 2017;171:628–41,
http://dx.doi.org/10.1016/j.cell.2017.09.044, e626.

30.  Kagan VE, Mao G, Qu F, Friedmann-Angeli JP, Doll S, St. Croix
C, et al. Oxidized arachidonic and adrenic PEs navigate cells

to ferroptosis. Nat Chem Biol. 2017;13:81–90,
http://dx.doi.org/10.1038/nchembio.2238.

31. Doll S, Proneth B,  Tyurina YY, Panzillus E, Kobayashi S, Ingold
I,  et al. ACSL4 dictates ferroptosis sensitivity by shaping
cellular lipid composition. Nat Chem Biol. 2017;13:91–8,
http://dx.doi.org/10.1038/nchembio.2239.

32. Li Y, Feng D, Wang Z, Zhao Y, Sun R, Tian D, et al.
Ischemia-induced ACSL4 activation contributes to
ferroptosis-mediated tissue injury in intestinal
ischemia/reperfusion. Cell Death Differ. 2019,
http://dx.doi.org/10.1038/s41418-019-0299-4.

33. Feng H, Stockwell BR. Unsolved mysteries: how does lipid
peroxidation cause ferroptosis? PLoS Biol. 2018;16:e2006203,
http://dx.doi.org/10.1371/journal.pbio.2006203.

34. Doll S, Conrad M. Iron and ferroptosis: a still ill-defined
liaison. IUBMB Life. 2017;69:423–34,
http://dx.doi.org/10.1002/iub.1616.

35. Dufrusine B, Di Francesco A, Oddi S, Scipioni L,  Angelucci CB,
D’Addario C,  et al. Iron-dependent trafficking of
5-lipoxygenase and impact on human macrophage
activation. Front Immunol. 2019;10:1347,
http://dx.doi.org/10.3389/fimmu.2019.01347.

36. Raedschelders K, Ansley DM, Chen DD. The cellular and
molecular origin of reactive oxygen species generation during
myocardial  ischemia and reperfusion. Pharmacol Ther.
2012;133:230–55,
http://dx.doi.org/10.1016/j.pharmthera.2011.11.004.

37.  Chang HC, Wu  R, Shang M, Sato T, Chen C, Shapiro JS, et al.
Reduction in mitochondrial iron alleviates cardiac damage
during  injury. EMBO Mol  Med. 2016;8:247–67,
http://dx.doi.org/10.15252/emmm.201505748.

38. Fang X, Wang  H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis
as  a  target for protection against cardiomyopathy. Proc Natl
Acad Sci U S A. 2019;116:2672–80,
http://dx.doi.org/10.1073/pnas.1821022116.

39. Chen X, Xu S, Zhao C, Liu B. Role of TLR4/NADPH oxidase 4
pathway in promoting cell death through autophagy and
ferroptosis during heart failure. Biochem Biophys Res
Commun. 2019;516:37–43,
http://dx.doi.org/10.1016/j.bbrc.2019.06.015.

40.  Yoshida M, Minagawa S, Araya J, Sakamoto T, Hara H,
Tsubouchi  K,  et al. Involvement of cigarette smoke-induced
epithelial cell ferroptosis in COPD pathogenesis. Nat
Commun. 2019;10:3145,
http://dx.doi.org/10.1038/s41467-019-10991-7.

41.  Wang H, An P, Xie  E, Wu  Q, Fang X, Gao H, et al.
Characterization of ferroptosis in murine models of
hemochromatosis. Hepatology. 2017;66:449–65,
http://dx.doi.org/10.1002/hep.29117.

42. Tsurusaki S, Tsuchiya Y, Koumura T, Nakasone M, Sakamoto
T, Matsouka M, et al. Hepatic ferroptosis plays an  important
role as the trigger for initiating inflammation in nonalcoholic
steatohepatitis. Cell Death Dis. 2019;10:449,
http://dx.doi.org/10.1038/s41419-019-1678-y.

43.  Wu JR,  Tuo QZ, Lei P. Ferroptosis, a  recent defined form of
critical cell death in neurological disorders. J  Mol  Neurosci.
2018;66:197–206, http://dx.doi.org/10.1007/s12031-
018-1155-6.

