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Regulated necrosis: disease relevance
and therapeutic opportunities

Marcus Conrad'*, José Pedro Friedmann Angeli' *, Peter Vandenabeele®**
and Brent R. Stockwell®

Abstract | The discovery of regulated cell death presents tantalizing possibilities for gaining
control over the life-death decisions made by cells in disease. Although apoptosis has been the
focus of drug discovery for many years, recent research has identified regulatory mechanisms and
signalling pathways for previously unrecognized, regulated necrotic cell death routines. Distinct
critical nodes have been characterized for some of these alternative cell death routines, whereas
other cell death routines are just beginning to be unravelled. In this Review, we describe forms

of regulated necrotic cell death, including necroptosis, the emerging cell death modality of
ferroptosis (and the related oxytosis) and the less well comprehended parthanatos and
cyclophilin D-mediated necrosis. We focus on small molecules, proteins and pathways that can
induce and inhibit these non-apoptotic forms of cell death, and discuss strategies for translating
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this understanding into new therapeutics for certain disease contexts.

For many years, researchers have divided cell death pro-
cesses into those that are regulated and those that are
accidental. The first-discovered form of regulated cell
death, apoptosis, was used as a synonym for regulated
cell death and even for programmed cell death in the con-
text of development and homeostasis, whereas the term
necrosis was reserved as a synonym for accidental cell
death. This paradigm was imbued with the notion that
only apoptosis was considered therapeutically tractable,
as the accidental and unregulated nature of its necrotic
counterpart meant that it was deemed undruggable. This
perspective led to the systematic neglect of the possibility
that non-apoptotic cell death subroutines could represent
causative processes in disease and a source of potentially
pharmacologically tractable drug targets.

This long-standing paradigm in the field of cell
death has recently been challenged and overturned by
the recognition that tumour necrosis factor (TNF) can
induce regulated cell death with apoptotic or necrotic
features in a context-dependent manner'. Owing to
its regulated nature, this necrotic form of cell death
was termed necroptosis. So far, necroptosis is the best-
studied form of regulated non-apoptotic cell death
and has helped to illuminate two basic principles.
First, regulated, and, indeed, developmentally pro-
grammed, cell death is not restricted to apoptosis, and
second, cell death pathways can be interconnected.
These factors need to be taken into consideration
when pharmacological strategies for cytoprotective
intervention are conceived and deployed.

The establishment of necroptosis as an alternative
form of regulated cell death has resulted in several stud-
ies implicating necroptosis as the main contributor to
cell death in diverse conditions. However, because other
regulated forms of non-apoptotic cell death resulting in
necrotic morphology (cytoplasmic swelling and loss of
plasma membrane integrity) are interconnected and
interdependent, a careful and critical re-evaluation
of these studies is required to unequivocally deter-
mine which programmes are actually elicited under
specific conditions?.

Necroptosis and other regulated non-apoptotic
forms of cell death, such as ferroptosis, parthanatos
and cyclophilin D-(CypD)-dependent necrosis, have
attracted increasing consideration regarding their caus-
ative role in pathological settings, and there is already
ongoing development to pharmacologically intervene in
these pathways. Pharmacological modulation of other
non-apoptotic forms of cell death — such as neutrophil
extracellular-trap (NET)-associated cell death (termed
NETosis), pyroptosis and autophagic cell death — are
not the focus of this article, as these cell death modal-
ities (with the exception of pyroptosis) lack a clear
necrotic phenotype. We therefore refer the reader to
excellent publications that cover these forms of cell
death in detail®=.

In this Review, we discuss the in vivo relevance
of necroptosis, ferroptosis, parthanatos and CypD-
dependent necrosis, and the opportunities for pharma-
cological modulation of these types of cell death, both
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positively and negatively. We anticipate that under-
standing the relevance of these pathways in vivo will
help to lay the foundations for therapeutics that aim to
trigger or prevent cell death in disease. As such, the trig-
gering of alternative cell death programmes in tumours
resistant to apoptosis has been proposed as a route for
effective targeted therapy’. Moreover, exploring the pre-
vention of these alternative regulated cell death modal-
ities in pathological conditions in which anti-apoptosis
approaches have not yielded encouraging outcomes —
such as ischaemia-reperfusion injury (IRI) and neuro-
degenerative conditions, including Huntington disease
— may open new avenues for the development of novel
therapies. Based on the lessons learned from attempts to
regulate apoptosis, we suggest that there is considerable
therapeutic potential remaining for the pharmacological
regulation of alternative cell death modalities.

Necroptosis

Necroptosis is characterized by cytoplasmic granula-
tion and organelle and/or cellular swelling that together
culminate in the leakage of intracellular contents from
the cell®. Necroptosis induced by TNF has so far been
the most thoroughly investigated form of regulated
non-apoptotic cell death or regulated necrosis*® (FIC. 1).
Necroptosis research surged when small molecules
termed necrostatins were shown to be able to suppress
this necrotic form of cell death'®!'. One of these mole-
cules, necrostatin-1 (FIC. 2; TABLE 1), was subsequently
found to inhibit receptor-interacting serine/threonine
kinase 1 (RIPK1), thus blocking the necrotic effect of
TNEF". Necrostatin-1 and more-specific analogues have
been used as tools to investigate the wide-ranging role of
necroptosis in pathophysiological settings'2.

As a general feature, necroptosis is linked to patho-
logical conditions that have an overt inflammatory
signature; examples of such conditions include Crohn
disease, IRI, amyotrophic lateral sclerosis, toxic epider-
mal necrolysis" and multiple sclerosis, among others'*¢.
Although it is not yet fully known whether necroptosis
is the primary culprit of these diseases or secondary to
these pathological conditions, inhibition of the kinase
activity of RIPK1 in these pathological settings generally
slows down or blocks disease progression.

The majority of this knowledge of necroptosis was
gained using RIPK1 inhibitors, such as necrostatin-1,
and animal models lacking cognate members of the
so-called complex IIc (also called the necrosome),
including RIPK3 and mixed lineage kinase domain-
like protein (MLKL). However, caution should be taken
in interpreting the results of such studies, as in some
disease models, such as cerulean-induced pancreati-
tis, RIPK1 inhibition and RIPK3 deficiency may not
always be interchangeable'”'s. Moreover, genetic stud-
ies of necroptotic mediators often generate unexpected
findings. For example, the kinase-inactivating D161N
mutation of Ripk3 in mice is embryonic lethal owing to
enhanced RIPK1-mediated apoptosis. This result implies
that RIPK3 negatively regulates this form of cell death"
and suggests that RIPK3 inhibitors may lead to increased
RIPK1-dependent apoptosis (discussed below).

A clear assignment of a role for necroptosis in dis-
eases is far from trivial because the necroptosis pro-
teins themselves are pleiotropic. For these reasons,
and despite genetic studies® confirming several roles
of necroptotic mediators in diseases (including in
sepsis, discussed below), it has not been possible to
implicate necroptosis in disease processes using only
RIPK-inhibition studies. Current efforts at inhibiting
necroptosis focus on blocking the activity of RIPK1,
RIPK3 and MLKL. The feasibility of inhibiting these
nodes as an approach to inhibit necroptosis has been
validated in models of systemic inflammatory response
syndrome (SIRS).

Molecular processes underlying necroptosis. Necroptosis
is thought to be one of the possible outcomes follow-
ing exposure to TNF. The response of cells to TNF is
complex and, in most cases, leads to the activation
of nuclear factor-kB (NF-«xB) and mitogen-activated
protein kinase (MAPK) signalling. However, depend-
ing on the cell type and context and the addition of
cell death sensitizers, TNF may induce apoptosis or
necroptosis (FIG. 1).

When TNF binds to its receptor TNFRI1, a receptor-
associated ‘complex I’ assembles. This complex consists
of TNFR1, TNFR1-associated death domain (TRADD),
RIPK1, TNFR-associated factor 2 (TRAF2), cellular
inhibitor of apoptosis protein 1 (cIAP1), cIAP2 and
the linear ubiquitin chain assembly complex (LUBAC).
Complex I provides the platform for a series of ubiqui-
tylation and deubiquitylation reactions that control the
switching between NF-«B signalling, cell survival signals
and cell-death-inducing signals (FIG. 1). Ubiquitylation
of RIPK1 by cIAP1 and cIAP2 stabilizes complex I and
enables further recruitment of additional factors, includ-
ing transforming growth factor-p (TGFp)-activated
kinase (TAK1) in complex with TAK1-binding protein
2 (TAB2). Ubiquitylation of RIPK1 by LUBAC creates
a linear ubiquitylation platform for the recruitment of
the inhibitor of the NF-«kB kinase (IKK) complex, lead-
ing to RIPK1 phosphorylation and sustaining a ‘sur-
vival’ mode and consequently igniting the canonical
NF-«B pathway?'.

Alternatively, complex I may instead give rise to
cell death signalling. Destabilization of the receptor-
associated complex I results in the formation of a cyto-
solic complex Ila, which contains TRADD, RIPK1,
caspase 8 and FAS-associated death domain (FADD)?%,
leading to apoptosis. In some cell lines, this complex ITa-
mediated apoptosis is sensitized in the presence of
cycloheximide, an inhibitor of translation. By contrast,
the formation of cytosolic complex IIb is promoted by
the inhibition or knockdown of cIAPs?, the inhibition
or knockdown of TAK1 (REF. 24), or the knockdown of
NF-kB essential modulator (NEMO)?.

