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ABSTRACT

Ischemia-reperfusion injury (IRI) is the outcome of an inflammatory process that is triggered
when an organ undergoes a transient reduction or cessation of blood flow, followed by re-
establishment of perfusion. In the clinical setting, IRl contributes to significant acute kidney
injury, patient morbidity and mortality and adverse outcomes in transplantation. Tubular
cell death by necrosis and apoptosis is a central feature of renal IRl. Recent research has
challenged traditional views of cell death by identifying new pathways in which cells die in a
regulated manner but with the morphological features of necrosis. This ‘regulated necrosis’
(RN) takes several forms, with necroptosis and ferroptosis being the best described. The
precise mechanisms and relationships between the RN pathways in renal IRI are currently
the subject of active research. The common end point of RN is cell membrane rupture,
resulting in the release of cytosolic components with subsequent inflammation and
activation of the immune system. We review the evidence and mechanisms of RN in the
kidney following renal IRI, and discuss the use of small molecule inhibitors and genetically
modified mice to better understand this process and guide potentially novel therapeutic

interventions.

Keywords

ischemia-reperfusion injury, apoptosis, necrosis, necroptosis, ferroptosis, acute kidney

injury, kidney transplantation.
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INTRODUCTION

Ischemia-reperfusion injury (IRI) can be precipitated by multiple clinical scenarios including
periods of significant hypotension, myocardial infarction, stroke, or following organ
transplantation. IR sets off a cascade of deleterious cellular responses in the affected organ,
resulting in cell injury and eventual cell death via necrosis or apoptosis.! Indeed, the
presence of necrotic tubular cells is a hallmark of renal IRI.2 Although necrosis is traditionally
viewed as a non-specific and unregulated process, several regulated pathways have now
been described, with increasing recognition of their potential contribution to several
pathophysiological conditions. This review will focus on the pathways leading to cell death

following renal IRI, with an emphasis on regulated necrosis (RN).

RENAL ISCHEMIA-REPERFUSION INJURY (IRI)

Renal ischemia-reperfusion injury is observed widely across the spectrum of clinical
practice, from embolic or thrombotic events, all causes of circulatory “shock” and
hypotension, surgical settings such as cardiac by-pass surgery, the obligatory renal injury
associated with organ procurement, and a range of other kidney insults. This injury results
in a rapid decline in kidney function and increased patient morbidity and mortality. The
short- and long-term outlook of the patient varies depending on the reversibility and
recovery of the injury. Acute kidney injury may predispose to chronic kidney disease and

end-stage kidney disease leading to dialysis.

The kidneys are highly susceptible to IRI. The mismatch between oxygen supply and demand
causes a reduction in oxidative metabolism, with progressive injury and death of tubular

epithelial cells.! This leads to loss of the kidney’s homeostatic control of metabolic waste
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products, with impaired water and electrolyte balance and associated morbidity and

mortality.

Renal cell injury and death

Cellular damage occurs during both the ischemic insult and subsequent reperfusion of the
kidney.1® Ischemic renal tissue switches metabolism from aerobic to anaerobic and
intracellular ATP levels fall precipitously, with the resultant acidosis worsened by an
increase in lactate-dependent ATP production.* Inhibition of membrane-bound Na*/K*
ATPase activity®> increases intracellular sodium and water, causing cellular oedema.?
Reperfusion restores aerobic metabolism and normalizes pH in the kidney, but
concomitantly generates reactive oxygen species (ROS) that damage functional cellular
components and induce cell death.>® Epithelial cell injury associated with renal IR is most
apparent in the proximal tubules.! The appearance of casts and the presence of tubular cells

in the urine is an indicator of tubular cell damage and death by necrosis and/or apoptosis.?

Inflammation and immune activation

During renal IR, injured and dying cells release endogenous molecules termed Damage-
Associated Molecular Patterns (DAMPs) and secrete proinflammatory and chemotactic
cytokines.”® DAMPs include heat shock proteins, high-mobility group box 1 (HMGB1) and
deoxyribonucleic acid (DNA) fragments. These molecules activate cell surface receptors (e.g.
Toll-like receptors (TLR) 2 and 4 and the receptor for advanced glycation end products
(RAGE)), triggering inflammatory and cytotoxic responses. The release of proinflammatory

cytokines such as interleukin (IL)-1o. and tumour necrosis factor alpha (TNFa) stimulates
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migration and activation of dendritic cells, which in turn activate T cells and macrophages.®