44. Ayton S, Lei P, Hare DJ, Duce JA, George JL, Adlar PA, et al.
Parkinson’s disease iron deposition caused by nitric
oxide-induced loss of �-amyloid precursor protein. J
Neurosci. 2015;35:3591–7,
http://dx.doi.org/10.1523/JNEUROSCI.3439-14.2015.

45.  Yamamoto A, Shin RW,  Hasegawa K, Naiki H, Sato H,
Yoshimasu F,  et al. Iron (III) induces aggregation of
hyperphosphorylated tau and its reduction to iron (II)
reverses the aggregation: implications in the formation of
neurofibrillary tangles of Alzheimer’s disease. J Neurochem.

dx.doi.org/10.1038/nm.2847
dx.doi.org/10.1016/j.devcel.2018.01.019
dx.doi.org/10.1016/j.autrev.2019.06.011
dx.doi.org/10.1159/000480373
dx.doi.org/10.1016/j.molcel.2018.10.042
dx.doi.org/10.1158/1541-7786.MCR-18-0055
dx.doi.org/10.1039/c8mt00212f
dx.doi.org/10.1038/cdd.2015.158
dx.doi.org/10.1681/ASN.2015121376
dx.doi.org/10.1016/j.cell.2017.09.021
dx.doi.org/10.1016/j.molcel.2015.06.011
dx.doi.org/10.1038/cdd.2015.93
dx.doi.org/10.1038/s41419-018-0794-4
dx.doi.org/10.1016/j.cell.2013.12.010
dx.doi.org/10.1038/s41589-018-0031-6
dx.doi.org/10.1038/ncb3064
dx.doi.org/10.1016/j.cell.2017.09.044
dx.doi.org/10.1038/nchembio.2238
dx.doi.org/10.1038/nchembio.2239
dx.doi.org/10.1038/s41418-019-0299-4
dx.doi.org/10.1371/journal.pbio.2006203
dx.doi.org/10.1002/iub.1616
dx.doi.org/10.3389/fimmu.2019.01347
dx.doi.org/10.1016/j.pharmthera.2011.11.004
dx.doi.org/10.15252/emmm.201505748
dx.doi.org/10.1073/pnas.1821022116
dx.doi.org/10.1016/j.bbrc.2019.06.015
dx.doi.org/10.1038/s41467-019-10991-7
dx.doi.org/10.1002/hep.29117
dx.doi.org/10.1038/s41419-019-1678-y
dx.doi.org/10.1007/s12031-018-1155-6
dx.doi.org/10.1007/s12031-018-1155-6
dx.doi.org/10.1523/JNEUROSCI.3439-14.2015


n e f r o  l o g i a 2 0 2 0;4 0(4):384–394 393

2002;82:1137–47,
http://dx.doi.org/10.1046/j.1471-4159.2002.t01-1-01061.x.

46.  Lane DJR, Ayton S,  Bush AI. Iron and Alzheimer’s disease: an
update on emerging mechanisms. J Alzheimers Dis.
2018;64:S379–95, http://dx.doi.org/10.3233/JAD-179944.

47.  Singh M, Dang TN, Arseneault M, Ramassamy C. Role of
by-products of lipid oxidation in Alzheimer’s disease brain: a
focus  on acrolein. J  Alzheimers Dis. 2010;21:741–56,
http://dx.doi.org/10.3233/JAD-2010-100405.

48.  Chen CM, Wu YR, Cheng ML, Liu JL,  Lee YM, Lee PW, et al.
Increased oxidative damage and mitochondrial abnormalities
in the peripheral blood of Huntington’s disease patients.
Biochem Biophys Res Commun. 2007;359:335–40,
http://dx.doi.org/10.1016/j.bbrc.2007.05.093.

49.  Garcia SC, Grotto D, Bulcao RP, Moro AM, Roehrs M, Valentini
J,  et al. Evaluation of lipid damage related to pathological and
physiological conditions. Drug Chem Toxicol. 2013;36:306–12,
http://dx.doi.org/10.3109/01480545.2012.720989.

50. Bonet-Ponce L, Saez-Atienzar S, da Casa C, Sancho-Pelluz J,
Barcia JM, Martinez-Gil N, et al. Rotenone induces the
formation of 4-hydroxynonenal aggresomes role of
ROS-mediated tubulin hyperacetylation and autophagic flux
disruption. Mol Neurobiol. 2016;53:6194–208,
http://dx.doi.org/10.1007/s12035-015-9509-3.