Complex IIb consists of RIPK1, RIPK3, FADD and
caspase 8, and favours RIPK1-kinase-activity-dependent
apoptosis, which can be inhibited by necrostatin-1. In
conditions of sufficient expression of RIPK3 and MLKL,
or inhibition or reduced expression of FLICE-like inhib-
itory protein long isoform (FLIP ), complex Ilc (the
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FLIP, negatively controls necroptosis by cleaving RIPK1,  association of RIPK1 and RIPK3 via their RIP homo-
RIPK3 and cylindromatosis, a deubiquitylating enzyme  typic interaction motif (RHIM) domains and through
that contributes to the destabilization of complex [?°.  a series of RIPK1 and RIPK3 auto- and transphos-
Whether complex I, ITa and IIb exist as separate entities  phorylation events (although there is no evidence for
or form dynamic transition states with changing com-  heteromeric transphosphorylation between RIPK1 and
position depending on the availability and the post- RIPK3). Activated RIPK3 phosphorylates and recruits
translational modifications of their constituents remains ~ MLKL, creating a supramolecular protein complex at the
to be determined. plasma membrane*-°.
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< Figure 1| The main signalling events downstream of TNFR activation. Binding

of tumour necrosis factor (TNF) to its cognate receptor TNFR1 triggers the assembly of
complex |, which comprises TNFR1, TNFR1-associated death domain (TRADD), receptor-
interacting serine/threonine-protein kinase 1 (RIPK1), TNFR-associated factor 2 (TRAF2),
cellular inhibitor of apoptosis protein 1/2 (clAP1/2), and linear ubiquitin chain assembly
complex (LUBAC)?2160261 Complex | provides the platform for Lys63-linked ubiquitylation
(grey circles) or linear ubiquitylation (green circles) of RIPK1 by clAP1/2 or LUBAC,
respectively. This ubiquitylation is implicated in the decision between nuclear factor-kB
(NF-xB) or survival signalling and cell death signalling. Ubiquitylation leads to the
recruitment of other factors such as transforming growth factor-§ (TGFp)-activated
kinase (TAK1), TAK1-binding protein 1 (TAB1) and TAB2, or NF-kB essential modulator
(NEMO) and the inhibitor of the NF-xB kinase-a (IKKa)-IKK complex, usually triggering
canonical NF-kB signalling. In the presence of cycloheximide (CHX), a translational
inhibitor, TNF stimulation leads to the formation of a cytosolic complex lla in which RIPK1
disappears, whereas TRADD and FAS-associated death domain (FADD) interaction leads
to the activation of caspase 8 and effector caspases such as caspase 3 and caspase 7 and
apoptotic cell death?’. With clAP1/2 inhibitors (SMAC (second mitochondria-derived
activator of caspase) mimetics), knockdown of clAPs?*1%71% or inhibition or depletion of
TAK1 or NEMO?, complex lIb is formed. Complex b consists of RIPK1, RIPK3, FADD

and caspase 8, and favours RIPK1-kinase-activity-dependent apoptosis. Heteromeric
pro-caspase 8-FLICE-like inhibitory protein long isoform (FLIP ) inhibits necroptosis,
probably by cleaving RIPK1, RIPK3 and cylindromatosis (CYLD)*¢-1%8, With sufficient
expression of RIPK3 and concomitant inhibition or reduced expression of pro-caspase 8
and FLIP (REF. 26), complex llc (also known as the necrosome) is formed*"1¢%7° The
formation of complex llc entails the association of RIPK1 and RIPK3 followed by a series
of auto- and transphosphorylation events of RIPK1 and RIPK3. Activated RIPK3
phosphorylates and recruits mixed lineage kinase domain-like protein (MLKL)"**",
eventually leading to the formation of a supramolecular protein complex at the plasma
membrane and necroptosis?’?***, SMAC mimetics are being developed to impair survival
signalling and to sensitize cells to the triggering of cell death in the context of tumour
treatment!’2. Z-VAD-FMKis a bona fide pan-caspase inhibitor. Necrostatin-1 (Nec-1)*
and the more-specific Nec-1s*’, Cpd27 (REF. 41) and, more recently, a hybrid molecule
consisting of Nec-1s and ponatinib called PN10 (REF. 42) allinhibit the kinase activity of
RIPK1 and thus inhibit necroptotic signalling. Additional necroptosis inhibitors include
the RIPK3 inhibitors GSK’840, GSK’843 and GSK’872 (REF. 33), as well as the MLKL
inhibitors necrosulfonamide (NSA)* and compound 1 (REF. 34). However, the specificity
of these MLKL inhibitors is not restricted to inhibition of MLKL, and their efficacy is
probably also due to effects on other steps in the necroptosis pathway. ActD,
actinomycin D.

It should be noted that apparently neither RIPK1
nor RIPK3 is linked exclusively with necroptosis reg-
ulation. RIPK1 kinase activity is required for com-
plex ITb-associated apoptosis induction (as discussed
above) and for ripoptosome formation, which occurs
as a result of DNA damage and a loss of expression of
cIAP1 and cIAP2 (REFS 31,32). In some cases (discussed
below), the loss or inhibition of RIPK3 kinase activity
can lead to the enhanced formation of complex ITb'*%,

Formation of the necrosome leads to the recruitment
of MLKL. The recently elucidated structure of MLKL
sheds light on its mechanism of activation**. MLKL con-
sists of a carboxy-terminal pseudokinase domain that is
connected to an amino-terminal four-helix bundle
(4HB) domain by a two-helix linker. The 4HB domain is
the cell death executioner domain and is kept in an inac-
tive state by the pseudokinase domain. In humans, upon
engagement of MLKL by the kinase domain of RIPK3,
RIPK3 phosphorylates MLKL at Thr357 and Ser358 —
which are situated in the pseudokinase domain a-helix
— thereby destabilizing the closed structure, releasing
the N-terminal 4HB domain and allowing oligomer-
ization of MLKL at the plasma membrane*. MLKL

Pseudokinase

A protein that contains a
catalytically inactive kinase
domain. The loss of activity is
attributed to the lack of at
least one of three motifs
(namely, VAIK, HRD or DFG)
that are normally required
for catalysis.

oligomers are reportedly able to bind to negatively
charged phospholipids, such as phosphoinositides and
possibly cardiolipin. The association of MLKL with the
plasma membrane is required for cell death execution
via two non-exclusive models of mode of action. First,
these oligomers could act directly as a pore-forming
complex, contributing to plasma membrane destabili-
zation®* or, second, they could act indirectly by serving
as a platform that deregulates Ca?* or Na* ion chan-
nels?”?, In both cases, the formation of MLKL oligomers
is associated with an increase in intracellular osmotic
pressure and thus contributes to cell death. It should be
stressed that the necroptotic machinery can also acti-
vate the inflammasome machinery (BOX 1), which may
also contribute to some of the effects observed in exper-
imental disease models in vivo. It is therefore impor-
tant to note that, in vivo, some RIPK-dependent effects
may be related to inflammasome activation rather than
to necroptotic signalling. However, in the context of
inflammatory and tissue-degenerative diseases, the
effects of RIPK1 inhibitors on the inflammasome may
be advantageous.

RIPK1 inhibitors. The first inhibitors of necropto-
sis were identified in 2005 in a phenotypic screen for
small molecules able to inhibit the necrotic cell death
induced by TNF in human monocytic U937 cells'®*.
These studies led to the identification of necrostatin-1
(FIC. 2; TABLE 1), which was subsequently shown to
inhibit the kinase activity of RIPK1 (REF. 11). Following
its identification, necrostatin-1 has been extensively
used to probe the involvement of RIPK1 in cell death.
Nevertheless, critical issues concerning the use of
necrostatin-1 in vivo have emerged. Among the con-
cerns is the recognition that necrostatin-1 and the
indoleamine-2,3-dioxygenase (IDO) enzyme inhib-
itor methyl-thiohydantoin-tryptophan are the same
molecule*~*; indeed, the IDO-kynurenine pathway
modulates the innate and adaptive immune system.
Targeting IDO is used to interfere in inflammation-
associated tumorigenesis to break tumour immuno-
tolerance and to sensitize tumours to cell death®.
Moreover, the dose-response curve of necrostatin-1
demonstrates that at low concentrations it sensitizes
mice to the lethality of TNF-induced SIRS, suggesting
that this compound is relatively toxic; nonetheless,
survival in TNF-induced SIRS is achieved at higher
doses®¥. Structure-activity relationship analysis
informed chemical alterations to necrostatin-1 to yield
Nec-1s (also called 7-CI-O-Nec-1), which lacks IDO-
inhibitory activity, has increased plasma stability and
has increased specificity for RIPK over a broad range
of kinases”. In addition, the more stable and specific
Nec-1s lacks the toxic effect described for necrostatin-1
in the SIRS model, suggesting that Nec-1s is a preferred
tool for targeting RIPK1 in vivo.