11

Microvascular dysfunction and fibrosis

Total renal blood flow can be impaired by up to 50% following IR.*? This phenomenon is
caused by several factors including endothelial damage by inflammatory mediators and
recruited leukocytes!3, compression of capillaries by interstitial oedema and congestion,*
and an imbalance between vasodilation and vasoconstriction,’®> Endothelial cells in
peritubular capillaries have limited regenerative capacity’* with ongoing microvascular
damage leading to permanent rarefaction.'® Chronic kidney hypoperfusion causes persistent
regional hypoxia, which is a fibrogenic stimulus for tubular epithelial cells, interstitial
fibroblasts and renal microvascular endothelial cells.}” Experimental renal transplant models

have shown a link between IRl and progressive interstitial fibrosis.!®

IRl in renal transplantation: clinical consequences and therapeutic approaches

IRI is detrimental to kidney transplants, with consequences including delayed graft
function,?® acute and chronic rejection,'*2! and fibrosis. Delayed graft function is influenced
by both cold and warm ischemia.?1"?* IRI is thought to enhance the immunogenicity of the
graft by facilitating antigen presentation by dendritic cells to naive T cells, leading to T cell-
mediated rejection.?> Clinically, the severity of IRl has been associated with increased
frequency of acute rejection episodes.?® Animal and human studies have been used to
investigate a wide range of protective therapies including machine perfusion, ischemic pre-
and post-conditioning, cell therapy, and various pharmacological agents.?. However, none

of these interventions have yet been translated to routine clinical practice. The discovery of
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RN has provided further insight into the mechanisms of IRl and new pathways that may be

amenable to pharmacological intervention.

REGULATED NECROSIS (RN)

Traditionally, scientists have maintained a dichotomous view on how cells die: apoptosis is a
tightly regulated ATP-dependent process of programmed cell death, whereas necrosis is a
passive process by which cells die following an overwhelming chemical or physical insult.
Apoptotic cells are characterized by nuclear and cytoplasmic condensation, DNA
fragmentation, cell membrane blebbing with the presence of apoptotic bodies,?” and
externalization of phosphatidylserine (PS), which is a signal for macrophages to engulf and
remove the cells without mounting an inflammatory response.?82° Necrotic cells, on the
other hand, exhibit cytoplasmic and mitochondrial swelling, with loss of plasma membrane

integrity resulting in the release of proinflammatory intracellular contents.3°

The past decade has seen a wealth of research expanding the traditional view of necrosis.
New evidence has emerged for highly regulated non-apoptotic cell death with the
morphological features of necrosis, called regulated necrosis (RN). RN takes several forms:
necroptosis, ferroptosis, pyroptosis, mitochondrial permeability transition (MPT)-driven
necrosis, and parthanatos. In contrast to apoptosis, RN leads to cell membrane rupture and
release of DAMPs, resulting in inflammation and immune activation. Necroptosis and
ferroptosis are the most extensively studied forms of RN occurring in the kidney and will be

the main focus of this review.

Necroptosis
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TNFa has long been known to induce cell death.3! but this was first observed to occur in a
controlled fashion in cells pre-treated with a pan-caspase inhibitor to block apoptosis.3233 A
subsequent study using Fas ligand as the stimulus identified the kinase receptor-interacting
protein (RIP, later known as RIPK1) as a key component of caspase-8-independent non-
apoptotic cell death.3* The term necroptosis was coined to describe this regulated form of
necrosis.3> Necroptosis has been reported to contribute to various disease states including
sepsis, colitis, pancreatitis and stroke, although its relative importance in these conditions
remains somewhat controversial.3®¢ Necroptosis is also involved in defence against cancer
and viral infections.3”:38 Necroptosis is believed to play a role in several models of renal
injury, including IRI (discussed in more detail below), cisplatin-induced acute kidney injury

(AKI),3%49 contrast-induced nephropathy,*! and folic acid-induced AKI.%?

The necroptotic signaling pathway

Necroptosis is dependent on the cytoplasmic molecules RIPK3 (receptor-interacting protein
kinase 3) and MLKL (mixed lineage kinase domain-like protein).*3#4 The best studied trigger
of necroptotic cell death is TNFo, however necroptosis can also be initiated by other
members of the TNFo. death ligand family such as Fas ligand and TNF-related apoptosis-
inducing ligand (TRAIL), as well as interferons, TLR signalling, and viral infections via the
adaptor DAI/ZBP1.%> For this review, we will focus on the prototypic TNFa-initiated

necroptotic pathway (Figure 1).

When TNF binds to its receptor TNFR1, the receptor-associated Complex | assembles (Figure
1a). This complex consists of TNFR1, TNFR1-associated death domain (TRADD), TNFR-
associated factor 2 (TRAF2), RIPK1, cellular inhibitor of apoptosis protein 1 (clAP1), clAP2
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and the linear ubiquitin chain assembly complex (LUBAC).*¢ Cylindromatosis (CYLD) is a
deubiquitinating enzyme that contributes to the destabilization of complex 1.4 Complex |
provides the platform for a series of reactions which determine whether a cell will survive or
enter the apoptotic or necroptotic pathways. Activation of NF-kB triggers a cell survival
signal involving ubiquitination of RIPK1 by clAP1 and clAP2, which stabilizes Complex | and
enables recruitment of factors such as transforming growth factor-f3 (TGFf)-activated kinase
1 (TAK1) in complex with TAK1-binding protein 2 (TAB2). Ubiquitination of RIPK1 by LUBAC
recruits the inhibitor of NF-kB kinase (IKK) complex, which phosphorylates RIPK1 and