51. Zhang Y, Sano M, Shinmura K, Tamaki K, Katsumata Y,
Matsuhashi T, et al.  4-Hydroxy-2-nonenal protects against
cardiac ischemia–reperfusion injury via the Nrf2-dependent
pathway. J Mol Cell Cardiol. 2010;49:576–86,
http://dx.doi.org/10.1016/j.yjmcc.2010.05.011.

52. Devos D, Moreau C,  Kyheng M, Garçon G, Rolland AS, Blasco
H,  et al. A  ferroptosis-based panel of prognostic biomarkers
for amyotrophic lateral sclerosis. Sci Rep. 2019;9:2918,
http://dx.doi.org/10.1038/s41598-019-39739-5.

53.  Müller T, Dewitz C, Schmitz J, Schöder AS, Bräsen JH,
Stockwell BR, et al. Necroptosis and ferroptosis are
alternative cell death pathways that operate in acute kidney
failure. Cell Mol Life Sci. 2017;74:3631–45,
http://dx.doi.org/10.1007/s00018-017-2547-4.

54. Linkermann A, Skouta R, Himmerkus N, Mulay SR, Dewitz C,
De  Zen F,  et al. Synchronized renal tubular cell death involves
ferroptosis. Proc Natl Acad Sci U S  A.  2014;111:16836–41,
http://dx.doi.org/10.1073/pnas.1415518111.

55.  Metz-Kurschel U, Kurschel E, Wagner K, Aulbert E, Graben N,
Philipp TAT Folate nephropathy occurring during cytotoxic
chemotherapy with high-dose folinic acid and 5-fluorouracil.
Ren Fail. 1990;12:93–7.

56. Martin-Sanchez D, Fontecha-Barriuso M, Carrasco S,
Sanchez-Niño  MD, von Mässenhausen A, Linkermann A, et al.
TWEAK and RIPK1 mediate a second wave of cell death
during AKI. Proc Natl Acad Sci U S A.  2018;115:4182–7,
http://dx.doi.org/10.1073/pnas.1716578115.

57.  Xu Y, Ma H, Shao J, Wu J,  Zhou L, Zhang Z, et al. A  role for
tubular necroptosis in cisplatin-induced AKI.  J  Am  Soc
Nephrol. 2015;26:2647–58,
http://dx.doi.org/10.1681/ASN.2014080741.

58.  Linkermann A, Bräsen JH, Darding M, Jin MK, Sanz AB, Heller
JO,  et al. Two independent pathways of regulated necrosis
mediate ischemia–reperfusion injury. Proc Natl Acad Sci U S
A.  2013;110:12024–9,
http://dx.doi.org/10.1073/pnas.1305538110.

59.  Deng F, Sharma I, Dai Y, Yang M, Kanwar YS. Myo-inositol
oxygenase expression profile modulates pathogenic
ferroptosis in the renal proximal tubule. J Clin Invest. 2019,
http://dx.doi.org/10.1172/JCI129903.

60.  Mulay SR, Desai J, Kumar SV, Eberhard JN, Thomasova D,
Romoli S, et al. Cytotoxicity of crystals involves
RIPK3-MLKL-mediated necroptosis. Nat Commun.
2016;7:10274, http://dx.doi.org/10.1038/ncomms10274.

61. Mulay SR, Honarpisheh MM, Foresto-Neto O, Shi C, Desai J,
Zhao ZB, et al. Mitochondria permeability transition versus
necroptosis in oxalate-induced AKI. J Am Soc Nephrol. 2019,
http://dx.doi.org/10.1681/ASN.2018121218.

62.  Kim JH, Lee SS, Jung MH, Yeo HD, Kim HJ, Yang JI, et al.
N-acetylcysteine attenuates glycerol-induced acute kidney
injury by regulating MAPKs and Bcl-2 family proteins.
Nephrol Dial Transplant. 2010;25:1435–43,
http://dx.doi.org/10.1093/ndt/gfp659.

63. Moreno JA, Martín-Cleary C, Gutiérrez E, Toldos O,
Blanco-Colio LM, Praga M, et al. AKI associated with
macroscopic glomerular hematuria: clinical and
pathophysiologic consequences. Clin J  Am Soc Nephrol.
2012;7:175–84, http://dx.doi.org/10.2215/CJN.01970211.