The high-resolution structure of RIPK1 bound to
Nec-1s revealed that Nec-1s binds in a relatively hydro-
phobic pocket between the N and C lobes, in close prox-
imity to the activation loop. This binding was proposed
to shift the catalytic triad residues in RIPK1, making it
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Figure 2 | Chemical structures of inhibitors of non-apoptotic cell death. The mechanisms of action, key functions and
references for these inhibitors are provided in TABLE 1.CypD, cyclophilin D; RIPK1, receptor-interacting serine/threonine

kinase 1.

unable to stabilize ATP. On the basis of this model, it was
proposed that Nec-1s locks RIPK1 in an inactive confor-
mation that is unable to phosphorylate RIPK3 and conse-
quently unable to assemble the necrosome. In addition,

a GlaxoSmithKline group used a fluorescence polarization
assay to assess molecules that can bind to the catalytic
site of RIPK1 (REF. 41). This assay led to the discovery
of three classes of compounds (1-aminoisoquinolines,
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Table 1| Summary of small-molecule modulators of regulated necrotic cell death

Compound name
(alternative name)

RIPK1-dependent apoptosis

Necrostatin-1

Nec-1s (R-7-Cl-O-Nec-1)
PN10

Cpd27
Necrosulfonamide
Necroptosis

GSK’'840, GSK’843 and
GSK'872

Compound 1 (SYN-1215
or GW806742X)

Inflammasome
MCC950

Parthanatos
MNNG

Benzamide

Substituted benzamide
derivatives; for example,

INO-1001 (3-aminobenzamide)

4-methoxyflavone
3’,4’-dimethoxyflavone

PJ34
DPQ

Ferroptosis

Erastin

Piperazine erastin
Erastin analogue 21

Sorafenib
Liproxstatin-1
Ferrostatin-1

Ferrostatin analogue
SRS-11-92

Ferrostatin analogue
SRS-16-86

(1S,3R)-RSL3
Altretamine

Baicalein

Mechanism of
action

RIPK1 inhibitor

RIPK1 inhibitor
RIPK1 inhibitor
RIPK1 inhibitor
MLKL inhibitor

RIPK3 inhibitors

MLKL inhibitor

NLRP3 inhibitor

DNA-alkylating
agent

PARP inhibitor

Competitive PARP
inhibitors

PARP inhibitor
PARP inhibitor

PARP inhibitor
PARP inhibitor

System X ~inhibitor
System X ~inhibitor
System X ~inhibitor
System X ~inhibitor
Inhibits lipid
peroxidation
Inhibits lipid
peroxidation
Inhibits lipid
peroxidation
Inhibits lipid
peroxidation

GPX4 inhibitor
GPX4 inhibitor

LOX inhibitor

Applications

Protected mice and rats against neurodegenerative conditions (for example,
TBI, stroke, HD and AD), retinal degeneration, inflammatory diseases
(including sepsis, alcoholic or non-alcoholic liver diseases, pancreatitis and
IBD) and microbial infections

Prevented TNF-induced lethality in a mouse model of SIRS
Prevented TNF-induced lethality in a mouse model of SIRS
Prevented TNF-induced lethality in a mouse model of SIRS
Prevented necroptosis induced by TNF plus Z-VAD-FMK in mouse fibroblasts

Prevented LPS-induced death of mouse macrophages, cell death
induced by TNF plus Z-VAD-FMK, and poly(l:C)-triggered death of
interferon-B-sensitized cells in vitro

Inhibited necroptotic death of mouse dermal fibroblasts stimulated with
a combination of caspase inhibitors, clAP inhibitors and TNF

Inhibited interleukin-1p production in vivo and attenuated the severity
of EAE, a mouse model of multiple sclerosis

Induced necrotic cell death through PARP overactivation

Reduced neurodegeneration in a rat model of soman-induced
seizure-related brain damage

Widely used in various disease models, including TBI; reduced pulmonary
injury and improved recovery of myocardial and endothelial function after
hypothermic cardiac arrest; in a Phase Il trial of INO-1001 in myocardial
ischaemia, plasma from INO-1001-treated patients exhibited reduced

in vitro PARP activity by >90% at all doses, with a trend towards blunting
of inflammation

Prevented cell death caused by the parthanatos-inducing DNA-alkylating
agent MNNG

Prevented cell death caused by the parthanatos-inducing DNA-alkylating
agent MNNG

Reduced brain infarct size in a mouse model of transient focal ischaemia

Decreased cell death and prevented cardiac dysfunction after a non-lethal
myocardial infarction in rats

Induced ferroptosis in diverse cell types
Reduced growth in a xenograft mouse tumour model (HT-1080 cells)
Induced ferroptosis in various cell types

Induced cell death in hepatocellular and renal cell carcinoma cell lines, as
well as in other cancer cell lines

Prevented Gpx4-knockout-induced acute renal failure and inhibited hepatic
IRl'in mice

Prevented glutamate-induced neurotoxicity in cortical explants and IRl in a
mouse model of kidney damage

Efficacious in different cellular and slice models of HD, kidney tubule cell
death and periventricular leukomalacia

Inhibited tissue injury in a mouse model of renal IRI

Reduced tumour growth in a mouse xenograft model
Drug approved for use in ovarian cancer

Protected against multiple degenerative disorders, including stroke

Refs

10,11,20

37
42
41
49

33

34

151

182

178,183

112,
184-188

179

179

180
181

56
60
91
91,93

61

56,62

71

62

60
79
157
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Table 1 (cont.) | Summary of small-molecule modulators of regulated necrotic cell death

Compound name
(alternative name)

Ferroptosis (cont.)
LOXBlock-1
LOXBlock-2
LOXBlock-3

a-tocopherol

Compound 968

L-buthionine sulfoximine

CypD-dependent or CypD-independent necrosis

Cyclosporin A
Sanglifehrin A

Pifithrin-p

Mechanism of Applications Refs
action
LOXinhibitor Reduced brain infarct size in a mouse model of transient focal ischaemia 156
LOX inhibitor Protected a mouse hippocampal cell line from glutamate-induced oxytosis 189
LOX inhibitor Protected a mouse hippocampal cell line from glutamate-induced oxytosis 189
Inhibits lipid In general, protects cells and tissues, particularly in the brain, muscles and 190
peroxidation blood cells. In the context of GPX4 deficiency, prevented thromboembolic
events’® and impaired parasite infections and CD8* T cell homeostasis’’
Glutaminase Reduced infarct size after IRl in isolated hearts of mice 85
inhibitor
y-GCS inhibitor Triggered glutathione depletion and GPX4 inhibition, and prevented 191,192
malignant transformation
CypD inhibitor Protective in several mouse and rat models of IRl in organs, such as retina, 115,
heart, brain and kidney 193-195
CypD inhibitor Protective in several mouse and rat models of IRl in organs, such as heart 131,196
and kidney
Inhibits p53 Protected mice from gamma-radiation-induced lethal haematopoietic 124,197

translocation to
mitochondria

syndrome

y-GCS, y-glutamylcysteine synthetase; AD; Alzheimer disease; baicalein, 5,6,7-trihydroxyflavone; cIAP, cellular inhibitor of apoptosis protein; CypD, cyclophilin D;
DPQ, 3,4-dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-isoquinoline; EAE, experimental autoimmune encephalomyelitis; GPX4, glutathione peroxidase 4;

HD, Huntington disease; IBD, inflammatory bowel disease; IRI, ischaemia—-reperfusion injury; LOX, lipoxygenase; LPS, lipopolysaccharide; MLKL, mixed lineage
kinase domain-like protein; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; NLRP3, NOD-, LRR- and pyrin domain-containing 3; PARP, poly(ADP-ribose) polymerase;
PJ34, N-(5,6-dihydro-6-oxo-2-phenanthridinyl)-2-acetamide hydrochloride); pol(l:C), polyinosinic-polycytidylic acid; RIPK, receptor-interacting protein kinase;
SIRS, systemic inflammatory response syndrome; TBI, traumatic brain injury; TNF, tumour necrosis factor.

Fluorescence polarization
assay

An assay used to analyse
macromolecular interactions:
one of the studied molecules
is labelled with a fluorophore,
which allows the measurement
of the ratio of bound to
unbound molecule, thus
directly providing an
estimation of molecular affinity.

Type Il kinase inhibitor
An inhibitor that binds
competitively with ATP,
using the Asp-Phe-Gly
(DFC)-out conformation.

DFG-out conformation

A state in which the kinase
adopts a catalytically inactive
conformation whereby the
Asp-Phe-Cly (DFC) motif at
the amino terminus of the
activation loop faces outwards.

Gaucher disease

A genetic disorder
characterized by deficiency of
the enzyme glucocerebrosidase,
leading to the accumulation

of sphingolipids in certain
organs. The disease is also
characterized by enlargement
of the liver and the spleen, low
blood cell count and anaemia.

pyrrolo[2,3-b]pyridines and furo[2,3-d]pyrimidines) that
were all characteristic of the type Il kinase inhibitor class,
which targets the inactive, DFG-out conformation (DLG in
the case of RIPK1). This class of inhibitors is believed to
dislocate the phenylalanine side chains of the catalytic site
inwards to obstruct the ATP-binding pocket. Moreover,
one of the compounds of the furo[2,3-d]pyrimidine
series, Cpd27, showed potent anti-RIPK1-kinase activ-
ity (FIC. 2; TABLE 1) and blocked TNF-induced lethality in
a SIRS mouse model.

Recently, it was reported that the antileukaemic agents
and BCR-ABL inhibitors ponatinib and pazopanib are
also inhibitors of both RIPK1 and RIPK3 (REFS 42,43).
Ponatinib and pazopanib were shown to inhibit RIPK1-
and RIPK3-dependent cell death and transcription of
TNF. Furthermore, fusion of the scaffold of ponatinib
and Nec-1s generated a hybrid molecule that was a highly
potent and selective RIPK1 inhibitor; this inhibitor,
named PN10 (FIC. 2; TABLE 1), robustly protected against
TNF-induced SIRS in vivo*.