sustains a pro-survival mode by igniting the canonical NF-kB pathway.*®

Complex I-related cell death occurs by one of three separate routes. Destabilization of
Complex | results in the formation of Complex lla (Figure 1a), which contains TRADD, RIPK1,
caspase-8 and FAS-associated death domain (FADD), leading to apoptosis via caspase
activation.*® The formation of Complex llb (Figure 1a) is promoted by depletion of clAPs,>°
TAK1 or NF-xB essential modulator (NEMO).>? Complex Ilb consists of RIPK1, RIPK3, FADD

and caspase-8 which favours a RIPK1 kinase activity-dependent apoptosis.

Complex lic (Figure 1a) (the ‘necrosome’) is formed under conditions where there is
sufficient expression of RIPK1 and MLKL,>*>3 and caspase-8 activity is suppressed by viral or
chemical inhibitors or reduced activity of FLIP_ (FLICE-like inhibitory protein long isoform).
Heteromeric pro-caspase-8:FLIP, negatively controls necroptosis by cleaving RIPK1, RIPK3
and CYLD.>* RIPK1 and RIPK3 associate in the necrosome via their RIP homotypic interaction
motif (RHIM) domains and undergo a series of auto- and trans-phosphorylation events.

Activated RIPK3 phosphorylates the pseudokinase domain of MLKL,>>>7 which triggers MLKL
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killing of mouse cells>> and likely promotes activated MLKL oligomer formation or

dissociation from the necrosome to kill human cells.>8

MLKL, the executioner protein in necroptosis, has two functional domains, an N-terminal
four-helix bundle (4HB) and a C-terminal pseudokinase domain (PskD) that contains the
RIPK3 phosphorylation site. These domains are bridged by two ‘brace’ helices,> which
function by communicating stimulatory phosphorylation events in the PsKD to the killer 4HB
and in assembly of MLKL complexes that mediate cell killing.>® Recent research implicates
inositol phosphate (IP) kinases as essential mediators of necroptosis. Binding of a higher-
order IP has been proposed to promote an active conformation of MLKL by mediating the
structural rearrangement of the brace helices to relieve a ‘plug’®%®! that blocks the killing
function of the 4HB.®2 This results in MLKL oligomerization and translocation to the cell
membrane, followed by membrane permeabilization and cell death,®® although the exact
mechanism remains contentious. The primary role of MLKL appears to be in necroptosis, but

recent evidence suggests that it has an additional role in endosomal function.®

Regulation of necroptosis downstream of MLKL activation

In vitro studies have shown that activation of MLKL results in rapid exposure of
phosphatidylserine (PS) prior to cell membrane rupture.®>% The fate of the cell after PS
exposure depends on the endosomal sorting complexes required for transport (ESCRT) Ill.
ESCRT-IIl is made up of cytosolic proteins that enable membrane remodelling with resultant
membrane bending/budding away from the cytoplasm. Indeed, small bubbles are seen at
the plasma membrane following oligomerization of MLKL.®> ESCRT-III is required for cell

viability®” and prevents or delays loss of plasma membrane integrity and subsequent cell
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death caused by active MLKL.5> This delay may allow expression of cytokines and
chemokines prior to the demise of the cell, as well as antigenic cross-priming of CD8* T
cells.®® It has been argued that active MLKL is not a ‘point of no return’ for cell survival,®
although whether this is true across species requires further investigation. It has been
hypothesised that cells can be resuscitated in the presence of ESCRT-III if further MLKL

activation is blocked.®>

Repulsive guidance molecule-b (RGMb) works at an earlier stage than ESCRT-III by inhibiting
MLKL binding to the plasma membrane,®® by a mechanism that remains unknown.
Conditional deletion of RGMb in renal tubular epithelial cells in mice worsened renal injury

induced by IR or oxalate crystals in vivo.%®

Inflammation during necroptosis

In vitro data suggest that necroptosis takes at least 3 hrs from induction until cell membrane
rupture,>>%? although the in vivo kinetics may vary depending on the nature and strength of
the stimulus and the abundance of MLKL and RIPK3. Necroptosis promotes inflammation in
a variety of ways (Figure 1b): by DAMP and cytokine release, DAMP-independent activation

of the inflammasome by MLKL or RIPK3, and activation of RIPK1 driving cytokine secretion.”®

DAMPs released during necroptosis include proinflammatory intracellular components with
predominantly non-immunological functions (e.g. nucleic acids, histones, HMGB1 and
ATP).”t Adding to the inflammatory milieu are cytokines from the IL-1 family, which includes

IL-33, a ‘necroptotic DAMP’ that contributes to both innate and adaptive immune
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responses.”> DAMPs are detected by pattern recognition receptors that subsequently

activate inflammasomes that are formed in response to cellular stress or microbial ligands.