64. Gonzalez-Michaca L, Farrugia G, Croatt AJ, Alam J,  Nath KA.
Heme:  a  determinant of life and death in renal tubular
epithelial cells. Am J  Physiol Renal Physiol. 2004;286:F370–7,
http://dx.doi.org/10.1152/ajprenal.00300.2003.

65.  Panizo N, Rubio-Navarro A,  Amaro-Villalobos JM,  Egido J,
Moreno JA. Molecular mechanisms and novel therapeutic
approaches to rhabdomyolysis-induced acute  kidney injury.
Kidney Blood Press Res. 2015;40:520–32,
http://dx.doi.org/10.1159/000368528.

66. Plotnikov EY, Chupyrkina AA, Pevzner IB, Isaev NK, Zorov DB.
Myoglobin causes oxidative stress, increase of NO production
and  dysfunction of kidney’s mitochondria. Biochim Biophys
Acta. 2009;1792:796–803,
http://dx.doi.org/10.1016/j.bbadis.2009.06.005.

67.  Guerrero-Hue M, García-Caballero C, Palomino-Antolín A,
Rubio-Navarro A, Vázquez-Carballo C, Herencia C, et al.
Curcumin reduces renal damage associated with
rhabdomyolysis by  decreasing ferroptosis-mediated cell
death. FASEB J.  2019;33:8961–75,
http://dx.doi.org/10.1096/fj.201900077R.

68. Homsi E, Andreazzi DD, Faria JB,  Janino P. TNF-�-mediated
cardiorenal injury after rhabdomyolysis in rats. Am J  Physiol
Renal Physiol. 2015;308:F1259–67,
http://dx.doi.org/10.1152/ajprenal.00311.2014.

69.  NaveenKumar SK, SharathBabu BN, Hemshekhar M,
Kemparaju K,  Girish KS, Mugesh GAT The role of reactive
oxygen species and ferroptosis in heme-mediated activation
of human platelets. ACS Chem Biol. 2018;13:1996–2002,
http://dx.doi.org/10.1021/acschembio.8b00458.

70.  Imoto S, Kono M, Suzuki T, Shibuya Y, Sawamura T, Mizokoshi
Y,  et al. Haemin-induced cell death in human monocytic cells
is  consistent with ferroptosis. Transfus Apher Sci.
2018;57:524–31, http://dx.doi.org/10.1016/j.transci.2018.05.028.

71.  Zille  M, Karuppagounder SS, Chen Y, Gough PJ, Bertin J, Finger
J,  et al. Neuronal death after hemorrhagic stroke in vitro and
in  vivo shares features of ferroptosis and necroptosis. Stroke.
2017;48:1033–43,
http://dx.doi.org/10.1161/STROKEAHA.116.015609.

72.  van Swelm RPL, Vos M, Verhoeven F, Thévenod F,  Swinkels
DW.  Endogenous hepcidin synthesis protects the distal
nephron against hemin and hemoglobin mediated
necroptosis. Cell Death Dis. 2018;9:550,
http://dx.doi.org/10.1038/s41419-018-0568-z.

73. Gómez-Chiarri M, Ortiz A,  González-Cuadrado S, Serón D,
Emancipator SN, Hamilton TA, et al. Interferon-inducible
protein-10 is highly expressed in rats with experimental
nephrosis. Am  J  Pathol. 1996;148:301–11.

74. Dar HH, Tyurina YY, Mikulska-Ruminska K, Shrivastava I,
Ting HC, Tyurin VA, et al. Pseudomonas aeruginosa utilizes host
polyunsaturated phosphatidylethanolamines to trigger
theft-ferroptosis in bronchial epithelium. J  Clin Invest.
2018;128:4639–53, http://dx.doi.org/10.1172/JCI99490.