RIPK3 inhibitors. Interest in the development of RIPK3
inhibitors was stimulated by the observation that
Ripk3-knockout mice are viable and without a spontane-
ous phenotype*; indeed, these animals were frequently
used for studying the possible contributions of necrop-
totic cell death to pathological settings®. Also, the recog-
nition that necroptosis could be engaged independently
of RIPK1 spurred discussions that RIPK3 inhibitors might
prove to be suitable for protection against a broad range

of necroptotic pathologies that are independent of RIPK1
kinase function, such as viral infection, pancreatitis, aortic
aneurism* and Gaucher disease*,

Despite these data, studies using two different
RIPK3-kinase-dead mice have yielded contradic-
tory results. Mice expressing the kinase-dead variant
(D161N) of RIPK3 die from increased apoptosis, sug-
gesting that RIPK3 kinase activity has a crucial survival
function'. Remarkably, another RIPK3-kinase-dead
mutant (K51A) was viable, despite lower expression lev-
els. The scaffold function of RIPK3 in stabilizing RIPK1
in complex IIb, thus propagating RIPK1-dependent
apoptosis, is only revealed at higher protein expres-
sion levels. This observation is supported by studies of
two RIPK3 kinase inhibitors, GSK’843 and GSK'872,
which, at higher concentrations, promote TNF-induced
RIPK1-dependent apoptosis and caspase 8 activation®.

The ability of the first-identified series of RIPK3
inhibitors to bind to the RIPK3 kinase domain was
tested, and this led to the identification of compounds
GSK’840, GSK'843 and GSK'872 (REF. 33) (FIG. 2; TABLE 1).
These compounds inhibited RIPK3 with high specific-
ity in a panel of 300 other human kinases; in particular,
GSK'840 exhibited the most specific profile. GSK'840 is
particularly interesting as, in contrast to GSK'843 and
GSK'872 (REF. 33), it does not induce RIPK1-kinase-
activity-dependent apoptosis at higher concentrations.
Unfortunately, however, GSK’840 is unable to inhibit
murine RIPK3, preventing its assessment in murine
experimental disease models.
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Box 1| Interactions between the inflammasome and the cell death machinery

Inflammasomes are molecular platforms that are activated by a wide range of stimuli
and danger signals and that induce the processing of pro-interleukin-1p (pro-IL-1p) to
IL-1p. Different types of inflammasome respond to different stimuli and engage
different downstream machinery*?’. The NLRP3 (NOD-, LRR- and pyrin domain-
containing 3) inflammasome is the most promiscuous, as it responds to a broad range
of intracellular alterations and phagocytosed agents. The host-derived factor that
mediates the activation of the NRLP3 inflammasome is a matter of debate, but
candidate mechanisms and factors include K* efflux!*!, mitochondrial translocation of
the inflammasome!*?, mitochondria-derived reactive oxygen species (ROS)',
cardiolipin'*® and cathepsins'*.

Necroptosis functions as a ‘back-up’ cell death mechanism when caspase 8-mediated
apoptosis is inhibited. Indeed, viruses such as murine cytomegalovirus use caspase 8
inhibition to escape the immune system'*, indicating that necroptosis may have
evolved as a safeguard mechanism against such viruses.

Evidence linking the apoptotic—necroptotic and inflammasome machineries and
pathways is emerging. For instance, in dendritic cells, caspase 8 deficiency potentiates
the lipopolysaccharide (LPS)-mediated assembly and function of the NLRP3
inflammasome — an effect that is dependent on receptor-interacting serine/
threonine-protein kinase 1 (RIPK1), RIPK3, mixed lineage kinase domain-like protein
(MLKL) and phosphoglycerate mutase family member 5 (PGAM5)**¢. By contrast,
stimulation of bone marrow-derived dendritic cells with LPS leads to the formation of
a RIPK1-RIPK3-FAS-associated death domain (FADD)-caspase 8 complex (also known
as aripoptosome- or complex lIb-like complex) that contributes to IL-1f processing,
independently of RIPK1 or RIPK3 kinase activity**”. Strikingly, despite the RIPK3- and
MLKL-induced IL-1f processing in these LPS-stimulated dendritic cells, no cell death
was evident, suggesting that the involvement of these necroptosis-associated factors in
an inflammasome-activation context does not induce necroptosis, confirming similar
findings from earlier studies**.

Another example of a necrosome-inflammasome interaction has been revealed in
LPS-triggered Toll-like receptor (TLR) signalling: signalling via the TLR adaptor protein
TIR-domain-containing adaptor-inducing interferon-f (TRIF) leads to cellular inhibitor
of apoptosis protein 1 (clAP1)- or clAP2-mediated ubiquitylation of RIPK3 and cell
survival'*®. By contrast, LPS stimulation in the absence of IAPs leads to a RIPK3-
mediated and kinase-independent activation of caspase 8 that culminates in NLRP3
inflammasome activation and apoptosis. When both of the IAPs and caspase 8 are
absent, LPS stimulation promotes inflammasome activation, which requires RIPK3
kinase activity and MLKL.

Together, these findings suggest that, depending on the cellular conditions, the same
factors could be engaged as a scaffold or as a kinase. A better understanding of how
cell-death-related protein signalling is directly intertwined with the innate immune
responses will better inform strategies to inhibit secondary tissue damage that is
inflicted by the immune compartment. NLRP3 is an important pharmacological node
for the regulation of IL-1p production and the induction of pyroptosis, a form of cell
death dependent on caspase 1 cleavage of gasdermin D'****°, and is normally
associated with the antimicrobial response in macrophages and T cells. As such, NLRP3
inhibition is being recognized as an attractive strategy to counteract inflammatory
conditions associated with tissue damage and infection. Recently, a new and specific
NLRP3 inhibitor, MCC950 (FIG. 2; TABLE 1), was reported to block canonical and
non-canonical activation of NLRP3, without having any effects on the absent in
melanoma 2 (AIM2), NLR family, CARD domain-containing 4 (NLRC4) or NLRP1
inflammasomes**. MCC950 reduced caspase 1-mediated maturation of IL-1f in mice
and attenuated the severity of experimental autoimmune encephalomyelitis, a model
of multiple sclerosis.

MLKL inhibitors. The first compound reported to inhibit
MLKL was (E)-N-(4-(N-(4,6-dimethylpyrimidin-2-yl)
sulfamoyl)phenyl)-3-(5-nitrothiophene-2-yl)acryla-
mide (known as necrosulfonamide (NSA))* (FIG. 2;
TABLE 1). In fact, NSA was used as a probe to identify
MLKL as a downstream target of RIPK3. Upon necrop-
tosis induction by TNE, mCherry-labelled RIPK3 was
observed to generate punctate structures in cells that
resembled the amyloid-like structures described for

the RIPK1-RIPK3 interaction®. As the formation of
these structures could be prevented by necrostatin-1
but not by NSA, it was concluded that NSA does not
affect RIPK3-dependent phosphorylation of MLKL.
Moreover, NSA is able to protect human cells, but not
murine cells, from necroptotic stimuli, precluding its
use in murine preclinical models. This species speci-
ficity is because NSA alkylates the Cys86 of human
MLKL (thus preventing MLKL oligomerization and
translocation to the cell membrane), which is absent
in murine MLKL®. As Cys86 in human MLKL is an
exposed cysteine, NSA may potentially be promiscu-
ous; therefore, it will probably be challenging to further
improve on the NSA scaffold to create compounds that
have improved potency, specificity and activity against
murine MLKL’.

The potential promiscuity of NSA might be cir-
cumvented by a new class of MLKL inhibitors based
on ‘compound 1’ (also known as GW806742X or SYN-
1215) (FIC. 2; TABLE 1), which was recently described to
target the pseudokinase domain of MLKL*. The 4HB
domain of MLKL is kept inactive by its interaction
with the pseudokinase domain, which is released upon
RIPK3-mediated phosphorylation at Ser345 and Ser347
in the activation loop of MLKL. Thus, compounds that
target the pseudokinase domain seem to block the
switch that activates MLKL upon RIPK3-mediated
phosphorylation, thus preventing MLKL oligomeriza-
tion and translocation. Hence, targeting the catalytically
dead, pseudokinase activity of MLKL is of potential
therapeutic value to inhibit MLKL-induced necrop-
tosis. Somewhat surprisingly, however, recent exper-
iments have indicated that compound 1 also binds to
RIPK1 (J. Silke, personal communication) and inhibits
its kinase activity (D. Vucic, personal communication).
Thus, some of the anti-necroptotic activity of compound
1 may be due to its inhibition of RIPK1, which means
that compound 1 also cannot decisively be used to impli-
cate MLKL in necroptosis, and that the specificity of
compound 1 should be further investigated.

Inhibiting necroptosis in sepsis. Sepsis is the leading
cause of mortality in critically ill patients and is char-
acterized by an acute, systemic immune response that
culminates in multiple organ failure. Unrestrained cell
death has been implicated as one of the major culprits
during organ failure. A hallmark of sepsis is the oxidative
burst and release of pro-inflammatory cytokines such as
TNE and lipopolysaccharide injections have been widely
used as a mimic of the hyper-inflammatory phase of sep-
sis. Interestingly, inhibition of caspases by the bona fide
pan-caspase inhibitor Z-VAD-FMK strongly sensitizes
mice to TNF-induced SIRS and shock®, indicating that
blocking apoptosis has a detrimental effect.

During TNF-induced SIRS and in the mild caecal liga-
tion puncture model of septic shock, RIPK3 deficiency
prevents the huge increase in circulating cell death markers
and promotes survival®, suggesting that targeting RIPK3
in sepsis could be beneficial. Remarkably, caecal ligation
puncture-mediated lethality was not restored in MIkI-
knockout mice™, suggesting that the functions of RIPK3
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and MLKL may not completely overlap in this context. In
amodel of TNF-induced SIRS, pretreatment with necro-
statin-1 or Nec-1s strongly inhibited lethality”, and this
finding was supported by studies showing that RIPK1
kinase-inactive mice are also resistant to the lethality of
TNF-induced SIRS and to the lethality of septic shock
induced by a combination of TNF and Z-VAD-FMK"*.
Together, these data suggest that RIPK1 and RIPK3
inhibitors might be effective in treating SIRS and related
diseases by targeting not only necroptosis but also other
pro-inflammatory conditions regulated by these kinases.