Both RIPK373 and MLKL’® can activate the NLRP3 inflammasome independently of DAMP
release. Inflammasomes engage and activate pro-caspase-1,7° resulting in maturation of IL-
13 and IL-18.7% Caspase-8 can have both a stimulatory and inhibitory role in inflammasome
assembly; it directly processes IL-13 and/or activates caspase-1 within NLRP3, but also limits

RIPK3/MLKL-dependent NLRP3 assembly and caspase-1 activation.”

RIPK1 can also induce proinflammatory cytokines independently of RIPK3 and MLKL by
functioning as a scaffold during TNFa-driven NF-kB activation to promote cytokine
production.”® In addition, RIPK1 kinase activity has been shown to be crucial for the increase
in circulating IL-1a levels and the development of spontaneous inflammatory disease in
mice,”” for the autocrine production of TNFa from TNFa-treated cells,’”® and for the

sustained activation of ERK, FOS and NF-kB following TLR4 activation.”?

Many of the inflammatory cytokines released during necroptosis directly promote further
cell death, which in turn promotes inflammation creating an auto-amplification loop.8° If
this self-amplifying circuit (‘necroinflammation’) is not restrained, the ongoing DAMP
release can trigger systemic inflammation resulting in fibrosis, tissue loss and organ failure.
It has been proposed that the participation of necroptosis in certain types of AKI may
predominantly be in this second wave of cell death induced by inflammatory cytokines
released in response to the original insult. Inhibiting necroptosis in folic acid-induced AKI

was not protective at 48 hrs®! despite the upregulation of RIPK3 and MLKL expression in this
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early phase, suggesting that induction of AKI might sensitize the kidney to necroptosis, but
that necroptosis itself is not involved in the initial wave of damage in this model.*? Inhibiting
necroptosis resulted in protection at 96 hrs but not earlier, supporting the second wave
hypothesis.*? This second wave of injury during AKI depends on the inflammatory response

and requires RIPK1 activation.*?

Necroptosis pathway knockout mice

RIPK3 KO mice do not have major developmental defects and are fertile with normal NF-xB
activation and apoptosis.®? However, they do have a subtle phenotype, including defects in
the Circle of Willis*® and impaired platelet function.®3 MLKL KO mice are anatomically
normal, viable and fertile.>>8* In contrast, RIPK1 KO mice do not survive beyond 1-2 days
after birth, dying of systemic inflammation.2>8® This lethal phenotype is rescued by co-
deletion of caspase-8 and either RIPK3 or MLKL,%¢-8 demonstrating the interplay between

apoptosis and necroptosis.>>8°

MLKL KO mice but not RIPK3 KO mice showed protection in some models of inflammation.36
Conversely, RIPK3 KO mice but not MLKL KO mice showed protection from tubular injury in
a sepsis model of renal disease.’® This discrepancy may be due to pleiotropic actions of
RIPK3 beyond necroptosis. An interesting hypothesis is that RIPK3 serves an additional role
as an apoptosis inhibitor,®® and may undergo auto-activation when overexpressed to
alleviate the requirements of RIPK1 for initiation of necroptosis.’® RIPK3 was reported to
induce oxidative stress and mitochondrial dysfunction involving upregulation of NADPH
oxidase-4 (NOX4) and inhibition of mitochondrial complex | and lll, promoting kidney
tubular injury.®® RIPK3 KO mice have been shown to be resistant to cerulean-induced
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necrotic pancreatitis®> and vaccinia virus-induced hepatic necrosis.?® In a mouse transplant
model, mice receiving RIPK3 KO kidneys survived longer with improved renal function

compared to controls.?

Inhibitors of necroptosis

Small molecule inhibitors of various components of the necroptotic pathway have been
reviewed recently.*3%> GSK2982772, a RIPK1 inhibitor, is currently being tested in subjects
with active ulcerative colitis in a phase 2 double randomized intervention trial
(NCT02903966). Necroptosis inhibitors that have been tested in models of renal IRI are
listed in Table 1 and discussed in further detail later in this review. It is also conceivable that
molecules with broader modes of action, such as statins, may influence necroptosis. The
precise mechanism by which MLKL permeabilizes membranes is debated, and why
permeabilization does not proceed immediately upon membrane localization is unclear. This
raises the prospect that additional factors, such as membrane composition, might influence
susceptibility to MLKL permeabilization. It is therefore possible that statins, compounds that
affect lipid organization and assembly into rafts, may influence the propensity for MLKL-

mediated membrane permeabilization, although this remains to be examined formally.