75.  Zhu Y, Cui H, Xia Y, Gan H.  RIPK3-mediated necroptosis and
apoptosis contributes to renal tubular cell progressive loss

dx.doi.org/10.1046/j.1471-4159.2002.t01-1-01061.x
dx.doi.org/10.3233/JAD-179944
dx.doi.org/10.3233/JAD-2010-100405
dx.doi.org/10.1016/j.bbrc.2007.05.093
dx.doi.org/10.3109/01480545.2012.720989
dx.doi.org/10.1007/s12035-015-9509-3
dx.doi.org/10.1016/j.yjmcc.2010.05.011
dx.doi.org/10.1038/s41598-019-39739-5
dx.doi.org/10.1007/s00018-017-2547-4
dx.doi.org/10.1073/pnas.1415518111
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0740
dx.doi.org/10.1073/pnas.1716578115
dx.doi.org/10.1681/ASN.2014080741
dx.doi.org/10.1073/pnas.1305538110
dx.doi.org/10.1172/JCI129903
dx.doi.org/10.1038/ncomms10274
dx.doi.org/10.1681/ASN.2018121218
dx.doi.org/10.1093/ndt/gfp659
dx.doi.org/10.2215/CJN.01970211
dx.doi.org/10.1152/ajprenal.00300.2003
dx.doi.org/10.1159/000368528
dx.doi.org/10.1016/j.bbadis.2009.06.005
dx.doi.org/10.1096/fj.201900077R
dx.doi.org/10.1152/ajprenal.00311.2014
dx.doi.org/10.1021/acschembio.8b00458
dx.doi.org/10.1016/j.transci.2018.05.028
dx.doi.org/10.1161/STROKEAHA.116.015609
dx.doi.org/10.1038/s41419-018-0568-z
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0830
dx.doi.org/10.1172/JCI99490


394  n e f r  o l o g i  a 2 0 2 0;4  0(4):384–394

and chronic kidney disease progression in rats. PLoS One.
2016;11:e0156729,
http://dx.doi.org/10.1371/journal.pone.0156729.

76.  Xiao X, Du C, Yan Z, Shi Y, Duan H, Ren YAT Inhibition of
necroptosis attenuates kidney inflammation and interstitial
fibrosis induced by  unilateral ureteral obstruction. Am J
Nephrol. 2017;46:131–8, http://dx.doi.org/10.1159/000478746.

77.  Schreiber A,  Rousselle A,  Becker JU,  von Mässenhausen A,
Linkermann A, Kettritz RAT Necroptosis controls NET
generation and mediates complement activation, endothelial
damage,  and autoimmune vasculitis. Proc Natl Acad Sci U S A.
2017;114:E9618–25, http://dx.doi.org/10.1073/pnas.1708247114.

78. von Mässenhausen A,  Tonnus W, Linkermann A. Cell death
pathways drive necroinflammation during acute kidney
injury. Nephron. 2018;140:144–7,
http://dx.doi.org/10.1159/000490807.

79. Yang B, Fu L, Privratsky JR, Lu X, Ren J, Mei C, et al.
Interleukin-1 receptor activation aggravates autosomal
dominant polycystic kidney disease by modulating regulated
necrosis. Am  J Physiol Renal Physiol. 2019;317:F221–8,
http://dx.doi.org/10.1152/ajprenal.00104.2019.

80.  Schreiber R, Buchholz B, Kraus A, Schley G,  Scholz J,
Ousingsawat J,  et al. Lipid peroxidation drives renal cyst
growth. J Am Soc Nephrol. 2019;30:228–42,
http://dx.doi.org/10.1681/ASN.2018010039.

81.  Olsen TS, Olsen HS,  Hansen HE. Tubular ultrastructure in
acute renal failure in man: epithelial necrosis and
regeneration. Virchows Arch A  Pathol Anat Histopathol.
1985;406:75–89.

82. Skouta R,  Dixon SJ, Wang J, Dunn DE, Orman M, Shimada K,
et  al. Ferrostatins inhibit oxidative lipid damage and cell
death in diverse disease models. J Am Chem Soc.
2014;136:4551–6, http://dx.doi.org/10.1021/ja411006a.

83. Hinman A,  Holst CR, Latham JC, Bruegger JJ, Ulas G,  McCusker
KP, et al. Vitamin E  hydroquinone is an  endogenous regulator
of ferroptosis via redox control of 15-lipoxygenase. PLoS One.
2018;13:e0201369,
http://dx.doi.org/10.1371/journal.pone.0201369.

84.  Xie Y, Song X,  Sun X, Huang J,  Zhong M, Lotze MT, et al.
Identification of baicalein as  a  ferroptosis inhibitor by  natural

product library screening. Biochem Biophys Res Commun.
2016;473:775–80, http://dx.doi.org/10.1016/j.bbrc.2016.03.052.