Ferroptosis

Ferroptotic cell death was first described in a high-
throughput screening campaign to identify molecules
that could selectively induce cell death in isogenic
cells carrying a RAS mutant isoform®. This campaign
resulted in the identification of erastin (FIG. 3; TABLE 1);
surprisingly, this compound was found to induce a regu-
lated but non-apoptotic form of cell death that depended
on cellular iron stores; overexpression of oncogenic
HRAS sensitized the cells to this alternative form of
cell death induced by erastin. Ferroptosis was ulti-
mately found to be a form of cell death characterized by
iron-dependent lipid peroxidation®. Lipid peroxidation
is negatively regulated by the cystine-glutamate anti-
porter system X -, which provides cysteine that is used
for glutathione and protein biosynthesis in the cell>*.
Glutathione is in turn crucial for the phospholipid per-
oxidase activity of glutathione peroxidase 4 (GPX4),
which protects cells against lipid oxidation by reducing
phospholipid hydroperoxides® (FIG. 4). Therefore, the
glutathione-GPX4 axis presents unique functions, as it
is the sole cellular system responsible for the efficient
repair of oxidized phospholipids. Although ferroptosis
bears similarities to oxytosis (BOX 2), the morphological,
biochemical and genetic uniqueness of ferroptosis has
been demonstrated?.

Since its discovery, ferroptosis has not only been
shown to be an attractive anticancer mechanism but has
also been implicated in a broad range of pathological con-
ditions, such as tissue IRI in kidney and liver. Moreover,
pharmacological inhibition of ferroptosis has been shown
to be feasible through distinct mechanisms by the use
of potent inhibitors of lipid peroxidation, which have
already provided encouraging results in the context of
IRI in organs such as the liver, the kidney and the heart.

Disease relevance of ferroptosis. Two recent studies
have demonstrated that the pharmacological inhibi-
tion of ferroptosis can have a major impact during
IRI. A ferroptosis inhibitor called liproxstatin-1 (FIC. 3;
TABLE 1) increased overall survival by approximately 35%
in a model of acute renal failure caused by the induced
loss of Gpx4 in mice. Moreover, it improved the overall
hepatic function of mouse subjected to hepatic IRI®'.
Concomitantly, third-generation ferrostatins, which
also inhibit ferroptosis, were shown to decrease kidney
damage upon ischaemia-reperfusion®. Collectively,
these results suggest that ferroptosis could be a common
denominator in IRI, independent of tissue origin.

REVIEWS

Ferroptosis has also been implicated in neurological
disorders. This suggestion is based on genetic studies
demonstrating that GPX4 is essential for proper neu-
ronal tissue development and homeostasis, as neuron-
specific Gpx4 ablation causes neurodegeneration in
mice®. In support of this observation, one study showed
that the inducible loss of Gpx4 in adult mice leads to
loss of neurons in the hippocampus and early lethality®.
In addition, Gpx4*~ animals have an increased number
of amyloid plaques owing to increased expression of
B-secretase 1 (one of the enzymes that cleaves amyloid
precursor protein into amyloid-f), supporting a poten-
tial role of GPX4 in the early stages of Alzheimer disease
pathogenesis®. Similarly, in a mouse model of Alzheimer
disease, whole-brain extracts showed a marked increase
in oxidized lipid by-products, whereas Gpx4 expression
was markedly decreased owing to the downregulation
of the guanine-rich sequence-binding factor®, a factor
known to control GPX4 synthesis®. The susceptibility
of neurons to ferroptosis is further supported by other
studies suggesting its involvement in other neuro-
logical conditions, including Parkinson disease®",
Huntington disease”', cerebello-cortical atrophy”,
traumatic brain injury” and Smith-Lemli-Opiz syn-
drome’. Investigations using inducible Gpx4-null mice
further demonstrated that GPX4 is essential for retinal
protection’, hair follicle morphogenesis™, CD8* T cell
homeostasis’”” and proper vascular functions’. These
data therefore indirectly implicate the ferroptotic process
in degenerative processes of the respective tissues.

Despite the recognition that blocking ferroptosis
may be a valuable therapeutic approach for the above-
mentioned disease conditions, it has also become evident
that some tumours acquire a strong dependence on GPX4
and system X -, as reported for renal cell carcinomas and
B cell-derived lymphomas and a subset of triple-negative
breast cancer cell lines; thus, inducing ferroptosis could
represent a new therapeutic anticancer strategy. A better
understanding of the precise metabolic signature that
leads to increased ferroptosis resistance will provide
the basis for precision therapeutics aimed at triggering
ferroptosis in such tumour entities®.

Ferroptotic mechanisms. The ferroptotic pathway is illus-
trated in FIG. 4. Much of what is known about how to
inhibit and trigger ferroptosis has been gained by the use
of small-molecule inducers and inhibitors of this form
of cell death. One of the ways in which ferroptosis can
be triggered is by inhibiting system X - (REF. 56) (FIG. 4).
This inhibition leads to cellular cysteine starvation and
concomitant depletion of glutathione. Known small-
molecule inhibitors of system X ~ include class I ferropto-
sis inducers such as erastin, sorafenib, sulfasalazine and
the neurotransmitter glutamate. Recently, ferroptosis was
also shown to be induced downstream of glutathione
depletion via inhibition of GPX4 (REF. 60) by class II fer-
roptosis inducers, such as (1S, 3R)-RSL3, FIN56 (REF. 60),
or altretamine (also known as hexamethylmelmine)”.
Thus, the small molecules belonging to class I and
class II ferroptosis-inducing agents trigger ferroptosis by
inhibiting system X ~and GPX4, respectively.
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Figure 3 | Chemical structures of ferroptosis inducers and inhibitors. The mechanisms of action, key functions and

references for these inhibitors are provided in TABLE 1.

System X - and GPX4 are important players in the
cellular antioxidant network. System X ~ is a hetero-
dimeric 12-pass transmembrane cystine-glutamate anti-
porter and consists of the xCT light chain (also known as
SLC7A11), which mediates cystine transport specificity,
and the 4F2 heavy chain (also known as SLC3A2), a sub-
unit shared by different transporters™. Once taken up
by cells via system X -, cystine is subsequently reduced,
presumably by glutathione® or thioredoxin reductase 1
(REF. 81), to cysteine.

Recently, it was reported that some of the tumour-
suppressive activity of p53 may be attributable to its ability
to inhibit system X -, which increases the sensitivity of
the tumour cell to ferroptosis. Another tumour suppres-
sor that has been linked to increased ferroptosis sensitiv-
ity is retinoblastoma protein, although its mechanism is
unknown®. In addition, it was recently demonstrated that
some cells can bypass their dependence on system X ~but
not on GPX4 (and therefore can be resistant to ferrop-
tosis through inhibition of system X - but not of GPX4)
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Glutaminolysis

A series of metabolic reactions
based on the use of glutamine
to produce energy and
substrates to replenish the
tricarboxylic acid cycle.

Pentose phosphate pathway
(PPP). A series of metabolic
reactions converting glucose
into precursors for nucleotide
biosynthesis and reducing
equivalents in the form of
NADPH/H*.

by acquiring cysteine via the metabolism of methionine
through the transsulfuration pathway®. In addition to its
use in protein synthesis, cysteine is the rate-limiting sub-
strate for the synthesis of the major cellular antioxidant
glutathione by y-glutamylcysteine synthetase (encoded by
GGCS) and glutathione synthetase. In turn, glutathione
directly links system X - and the transsulfuration path-
way to GPX4 activity. Of all of the mammalian enzymes
that rely on glutathione as an electron source, GPX4 is
the rate-limiting enzyme that mediates the pro-survival
function of glutathione; Gpx4-knockout mice die at the
same embryonic stage as Ggcs-knockout mice®".

GPX4 is unique in its ability to directly reduce oxi-
dized phospholipids and cholesterol hydroperoxides®.
Where and how these oxidized species are formed
are still under investigation. A recent study has dem-
onstrated that ferroptosis requires the process of gluta-
minolysis® for reactive oxygen species (ROS) production,
and that this production could be mitigated by inhib-
iting glutaminase using compound 968 (FIG. 3; TABLE 1)
or by knocking down a mitochondrial glutaminase iso-
form (GLS2) and glutamic-oxaloacetic transaminase 1.
Moreover, ROS production could be restored by adding
a-ketoglutarate, thus introducing speculation about
a putative role of the a-ketoglutarate dehydrogenase
complex as a source of ROS*. This role could be relevant,
as the a-ketoglutarate dehydrogenase complex generates
ROS that leak into the inner mitochondrial membrane,
which could help to reconcile earlier observations:
namely, that severe mitochondrial damage occurs during
ferroptosis®*®! even though ferroptosis does not require
a functional electron transport chain, and that targeting
antioxidant to the mitochondrial matrix failed to prevent
this form of cell death.

Another source of ROS that has been implicated in
ferroptosis is the family of NADPH oxidases (NOXs);
this family of enzymes has been shown to be essen-
tial for the sustained activation of proliferative signals
derived from growth factors®. The activity of NOX has
also been linked to an increased flow of carbohydrates
through the pentose phosphate pathway (PPP), resulting
in a constant supply of the NOX substrate NADPH?®.
Fructose-1,6-bisphosphatase (FBP1) restrains the PPP
in a catalytic activity-independent manner by directly
interacting with the ‘inhibitory domain’ of hypoxia-
inducible factor (HIF), thus inhibiting the function
of HIF; a loss of FBP1 is found in almost all renal cell
carcinomas and leads to increased PPP activity®. This
mechanism might explain the high sensitivity of renal
cell carcinomas to ferroptosis®.