Ferroptosis

The ferroptotic pathway

The role of iron in renal disease has been apparent for decades following the observation
that iron chelators inhibit renal tubular cell death. It is now known that this iron-dependent
pathway, termed ferroptosis, is a form of regulated necrosis characterized by lipid

peroxidation (Figure 2).°¢ Unlike apoptosis and necroptosis, there are no known receptors
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that trigger ferroptosis, rather it is initiated intracellularly by the failure of glutathione-
dependent antioxidant defences. The cysteine-glutamate antiporter system (X.) allows the
intracellular entry of cysteine which is required for the generation of glutathione (GSH) by
glutathione synthase.?” GSH is crucial for the function of glutathione peroxidase 4 (GPX4), an
enzyme that inhibits lipoxygenase and prevents the accumulation of lipid ROS.%8 Either the
depletion of GSH or the absence of GPX4 results in cardiolipin oxidation and subsequent
phospholipid peroxidation, and this unique lipid peroxidation signature leads to the loss of
plasma membrane integrity by an unknown mechanism.%® The glutathione-GPX4 axis is the
sole cellular system responsible for the efficient repair of oxidized phospholipids, and in vivo
studies in mice have demonstrated that regulation of ferroptosis is a key function of
GPX4.19 The lipid metabolic enzyme acyl-CoA synthetase long-chain family member 4
(ACSL4) sensitizes cells to ferroptosis by enriching membranes for particular oxidation-
sensitive fatty acids,'°1-194 and the expression level of ACSL4 appears to be a useful marker

of ferroptosis.10!

Inhibitors of ferroptosis

Ferroptosis inhibitors have been reviewed elsewhere,?>19 and only those inhibitors relevant
to renal IRl are described in Table 1 and later. Much of the in vivo data should be
interpreted with caution due to the lability of inhibitors such as ferrostatin-1.%¢ Like
necroptosis, ferroptosis may also conceivably be affected by agents such as statins that

impact lipid-ROS metabolism.

Other forms of RN

14

The International Society of Nephrology (http://www.isn-online.org/site/cms)

Page 14 of 69



Page 15 of 69

oNOYTULT D WN =

Kidney International

Pyroptosis is a highly inflammatory caspase-dependent cell death modality that is mainly
described in monocytes.1% Various inflammasomes activate caspase-1, which cleaves
gasdermin D to release an N-terminal fragment which forms plasma membrane pores,’
resulting in osmotic swelling and cell membrane rupture with rapid release of cytosolic
contents. Caspase-1 also mediates the secretion of IL-1 and IL-18, perpetuating
inflammation.196:198 There is some evidence to suggest that pyroptosis is induced in tubular
epithelial cells during renal IRI, although the precise signalling pathways are yet to be

elucidated.109.110

Parthanatos has mainly been studied in the context of neuronal damage and
neurodegeneration. The hallmark of parthanatos is over activation of poly(ADP-ribose)
polymerase-1 (PARP-1) by a wide array of stimuli including ROS.1! This results in the
synthesis of poly(ADP-ribose), which causes translocation of apoptosis-inducing factor from
mitochondria to the nucleus where it mediates caspase-independent cell death.112113
Parthanatos can be blocked genetically by deleting PARP-1 or pharmacologically by using
PARP-1 inhibitors. PARP1-deficient mice are protected in stroke and renal IRI,1'* and pilot
clinical trials testing PARP-1 inhibitors in myocardial infarction'!> and stroke are currently

underway (NCT01983358).

MPT-triggered RN is dependent on Cyclophilin D (CypD) and the opening of the
mitochondrial permeability transition pore (MPTP). While the exact mechanism of MPT-
triggered RN is unknown, it has been implicated in various pathologies including cardiac and
renal IRI,1® muscular dystrophy,'”” and diabetes.’'® lons and various metabolic

intermediates such as ROS allow for the assembly of the MPTP.1?® Pharmacological
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inhibition using immunophilin-binding ligands such as cyclosporin A or Sanglifehrin A
reduces IRI in the kidney,* brain,’?? and heart,'?! although some of the protective effects

may be due to calcineurin inhibition by the cyclosporine A-cyclophilin complex.

RN IN RENAL IRI

The involvement of RN pathways in renal IRl has been investigated using mouse models in
which the renal pedicles are bilaterally clamped for various periods of time, and tubular
injury, renal function and mortality are assessed at selected times post-
reperfusion.36:40,101,122-124 Comparison between studies is complicated by several variables,
including the degree of injury, which is influenced by ischemia time (usually between 27 and
43 min) and even by the type of anesthesia: isoflurane, for example, is protective.’?® In the
case of knockout mouse studies, the use of commercially purchased WT controls rather
than the more appropriate littermates may also be a confounding factor,'26 although this is
not always explicitly stated. Despite these limitations, mouse models have provided

valuable insights into the role and interplay of the different RN pathways in renal IRI.