85.  Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS,
Stockwell BRAT Peroxidation of polyunsaturated fatty acids
by  lipoxygenases drives ferroptosis. Proc Natl Acad Sci U S  A.
2016;113:E4966–75, http://dx.doi.org/10.1073/pnas.1603244113.

86. Zager RA. Combined mannitol and deferoxamine therapy for
myohemoglobinuric renal injury and oxidant tubular stress.
Mechanistic and therapeutic implications. J  Clin Invest.
1992;90:711–9, http://dx.doi.org/10.1172/JCI115942.

87.  Martin-Sanchez D, Gallegos-Villalobos A, Fontecha-Barriuso
M, Carrasco S,  Sanchez-Niño MD, Lopez-Hernandez FJ, et al.
Deferasirox-induced iron depletion promotes BclxL
downregulation and death of proximal tubular cells. Sci Rep.
2017;7:41510, http://dx.doi.org/10.1038/srep41510.

88.  Ye Z, Zhang L, Li R, Dong W,  Liu S, Li  Z, et al. Caspase-11
mediates pyroptosis of tubular epithelial cells and septic
acute kidney injury. Kidney Blood Press Res. 2019;44:465–78,
http://dx.doi.org/10.1159/000499685.

89. Miao N,  Yin F, Xie H, Wang Y, Xu Y, Shen Y, et al. The cleavage
of gasdermin D by caspase-11 promotes tubular epithelial cell
pyroptosis and urinary IL-18 excretion in acute kidney injury.
Kidney Int. 2019, http://dx.doi.org/10.1016/j.kint.2019.04.035.

90. Gupta S,  Kaplan MJ. The role of neutrophils and NETosis in
autoimmune and renal diseases. Nat Rev Nephrol.
2016;12:402–13, http://dx.doi.org/10.1038/nrneph.2016.71.

91. Paller MS, Hedlund BE. Role of iron  in postischemic renal
injury in the rat. Kidney Int. 1988;34:474–80,
http://dx.doi.org/10.1038/ki.1988.205.

92. Avunduk MC, Yurdakul T, Erdemli E, Yavuz A. Prevention of
renal damage by  alpha tocopherol in ischemia and
reperfusion models of rats. Urol Res. 2003;31:280–5,
http://dx.doi.org/10.1007/s00240-003-0329-y.

93.  Abdel-Daim MM, Aleya L, El-Bialy BE, Abushouk AI, Alkahtani
S,  Alarifi S, et al. The ameliorative effects of ceftriaxone and
vitamin  E against cisplatin-induced nephrotoxicity. Environ
Sci Pollut Res Int. 2019;26:15248–54,
http://dx.doi.org/10.1007/s11356-019-04801-2.

dx.doi.org/10.1371/journal.pone.0156729
dx.doi.org/10.1159/000478746
dx.doi.org/10.1073/pnas.1708247114
dx.doi.org/10.1159/000490807
dx.doi.org/10.1152/ajprenal.00104.2019
dx.doi.org/10.1681/ASN.2018010039
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
http://refhub.elsevier.com/S0211-6995(20)30052-7/sbref0870
dx.doi.org/10.1021/ja411006a
dx.doi.org/10.1371/journal.pone.0201369
dx.doi.org/10.1016/j.bbrc.2016.03.052
dx.doi.org/10.1073/pnas.1603244113
dx.doi.org/10.1172/JCI115942
dx.doi.org/10.1038/srep41510
dx.doi.org/10.1159/000499685
dx.doi.org/10.1016/j.kint.2019.04.035
dx.doi.org/10.1038/nrneph.2016.71
dx.doi.org/10.1038/ki.1988.205
dx.doi.org/10.1007/s00240-003-0329-y
dx.doi.org/10.1007/s11356-019-04801-2

	Ferroptosis and kidney disease
	Regulated necrosis
	Molecular mechanisms of ferroptosis
	Ferroptosis and disease
	Ferroptosis markers
	Ferroptosis and kidney disease
	Kidney IRI
	Toxic and crystal-induced AKI

	Chronic kidney disease (CKD)
	Evidence from human kidney disease
	Therapeutic options to interfere with ferroptosis
	Summary and future perspectives
	Conflict of interests
	Acknowledgments
	References