Furthermore, ferroptosis is critically linked to lipid
metabolism, as it requires polyunsaturated fatty acids
(PUFAs) for oxidation. This association is highlighted
by the vital function of GPX4 in negatively regulating
ferroptosis. Lipid oxidation is essential for the ferroptotic
process, although the precise mechanism of lipid oxida-
tion is unknown. A recent screen in human haploid cells
indicated that loss of lysophosphatidylcholine acyltrans-
ferase 3 (LPCAT3) or of acyl-CoA synthetase long-chain
family member 4 (ACSL4) confers resistance to ferrop-
tosis (possibly via the decrease of PUFAs in specific
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phospholipids)*. How exactly the genetic loss of either
of these enzymes confers resistance to ferroptosis is
unknown and warrants further investigation. However,
because these enzymes have a substrate preference for
arachidonic acid, the results from the screen in human
haploid cells indicate that arachidonic acid oxidation
products are likely to be essential for ferroptosis. This
notion is consistent with other findings that arachidonic
acid is oxidized during ferroptosis®.

Many questions remain to be answered. For exam-
ple, what are the molecular events downstream of lipid
peroxidation? Are there clearly defined molecular events
during ferroptosis or just nonspecific lipid peroxidation
and plasma membrane rupture? Does lipid peroxida-
tion mark a point of no return? Indirect evidence points
to the requirement of downstream events: cells resist-
ant to ferroptosis express higher levels of members of
the aldo-keto reductase family, enzymes responsible
for the detoxification of lipid breakdown products®.
These species could potentially modify nucleophilic res-
idues in proteins, such as cysteines, leading to the activa-
tion or loss of function of critical unrecognized signalling
molecules and networks.

Finally, it is worth noting that ferroptosis was initially
linked to its ability to target cells with activated RAS-
RAF-MEK signalling, and was dependent on the expres-
sion of voltage-dependent anion channel 2 (VDAC2) and
VDACS3 (REF. 92), although the roles of these channels or
of RAS signalling in ferroptosis are not fully understood.
RAS-activating mutations sensitized cells to ferroptosis
when the gene was overexpressed, but the RAS muta-
tional status in genuine tumour cells does not predict
sensitivity to ferroptosis®, and its pharmacological inhi-
bition does not always protect cells from ferroptosis®. By
contrast, VDAC:s are only required for erastin-induced
ferroptosis but not for ferroptosis induced by other com-
pounds®. These discrepancies probably preclude the tar-
geting of RAS and VDAC:s as potential cytoprotective
therapeutic options to halt ferroptosis.

Inducers of ferroptosis. The recognition that some
tumours become highly sensitive to ferroptosis suggests
that system X ~and GPX4 inhibitors could have high
therapeutic indices for cancer treatment®-*. Specifically,
a recent study showed that a subset of triple-negative
breast cancer cells that are auxotrophic for glutamine
rely on the deamination of glutamine by glutaminase
to glutamate to fuel xCT — linking a lack of glutamine
metabolism to ferroptosis. Accordingly, inhibition of
system X - in such cells with sulfasalazine (a drug that
has been approved for more than 40 years for inflam-
matory bowel disease) was shown to be effective in
reducing tumour growth in vivo, underscoring the
importance of this pathway in breast tumours with poor
prognosis”. Sulfasalazine is also currently marketed to
treat rheumatoid arthritis, although its activity in this
disease appears to be unrelated to system X ~ inhibition.
Moreover, sulfasalazine is a relatively low-potency and
metabolically unstable system X ~ inhibitor compared
with erastin; therefore, stronger effects of erastin or
its analogues should be expected in models in which
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Figure 4 | Upstream events in the control of ferroptosis. The heterodimeric
cystine-glutamate antiporter system X - exchanges one molecule of
extracellular cystine (or cystathionine!”®) for one molecule of intracellular
glutamate®’. Once taken up by cells, cystine is reduced by reduced glutathione
(GSH) or thioredoxin reductase 1 (TXNRD1)® to cysteine, which is subsequently
used for protein and GSH synthesis. Cysteine might also be provided by the

transsulfuration pathway®. GSH is synthesized from cysteine, glutamate and glycine
in two consecutive steps by y-glutamylcysteine synthetase (y-GCS) and glutathione

synthase (GSS) at the expense of two molecules of ATP. Glutathione peroxidase 4
(GPX4) is one of the central upstream regulators of ferroptosis®: it prevents
lipoxygenase (LOX) overactivation and lipid peroxidation®®. GPX4 preferentially
reduces phospholipid hydroperoxide (PL-OOH) to its corresponding alcohol

phospholipid hydroxide (PL-OH),

using two molecules of GSH*. Oxidized

glutathione (GSSQ) is then recycled back by glutathione reductase (GSR) using
electrons from NADPH/H*. Concerted action of this pathway is essential to control
the formation of oxidized phospholipids. A series of ferroptosis inducers have been

developed and characterized that interfere at the different upstream events, either

inhibiting cystine uptake (for example, erastin®®, glutamate'’*, sulfasalazine'’,
(S)-4-carboxyphenylglycine'’® (5-4-CPG) and sorafenib®), GSH biosynthesis
(L-buthionine sulfoximine (BSO)) or GPX4 activity ((1S, 3R)-RSL3 (REF. 60) or
altretamine’). Ferrostatins®®, liproxstatin®!, a-tocopherol and the iron chelator
deferoxamine inhibit lipid peroxidation and signalling events downstream of GPX4
function. CBS, cystathionine B-synthase; GLS, glutaminase; CTH, cystathionase.

sulfasalazine was efficacious. In addition, erastin-
derived inhibitors of system X -, such as piperazine eras-
tin, have been shown to be effective in other tumour
xenograft models®. Recently, sorafenib, a multikinase
inhibitor drug approved for treating primary kidney
cancer, advanced primary liver cancer and radioactive
iodine-resistant advanced thyroid carcinoma, was also
found to induce ferroptosis in cancer cells”® and does
so by inhibiting system X - (REF. 91). Therefore, it is
tempting to speculate that ferroptosis may be partially
responsible for the antitumour effect of sorafenib.
Ferroptosis can also be triggered independently
from glutathione depletion; this effect was recently
demonstrated by a second class of ferroptosis-inducing
compounds. This class is exemplified by RSL3, which
induces cell death with similar features as that caused
by erastin, but without affecting glutathione levels. The
target of RSL3 was shown to be GPX4 (REF. 60). Recently,
altretamine®®, which is proposed as a salvage therapy
for relapsed ovarian cancer, was identified using net-
work perturbation analysis as a novel GPX4 inhibitor”.
At present, targeting GPX4 appears to be the preferred
approach for the development of drugs that trigger
ferroptosis. By contrast, system X ~ inhibitors present
more pleiotropy; they lead to cysteine deprivation and
concomitant endoplasmic reticulum stress.

Inhibitors of ferroptosis. The first-characterized fer-
roptosis inhibitors — a group of arylalkylamines
known as the ferrostatins that were identified in 2012
— were found to prevent erastin-induced cell death*®.
Ferrostatins prevent oxidative lipid degradation during
ferroptosis, thereby preventing cell demise in cells and
organotypic cultures”’. Mechanistically, ferrostatins
and related compounds may function by interrupting
the radical chain reaction responsible for lipid perox-
idation, or by donating two electrons to allylic lipid
hydroperoxide substrates, thus preventing the oxida-
tive decomposition of phospholipids”™. Analysis of the
structure—activity relationship associated with the ferro-
statin scaffold revealed that a lipophilic anchor is needed
for the ferrostatin-mediated inhibition of ferroptosis,
presumably to target the compounds to a lipophilic
membrane environment. Ferrostatin-1 (FIC. 3: TABLE 1)
exhibits low plasma and metabolic stability, but a new
series of ferrostatins with improved plasma stability
and the ability to retard ferroptosis in the pathological
setting of IRI in the kidney was recently described®.

A screening campaign to identify small mol-
ecules able to prevent ferroptosis was conducted in
a GPX4-deficiency model and led to the discovery
of a class of spiroquinoxalines termed liproxstatins.
Liproxstatin-1 (FIC. 3; TABLE 1) inhibited ferroptosis in an
in vivo model of Gpx4 ablation and in a preclinical model
of hepatic IRI®". The compound exhibited good absorp-
tion, distribution, metabolism and excretion profiles,
making it a good candidate with which to examine the
ferroptotic contribution in diverse preclinical models.
At present, the precise mechanism of how liproxstatin-1
prevents ferroptosis and lipid oxidation is unclear; how-
ever, owing to the presence of a secondary amine that
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Box 2 | Ferroptosis and oxytosis: lessons learned from a close relative

Ferroptosis is related to another paradigm of regulated, non-apoptotic cell death:
oxytosis. Both types of cell death are engaged by similar or, in some cases, even the same
triggers of cell death, such as inhibition of the cystine-glutamate antiporter system X ~.
For example, similar to ferroptosis, oxytosis can be triggered in neuronal cell lines
lacking N-methyl-D-aspartate (NMDA) receptors via the glutamate-induced inhibition
of system X ~and consequent depletion of glutathione'*. Although ferroptosis and
oxytosis share a common trigger mechanism (inhibition of the xCT light chain of X -) and
a common execution mechanism (lipid peroxidation), lipoxygenases (LOXs) appear to
have a prominent role in oxytosis, whereas their role in ferroptosis is not as clear.