The most extensive evidence linking RN to renal IRl has been gathered for necroptosis and
ferroptosis (discussed below). The contribution of the other RN pathways is less well
established. A role for pyroptosis was suggested by the upregulation of pyroptosis-related
proteins in renal tissue in a rat model of renal IRI, with in vitro studies indicating that
endoplasmic reticulum stress is a trigger for activation of the pyroptotic pathway in renal
tubular epithelial cells.?” PARP activation contributes to renal proximal tubular cell injury in
ischemic kidneys by augmentation of the inflammatory cascade, suggesting the involvement

of parthanatos in renal IRI.123124 This is supported by the finding that pharmacological
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inhibition or gene knockout of PARP-1 improved renal function in a model of renal IRI.1?8
Similarly, inhibition or knockout of CypD (an essential component of the MPTP) protected
mice from renal IRl by reducing necrotic cell death, implicating MPT-RN.*%116 Combinatorial
studies using RIPK3 KO and CypD KO mice and various inhibitors suggest that necroptosis

and MPT-RN may operate independently in renal IRI.#°

Necroptosis in renal IRI

In vitro studies hint at a cell-specific sensitivity to necroptosis within the kidney, with
tubular cells and glomerular endothelial cells more susceptible than mesangial cells and
podocytes.’® Increased expression of RIPK1, RIPK3 and MLKL may indicate a cell’s
predisposition to necroptosis.'*® RIPK1 and RIPK3 have been detected in lysates of whole
mouse kidney and isolated mouse proximal tubules by Western blot analysis,’>® and MLKL
expression was increased post-reperfusion.’®® Activation of RIPK1, RIPK3 and MLKL can be
detected by changes in their phosphorylation status or membrane accumulation using
immunoblotting or immunohistochemistry,31.132 but the latter method in particular suffers
from a lack of suitable antibodies. Furthermore, phosphorylated MLKL denotes the
activation of necroptosis within a cell, but does not indicate that the cell has undergone
necroptotic death per se. The study of necroptosis in renal IRl has therefore relied heavily

on the use of small molecule inhibitors and knockout mice (Table 1).130

Necroptosis inhibitor studies

The RIPK1 inhibitor Necrostatin-1 (Nec-1) protected rat and human tubular cells in an in
vitro model using TNFa. stimulation and ATP depletion to mimic renal ischemic injury.133134
Nec-1 was tested in a mouse model of renal IRI (30 min ischemia).’?® Nec-1 treatment at
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either 15 min pre-ischemia or 15 min post-reperfusion significantly reduced renal damage
and preserved renal function as measured by serum creatinine and urea at 48 hrs.1?®
Furthermore, Nec-1 given at both the pre and post time points significantly reduced
mortality in a more severe model (40 min ischemia).’?® However, Nec-1 is not specific for
necroptosis as it also inhibits indoleamine 2,3-dioxygenase (IDO), which influences innate
and adaptive immune function.?>13>136 Nec-1 has also been shown to function as a
ferrostatin'® and is relatively toxic.!3® The newer generation inhibitor Nec-1s lacks IDO-
inhibitory activity and is more stable and less toxic than Nec-1.13” Nec-1s locks RIPK1 in an
inactive conformation,'3® preventing its phosphorylation and ubiquitination within the
necrosome.’3® Nec-1s treatment protected against TNFa-induced systemic inflammatory
response syndrome (SIRS)4° and against folic-acid-induced AKI,*? but its effect in renal IRI

has not yet been reported.

Another RIPK1 inhibitor, the chemotherapeutic drug Sorafenib tosylate, also protected
against SIRS and was protective in the same model of renal IRl (30 min ischemia) used to
test Nec-1.140 However, while low-dose Sorafenib (10 mg/kg) given 15 min pre-ischemia
reduced renal damage and preserved renal function at 48 hrs, a higher dose (100 mg/kg)
actually worsened renal injury.1*® Whether this was due to an effect on RIPK1 and/or
another of the kinases known to be inhibited by Sorafenib (including RIPK3'4°) remains
unknown. Further complicating the interpretation of Sorafenib’s effects is the finding that it

had no effect on necroptosis in mouse fibroblasts in vitro.'3!

The RIPK3 inhibitors GSK843, GSK872 and the human-specific GSK840 inhibit TNFa-induced
necroptosis in vitro, but they are untested in renal IRl and their therapeutic potential may
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be limited by a concentration-dependent induction of apoptosis via the recruitment of

RIPK1 and activation of caspase-8.141

Inhibition of MLKL currently offers the most specific pharmacological means to block
necroptotic cell death. Necrosulfonamide (NSA) prevents necroptosis in vitro®’ but is
uninformative in murine models because it is specific for human MLKL. ‘Compound 1’ (also
known as GW806742X or SYN1215) targets the pseudokinase domain of murine MLKL and
protects mouse fibroblasts from necroptosis in vitro,’3! although the extent to which
protection is attributable to MLKL engagement or inhibition of the upstream RIPK1 remains

unclear. The effect of Compound 1 in renal IRl is yet to be determined.