During oxytosis, there is an increase in the so-called peroxide tone, an increase in the
translocation of arachidonate 12-lipoxygenase (ALOX12) and ALOX15 to cellular
membranes such as mitochondria followed by lipid peroxidation'*, and an increase in
the relocation of apoptosis-inducing factor (AIF) from mitochondria to the nucleus*****.
As such, it was suggested that LOXs might be integral players in neuronal cell damage
following acute damage, such as following stroke or traumatic brain injury*®. Indeed,
putative pharmacological targeting of ALOX15 using the broad-range LOX inhibitor
baicalein (5,6,7-trihydroxyflavone) (FIC. 3; TABLE 1) has been shown to attenuate damage
after stroke in mice'”’. Moreover, Alox15-knockout mice have decreased lesions
following experimental stroke'*%, although it is unclear whether this effect of ALOX15
deficiency on cell death occurs in a cell-autonomous manner or is due to altered immune
function. Overall, the contribution of LOX enzymes in ferroptosis is not yet fully
understood. Although LOX inhibitors, which are relatively promiscuous, can inhibit
ferroptosis®'3, they seem to do so in a LOX-independent manner.

The fact that LOXs appear to be involved in oxytosis but not in ferroptosis may be
because ferroptosis is associated with a more complex oxidizing environment, meaning
that other sources of reactive oxygen species (ROS) such as NADPH oxidases may confer
a more important contribution. In accordance with this notion, deletion of the
ferroptosis regulator glutathione peroxidase 4 (GPX4) or combined deletion of the genes
encoding ALOX15 and GPX4 led to ferroptotic cell death following injury®’, whereas
knockdown of Alox5 in Gpx4~-;Alox15”- lung fibroblasts led to partial protection from
cell death. These findings suggest that more than one LOX is implicated in
Gpx4-deletion-mediated ferroptosis, and indicate that there may be functional
redundancy and cooperativity among LOX family members. Thus, it is plausible that
oxytosis is a broader cell death programme that involves LOX, and that certain neuronal
cells require certain ALOX isoforms to undergo oxytosis. In contrast to LOXs, AlF is
involved in only oxytosis via a twofold mechanism: first, via its nuclease activity and,
second, via a preconditioning effect, whereby the loss of AIF decreases levels of ROS***,
although the exact contribution of each of these mechanisms is still under investigation.

Network perturbation
analysis

A hybrid computational and
experimental approach for
mode-of-action analysis.
Compound-induced
dysregulations in the
expression of genes in a

regulatory network are scored,

allowing compounds with
a similar mode of action to
be clustered.

Peroxide tone

The steady-state level of
peroxides or lipid peroxides
ina given cell.

Harlequin neuronal cells
Neuronal cells derived from
the Harlequin mouse. These
animals contain a proviral
insertion in the apoptosis
inducing factor (Aif) gene,
leading to approximately 70%
reduction of AIF expression.

allows an efficient stabilization of electron deficiency, it
is plausible that, similar to ferrostatins, these molecules
function through a mechanism that relies on the efficient
reduction of lipid radicals.

Ferrostatins and liproxstatins do not behave like
classical antioxidants. Indeed, a-tocopherol (one of
the most efficient chain-breaking lipophilic anti-
oxidants) is 10-100-fold less efficient than ferrostatin
and liproxstatin at terminating lipid peroxidation®'.
A possible explanation for the superior efficiency of
ferrostatins and liproxstatins is that they may reduce
lipid hydroperoxides to inert alcohol, suggesting that
they function as putative GPX4 mimetics. Another
possibility might be that these compounds, in con-
trast to a-tocopherol, act catalytically owing to their
potential to trap multiple radicals per molecule. This
mechanism has been recently suggested for the diaryl-
amines, which are closely structurally related to the fer-
rostatins”'. It is therefore proposed that diarylamines
would be highly efficient in preventing the oxidation
of PUFAs during the course of ferroptosis. Moreover,
it seems that ferrostatins and liproxstatins are highly
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selective for inhibiting ferroptosis triggered by GPX4
deletion or ferroptosis-inducing agents, such as erastin
and the GPX4 inhibitor (1S, 3R)-RSL3 (FIG. 3; TABLE 1),
as ferrostatins and liproxstatins failed to protect against
other forms of cell death in vitro, including apoptosis
and necroptosis®*®. One possible explanation for these
findings is that these classes of compounds may be tar-
geted to specific membranes, the oxidative modulation
of which is required for ferroptotic signalling.

Other regulated forms of necrosis

Other forms of regulated necrosis that have been impli-
cated in pathological conditions and that offer significant
potential for drug development include parthanatos and
CypD-mediated necrosis. Parthanatos has been mostly
studied in the context of neuronal damage and neuro-
degeneration, and its main hallmark is overactivation of
poly (ADP-ribose) (PAR) polymerase 1 (PARP1). CypD-
mediated necrosis is a general mechanism involved in
IRI, and its pharmacological inhibition has already
shown encouraging results.

Parthanatos. Parthanatos is a form of cell death impli-
cated in neuropathological conditions such as Parkinson
disease”, and is characterized by the overactivation of
the nuclear protein PARP1 by a wide array of stimuli,
such as DNA damage and ROS production'®. Three
PARP proteins have been implicated in DNA damage
repair: PARP1 and PARP2, which share a high degree of
homology, and PARP3, which is less well characterized
and appears to be functionally distinct from the other two
PARPs. PARP1 and PARP2 have complex effects and are
pleiotropic; they are known to be involved in DNA repair,
chromosome stability and the inflammatory response'.
However, in contrast to PARP2 and PARP3, PARP1 is
sufficient for the process of parthanatos; specific inhibi-
tors of the other PARP isoforms are unable to prevent this
type of cell death'®* (FIG. 5).

Activated PARP leads to parthanatos by transferring
ADP-ribose groups from NAD" to their targets (such as
apoptosis inducing factor (AIF) or hexokinase (HK)),
and subsequent translocation of AIF to the nucleus'®.
Reconstitution experiments with wild-type and mutant
AIF in harlequin neuronal cells, which have reduced AIF
expression'™, showed that relocation of AIF from mito-
chondria to the nucleus depends on its direct interaction
with PAR via a conserved region of AIF. This process
is negatively regulated on at least at two levels: first, by
the ADP-ribosyl-acceptor hydrolase 3 (ARH3), a protein
able to lower PAR levels in the nucleus and cytoplasm'®;
and second, by the protein IDUNA (also known as E3
ubiquitin-protein ligase RNF146), a small cytosolic pro-
tein that binds PAR polymers and thus acts as a buffering
protein, thereby preventing PARP1-induced AIF release
and cell death'®.

Parthanatos can be pharmacologically blocked by
PARP1 inhibitors (FIC. 2; TABLE 1); however, the execu-
tioner mechanism for parthanatos is unclear, and so no
other druggable node has been identified so far. Early
studies of PARP were primarily focused on the impor-
tance of PARP in DNA repair, and nonspecific PARP
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Figure 5 | Key signalling events in parthanatos. DNA-damaging agents trigger
poly(ADP-ribose) (PAR) polymerase 1 (PARP1) activation, the DNA-damage response

and the repair response. In neurons, sustained stimulation of N-methyl-D-aspartate
(NMDA) receptors (for instance, following stroke or traumatic brain injury) also leads to
parthanatos, through cellular increases in Ca** levels, activation of neuronal nitric oxide
synthase (NNOS), increased superoxide production and generation of highly toxic
peroxynitrite (ONOQO") ions*”’. PARP-mediated PARylation (blue circles) of target
proteins, and of PARP1 itself, leads to recruitment of factors required for DNA repair

(not shown). The increase in PARylated proteins is counterbalanced by poly(ADP-ribose)
glycohydrolase (PARG), which cleaves glycosidic bonds in PAR polymers on target
proteins and thereby regulates PAR length and releases PAR polymers. ADP-ribosyl-
acceptor hydrolase 3 (ARH3) further degrades PAR polymers'®. Excess DNA damage

can elicit parthanatos by inducing PARylation of apoptosis-inducing factor (AIF)*** and
relocation of AIF into the nucleus, as well as PARylation of hexokinase (HK)'*, which
impairs its glycolytic activity. AlF translocation to the nucleus is associated with
large-scale fragmentation of DNA and cell death. Inhibitors of parthanatos include the
PARP1 inhibitors benzamide!’® and its derivatives, such as INO-1001, methoxyflavones!’”,
PJ34 (REF. 180) and DPQ (3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinolinone)*.
MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; NAM, nicotinamide; NO, nitric oxide;
O,", superoxide anion; ROS, reactive oxygen species.

inhibitors have entered clinical trials to treat specific
tumours alone or in combination with selected anti-
cancer drugs (reviewed in REF. 106). An increased recog-
nition of the role of PARP in other biological processes
was stimulated by the study of PARP1-deficient mice.
These mice were shown to be protected from several
stress conditions, such as stroke, kidney IRI'”” and ret-
inal degeneration'®, which spurred the development of
new classes of specific PARP1 inhibitors of various struc-
tural classes. These inhibitors include phenanthridinones

such as PJ34 (N-(6-0xo0-5,6-dihydrophenanthridin-2-yl)-
(N,N-dimethylamino)acetamide hydrochloride)'”, iso-
quinolones, isoquinolinones"!"! and many other classes
of PARP inhibitors that show half-maximal inhibitory
concentrations in the low-micromolar to nanomolar
range'”. In addition to oncology indications, there have
been two clinical trials with the aim of proving or dis-
proving the validity of targeting parthanatos in degenera-
tive disease scenarios: a small pilot trial testing the PARP1
inhibitor INO-1001 (also known as 3-aminobenzamide)
in myocardial infarction'? and a recently completed
Phase I study of JPI-289 in healthy participants as a basis
for treating stroke'".

At present, it remains difficult to ascertain the con-
tribution of activating PARP1 in triggering parthanatos
in pathological conditions, as PARP1 has so many addi-
tional roles, including those in the DNA repair response
and the immune response. Therefore, studies using PARP
inhibitors and Parp-knockout animals should be inter-
preted with caution, and the discovery of downstream
targets other than AIF should help to unequivocally
assign the role of parthanatos in disease conditions.

A better characterization of parthanatos may result in
alternative approaches to targeting this type of cell death.
For instance, one study investigated the initial observa-
tion that PAR accumulation is correlated with a reduction
of cellular NAD* and an energetic collapse, which was
assumed to be due to NAD* depletion. It was reported
that energetic collapse during parthanatos is instead
mediated by defects in glycolysis that result from PAR-
dependent inhibition of HK, before NAD* depletion'".
Thus, novel small molecules that can inhibit the PAR-HK
interaction could therefore prevent bioenergetic collapse
and parthanatos-mediated cell demise.

CypD-mediated necrosis. Another form of regulated,
non-apoptotic form of cell death that is amenable
to pharmacological intervention and that has been
implicated in some pathological conditions is CypD-
dependent necrosis. CypD-dependent necrosis has
been implicated in cardiac and renal IRI'"®, muscular
dystrophy', thrombosis'", diabetes'® and in a model
of multiple sclerosis'. This type of cell death relies on
the formation of the so-called mitochondrial permea-
bility transition pore (MPTP), which depends on the
presence of CypD. Candidates for causing the assembly
of the MPTP include ions and metabolic intermediates
such as ADP, ubiquinones and ROS'. Recent studies
have suggested that the MPTP is composed of dimers
of the ATP synthase complex, which can be opened by
the interaction of CypD with the lateral stalk of the ATP
synthase complex'?. This finding highlights the fact
that the metabolic and cell death machinery are tightly
interconnected'>'%,

An alternative proposal is that MPTP results from a
ROS-driven association of p53 with CypD'*. This associ-
ation can be blocked by pifithrin-pt (FIC. 2; TABLE 1), which
was found to inhibit the translocation of p53 to the mito-
chondria, although whether this mechanism is important
for CypD-mediated necrosis is debated'”. Interestingly,
CypD-deficient mitochondria are still able to mount a
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delayed MPTP response to Ca** overload, suggesting that
CypD is involved in, but not essential for, proper MPTP
assembly'*. Therefore, alternative mechanisms must
exist that trigger MPTP in the absence of CypD.
Despite this lack of a known mechanism, CypD-
deficient mice have been shown to be resistant to car-
diac and renal IRI''>'?7'%, Pharmacological inhibition
of CypD is achieved pharmacologically through the use
of the immunophilin-binding ligands'® cyclosporin A
or sanglifehrin A, which have each been successfully
used to inhibit the extent of IRI in the kidney'?!, the
brain'*? and the heart'**. Moreover, cyclosporin A and
sanglifehrin A are approved immunosuppressants that
are currently used to prevent organ rejection following
transplantation. Mechanistically, cyclosporin A binds
to cyclophilin (an immunophilin) of T cells. The cyclo-
sporin A-cyclophilin complex inhibits calcineurin and
consequently reduces the transcription of interleukin-2.
Conversely, sanglifehrin A does not target calcineurin'®.
It is therefore important to note that despite the encour-
aging results obtained using these compounds in models
of IRI, one cannot exclusively attribute their protective
effects to actions on CypD-dependent necrosis, as these
molecules are also able to block the immune response.

Targeting multiple cell death pathways

Cell death pathways are predominantly studied as inde-
pendent entities. However, their crosstalk and their inter-
dependent engagement in pathological conditions are
frequently overlooked, particularly in vivo. Nevertheless,
there is increasing recognition that there is an intricate
relationship between when and how cells die and how
this affects the organism. Knowledge of this relation-
ship is in its infancy, and it is currently only possible
to speculate how these other forms of regulated non-
apoptotic cell death are complementary to each other.
Recent studies targeting multiple cell death paradigms as
a cytoprotective therapeutic approach are teaching us that
single therapy approaches may not ultimately be the most
effective approach. For example, during early renal graft
injury, remote pulmonary injury may occur owing to
kidney-lung crosstalk, and this lung damage was inhib-
ited by the dual targeting of parthanatos and necrop-
tosis with INO-1001 and necrostatin-1, respectively'**.
Moreover, in kidney IRI, the combined targeting of
necroptosis, ferroptosis and CypD-dependent necrosis
resulted in an unforeseen resistance to an insult that was
otherwise lethal for non-treated animals or for animals
treated with a single inhibitor against each of these types
of cell death®.

The rationale for an approach that targets several
types of cell death follows the notion that tissue demise
and subsequent organ failure results from an auto-
amplification loop between cell death and inflammatory
stimuli'. This hypothesis assumes that upon ischaemia—
reperfusion, a first hit independent of an extrinsic
signal — such as a ROS burst in response to transient
dysfunction of electron flow in the mitochondrial res-
piratory chain — could ignite a pro-inflammatory cell
death routine. Ferroptosis and CypD-dependent necro-
sis are both forms of cell death that can be triggered by
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ischaemia-reperfusion independently of an extrinsic
signal. Ferroptosis and CypD-mediated necrosis are inti-
mately linked to the cellular metabolic state, as increased
mitochondrial ROS production and glutathione deple-
tion are both established hallmarks of IRI. One of the
characteristics of these forms of cell death is that they
culminate with the release of cellular contents and sev-
eral oxidized lipid mediators (such as prostaglandins
in case of ferroptosis). Such molecules can engage an
inflammatory response and can also trigger forms of cell
death such as apoptosis and necroptosis that, in turn,
would feed an amplification loop leading to increased
cell death and a stronger inflammatory response.

Another lesson that we are beginning to learn is that
regulated forms of cell death are not uniformly connected
and regulated across different tissue and cell types. This
notion is neatly exemplified by studies of genetic deletion
of RIPK1. RIPK1 deficiency in intestinal endothelial cells
leads to mortality owing to increased apoptosis'® that is
rescued by caspase 8 deficiency but not by RIPK3 defi-
ciency. By contrast, deletion of Ripk! in keratinocytes
leads to a psoriasis-like phenotype that is fully prevented
by RIPK3 deficiency'*. These findings imply that cell
death pathways may not be uniformly regulated and
that differences in such regulation should be taken into
account when designing combinatorial approaches for
concomitantly targeting these pathways.

Outlook

It has become clear that cells can die through several dis-
tinct ways not restricted to classical apoptosis. As such,
efforts to induce or inhibit cell death by targeting apop-
tosis in different contexts have shown mixed outcomes,
most probably owing to our currently poor knowledge of
how cells die. There is an emerging list of non-apoptotic
cell death modalities, including necroptosis, ferropto-
sis, parthanatos and CypD-mediated cell death. Other
forms that are also implicated in pathological settings
but that are not discussed here include the following:
pyroptosis'¥, an inflammasome-dependent cell death
modality that mainly occurs in monocytes'*; autophagic
cell death*’; and NETosis, a granulocyte-induced death
modality that is characterized by the release of chro-
matin as a platform for antimicrobial proteins during
inflammation and infection®. Nonetheless, successes in
targeting apoptosis, especially in cancer, encourage us to
pursue a deeper understanding of cell death routines and
to exploit this knowledge to modulate them efficiently in
a clinical setting.

Recently, the question has been raised as to whether
these non-apoptotic cell death routines evolved separ-
ately as responses to specific triggers or whether they
represent parts of a biochemical network that shares
common regulatory or executioner mechanisms, such
as energy catastrophe, ROS production, reduced anti-
oxidant activity or lipid peroxidation® Such questions
are now beginning to be answered, and it has become
evident that some of these cell death routines are highly
intertwined and that blocking only one road to cell
death is not likely to yield the desired outcome. For
example, the necroptotic machinery is readily engaged
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upon caspase 8 inhibition or inactivation'>'**. Also,
inhibition of the cancer cell survival factors IAPs results
in a sensitization of an alternative pathway involving
either RIPK1-dependent apoptosis or necroptosis,
depending on the presence of caspase 8 and RIPK3 or
MLKL. Nevertheless, whether and how these regula-
tory networks modulate shifts between other cell death
routines is not as clear as for the better-characterized
apoptosis—necroptosis link.

Another issue besides the intricate network that
regulates several cell death modalities is the pleiot-
ropy of some of the crucial regulators of cell death. In
that respect, it is very likely that in vivo targeting of
RIPK1 or RIPK3 in pathophysiological conditions that
involve complex intercellular interactions may affect
not only necroptosis but also apoptosis and activation
of the inflammasome'®. This complexity and pleiot-
ropy should be taken into account when evaluating
the therapeutic activity of drugs in experimental dis-
ease models. That is, an unequivocal assignment of cell

death to a specific form of death pathway should rely not
only on pharmacological evidence but also on genetic
confirmation — whenever possible — by using single- or
even combination-knockout or transgenic animals and
cells, with the ultimate goal of defining and guiding
better treatment paradigms.

Novel therapeutic strategies aiming to target multiple
cell death pathways under pathologically relevant condi-
tions such as IRI are starting to emerge. Such approaches
could be appointed for pathological conditions for which
strategies to inhibit single modes of cell death have failed
or were not very effective. It has become increasingly
clear that, although in recent years we have accumu-
lated knowledge on how cells die, we are still far from
a requisite understanding of the much more challenging
question of how these pathways converge or synergize in
a relevant in vivo pathological setting. Such an under-
standing, however, will be instrumental in designing
efficacious therapeutics in order to affect diseases that
involve cell death.
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