A potential limitation to the testing of therapeutic necroptosis inhibitors in mouse models of
renal IRl is that despite the fact that both RIPK3 and MLKL share >60% amino acid identity
between mice and humans,'#? there appear to be species-specific differences in their
mechanism of action.>3°85%142 This may necessitate testing in chimeric mice in which the

human RIPK3 and/or MLKL genes are knocked in to replace their mouse homologs.

Necroptosis knockout mouse studies

Studies with KO mice support a role for necroptosis in renal IRI (Table 1), although whether
RIPK3 also mediates MLKL-independent injury in this setting remains an open question.
Linkermann et al. reported a modest survival advantage for RIPK3 KO mice in a “lethal-to-
WT” renal IRl model (43 min ischemia).*® RIPK3 KO and MLKL KO mice also showed a modest
improvement in 48-hr renal function compared to WT controls in the same group’s

“standard” model (30 min ischemia).’?? Newton et al. used a 30 min renal ischemia model to
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demonstrate markedly lower mortality of RIPK3 KO mice compared to WT mice.3¢ RIP1 KD
(kinase-dead) mice were also protected in this model.3® However, despite a 4-day
prolongation in median survival, overall survival of MLKL KO mice was not significantly
different to that of WT mice.3®¢ Muller et al. reported protection of MLKL KO mice in a 35

min ischemia model at 48 and 72 hrs after reperfusion, but not at 24 hrs.101

Do necroptosis pathway components have cell death-independent effects in renal IRI?

Several mouse studies suggest that manipulation of RIPK1, RIPK3 or MLKL may have
unexpected effects on microvascular function in the kidney. The RIPK1 inhibitor Nec-1
affected the dilation of peritubular capillaries in a model of contrast-induced AKI.4!
Peritubular capillary diameter was increased in untreated RIPK3 KO mice,** and renal blood
flow was increased in both these mice'*® and untreated MLKL KO mice.'?? Since impairment
of blood flow to the kidney is a feature of renal IRI,*? these cell death-independent effects

should be taken into consideration when studying necroptosis in models of renal IRI.

Evidence for necroptosis in clinical renal IRI

Immunohistological detection of phosphorylated MLKL (pMLKL) is a logical method to assess
necroptosis in human kidneys affected by IRI, but this approach suffers from a lack of
properly validated antibodies. With this caveat, human kidney biopsies taken immediately
post-transplant showed some endothelial staining for pMLKL, although interestingly not all
positive cells showed features of necrosis.®® Another study by the same group found that
10-15% of necrotic tubules were pMLKL-positive.'?? It remains unclear whether the
presence of pMLKL-negative necrotic cells was due to a technical issue or was an indication

of the involvement of other pathways of RN. A different group failed to detect pMLKL in
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human kidney biopsies taken 7 days post-transplant, although this may have reflected the

unsuitability of available antibodies and/or the later timing of the biopsies.10!

Ferroptosis in renal IRI

Linkermann et al. reported that treatment of WT mice 15 min pre-ischemia with ferrostatin-
1 or its more stable derivative 16-86 was protective in a model of severe IRl (40 min
ischemia).*3 Tissue injury, serum creatinine and urea were all reduced at 48 hrs.1*3 These
results indicate a role for ferroptosis in the pathogenesis of renal IRl in this model, although
the apparent efficacy of ferrostatin-1 in particular was surprising given its in vivo
instability.®® Additional combined pre-treatment with the RIPK1 inhibitor Nec-1 and the
MPT-RN inhibitor Sanglifehrin A in an “ultrasevere” model (50 min ischemia) potentiated
the protection mediated by 16-86, suggesting the involvement of multiple RN pathways in
renal IRI.1*3 This is consistent with an earlier study with RIPK3 KO and CypD KO mice that

implicated both necroptosis and MPT-RN.4°

Muller et al. identified ACSL4 as a mediator of ferroptosis and proposed that increased
ACSL4 expression may be a useful marker of the process.1°? Analysis of biopsies from a
patient with acute tubular injury 7 days post-transplant revealed strong staining for ACSL4 in
some renal tubules.’® |n vitro analysis of cells deficient in MLKL or ACSL4 suggested that
resistance to necroptosis sensitized cells to ferroptosis, and vice versa.l° Consistent with
this, MLKL KO mice subjected to renal IRI (35 min ischemia) exhibited earlier upregulation of
renal ACSL4 expression than WT mice, indicating more rapid activation of ferroptosis in the
absence of necroptosis. As mentioned earlier, MLKL KO mice showed a modest

improvement in renal function at 48 and 72 hrs post-reperfusion; treatment with 16-86 at

21

The International Society of Nephrology (http://www.isn-online.org/site/cms)



oNOYTULT D WN =

Kidney International

15 min pre-ischemia and every 3 hrs for 24 hrs thereafter returned the kinetics of ACSL4
expression to the WT pattern, but did not result in a further improvement in the outcome at
72 hrs.’%1 The authors suggested several possible reasons for this apparent discrepancy,

including insufficient duration of treatment and/or in vivo instability of 16-86.101

CONCLUSIONS

Renal IRl is a very complex process, and deciphering any role of the various pathways of RN
is complicated by a range of factors: a lack of truly specific, physiologically stable inhibitors,
validated detection antibodies, and informative/reliable biomarkers; the pleiotropic
functions of several RN effector molecules; variation in mouse models, and species-specific
differences in some aspects of RN; and incomplete understanding of the intricate inter-
relationships between different RN pathways. Nevertheless, the evidence that RN plays a

role in the pathophysiology of renal IRl continues to grow.

It is interesting to speculate on how this knowledge might ultimately be used in the clinical
treatment of renal IRI. Meaningful protection may require targeting of multiple RN
pathways, since inhibition of one pathway may simply sensitize to another.1! Furthermore,
the in vivo fate of a cell in which RN is initiated but blocked from following its full course
remains unclear. There are also potential drawbacks. In the case of renal transplantation,
inhibiting necroptosis in an immunosuppressed recipient may increase susceptibility to
infection, considering the putative role of necroptosis in defence against bacterial and viral
pathogens.?3144-146 However, this may be a short-term risk because RN blockade is likely to

be required only during the peri-transplant period.
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The past decade has seen significant evolution in our understanding of how cells die. RN has

been shown to play an important role in renal IRI, albeit only in animal models to date. The

oNOYTULT D WN =

accelerating research into the mechanisms and interactions of cell death pathways and the
1 development of improved inhibitors may one day impact on clinical nephrology and

13 transplantation practice.

18 Disclosure
JMM contributes to a project with Anaxis Pharma developing small molecule inhibitors of

23 necroptosis.

23

The International Society of Nephrology (http://www.isn-online.org/site/cms)



oNOYTULT D WN =

Kidney International

FIGURE LEGENDS

Figure 1. The prototypic TNFa-initiated necroptosis pathway. a) Alternative signalling
pathways triggered by TNFao. Ligation of TNFR1 results in the generation of Complex |, which
can act as a platform for the assembly of Complexes Ila or llb (leading to apoptosis), or of
the ‘necrosome’, Complex lic (leading to necroptosis). b) The pro-inflammatory process of
necroptosis. The necrosome, formed under conditions where caspase-8 activity is
suppressed, recruits and phosphorylates MLKL, inducing a conformational change that
exposes the death effector domain of MLKL. Oligomerization of phospho-MLKL, which
appears to require binding of a higher-order inositol phosphate (IP), is followed by its
translocation to the plasma membrane and induction of cell lysis, resulting in the release of
proinflammatory DAMPs. Phospho-MLKL also activates the NLRP3 inflammasome, causing
secretion of IL-1B and IL-18. Repulsive guidance molecule-b (RGMb) inhibits necroptosis in
renal tubular cells by interfering with MLKL binding to the plasma membrane. Endosomal
sorting complexes required for transport (ESCRT) lll can delay or prevent necroptotic cell
death by enabling membrane remodelling. Small molecule inhibitors of the key components

of necroptosis are shown.

Figure 2. The ferroptosis pathway. Various stressors including intracellular free iron
promote the generation of lipid peroxides, which mediate loss of plasma membrane
integrity by an unknown mechanism. GPX4 detoxifies lipid peroxides and is a key regulator
of ferroptosis. Acyl-CoA synthetase long-chain family member 4 (ACSL4) sensitizes cells to

ferroptosis by enriching membranes for particular fatty acids. Small molecule inhibitors of
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ferroptosis are shown. Abbreviations: PUFA, polyunsaturated fatty acids; PL, phospholipid;

PE, phosphatidyl ethanolamine; ROS, reactive oxygen species.
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Table 1. Evidence for necroptosis and ferroptosis in mouse models of renal IRI

Pathway Target Intervention Ischemia time | Outcome Reference
Necroptosis | RIPK1 RIPK1 KD? 30 min {4 mortality 36
Necrostatin-1 (Nec-1)° | 30 min J injury at 48 hrs 130
40 min {4 mortality 130
40 min J injury at 24 hrs 68
Sorafenib® 30 min d injury at 48 hrs (low dose) 141
N injury at 48 hrs (high dose)
RIPK3 RIPK3 KO 30 min d injury at 48 hrs 123
30 min {4 mortality 36
43 min J mortality 40
MLKL MLKL KO 30 min J mortality (not significant) 36
35 min J injury at 48 & 72 hrs (not at 24 hrs) 102
RGMb RGMb KO® 40 min A injury at 24 hrs 68
Ferroptosis ROS Ferrostatin-1 40 min J injury at 48 hrs 83
16-86 40 min J injury at 48 hrs 83

@ RIPK1 kinase-dead.

® Also inhibits IDO and has ferrostatin activity.

¢ Also inhibits other kinases including RIPK3.

4 Conditional KO of RGMb in renal tubular cells.
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