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Abstract

Acute kidney injury (AKI) is a common clinical entity associated with high
morbidity and mortality. Tubular epithelial cell death plays a key role in the
development of AKI. Although apoptosis has been the focus of the studies on
kidney injury and drug discovery for many years, recent studies have identified
signaling pathways and regulatory mechanisms for programmed necrosis
or necroptosis. It is now clear that receptor-interacting kinase 1 (RIP1), RIP3
and its substrate, the pseudokinase mixed lineage kinase domain-like protein
(MLKL) are the core components of necroptosis. Increasing evidence from
pharmacological and genetic studies shows that necroptosis plays critical roles
in progression of AKI in several mouse models. In this review, we aim to briefly

disease

summarize the mechanisms and functions of necroptosis in AKI.
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Introduction
Acute kidney injury

Acute kidney injury (AKI) is characterized by rapid declines in
kidney functions within one week. AKI affects millions of patients
worldwide with high mortality, morbidity and cost. Stages of kidney
failure in AKI are defined using either Risk, Injury, Failure, Loss
and End-stage kidney disease (RIFLE) staging criteria or Acute
Kidney Injury Network (AKIN) staging criteria. The RIFLE acronym
represents the rising severity grades: risk, injury and failure, and the
two outcome criteria: loss and end-stage kidney disease. The severity
grades from risk to failure are defined based on increasing serum
creatinine and decreasing urine output. The two outcome categories,
loss and end-stage kidney disease, are defined by the duration of loss
of kidney function [1]. However, the AKIN staging system includes
the entire spectrum of symptoms, from tiny impairment in kidney
function to the need for renal replacement therapy [2].

Using the RIFLE classification, studies from all around the world
revealed that 2-7% of the hospitalized patients suffered from AKI,
and the incidence is steadily increasing [3]. From the studies of the
incidence of AKI in an intensive care unit in Australia from 2000 to
2005, 36.1% of patients suffered from AKI [4]. AKI is associated with
an increased mortality in hospitalized patients.

The cause of acute kidney injury is grouped into three classes:
prerenal, renal (with direct intrinsic renal damage) and postrenal
injury [5]. Prerenal acute kidney injury is caused by diseases in
cardiovascular system such as systemic hypotension, severe systolic
cardiac failure and volume depletion, which lead to reduction in renal
perfusion and glomerular filtration. Intrinsic acute kidney injury is
the consequence of destruction of nephron structure, and it results
from ischemic or nephrotoxic injury, such as acute progressive
glomerulopathies, acute interstitial nephritis and acute tubular
necrosis. Postrenal acute kidney injury is attributed to obstruction of
the urinary tract, which causes reduced glomerular filtration rate and
renal failure.

Approximately one third of the AKI result from direct or
indirect nephrotoxicity, and two-thirds result from renal ischemia-
reperfusion or sepsis [6]. Although AKI has various etiologies, it is
frequently associated with ischemic and toxic insults. AKI occurs
commonly in the setting of sepsis. The pathophysiology of sepsis-
associated AKI is very complex, but it involves the changes as seen in
ischemic, toxic or obstructive nephropathy, including inflammatory
response, oxidative stress and microvascular dysfunction [7]. In
laboratory science, the molecular events of AKI are most commonly
studied in rodents with ischemia-reperfusion injury induced by
clamping of both renal pedicles. Other models used in laboratories
include cisplatin- or folic acid-induced toxic injury and sodium
oxalate-induced crystal nephropathy. Accordingly, our knowledge
regarding the mechanisms of AKI has been mostly obtained from
studies in rats and mice with ischemia/reperfusion-induced AKL

Tubular epithelial cells play active roles in the development
of AKI. In response to various insults, tubular epithelial cells die,
leading to tubular atrophy and even kidney failure [8]. Although
acute tubular necrosis is a key feature of AKI, previous studies were
directed toward apoptosis because apoptosis was considered to be the
only genetically programmed and therapeutically targetable form of
cell death in AKI while necrosis was thought to be a nonregulated
response to overwhelming stress. Apoptosis is a caspase-dependent
programmed cell death, and is characterized by cell shrinkage,
chromatin condensation, nuclear fragmentation and membrane
blebbing [9]. Apoptosis of renal IRI was first described in 1992
[10], and subsequently it was shown that blockade of apoptosis
with IGF-1 or the pan caspase inhibitor zVAD-fmk prevented
renal function impairment after IR [11]. Therefore, for a long time,
strategies targeting the apoptosis pathway were widely explored for
AKI treatment. Despite the substantial therapeutic effect in animal
models, efficient anti-apoptosis intervention strategies are still absent
in clinic.

Studies in the past decade have found that necrosis can be a
regulated or programmed process. Receptor-interacting protein
kinase (RIP)1 and RIP3-mediated necroptosis [12,13] is the best-
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Figure 1: The pathways of necroptosis. Binding of TNFa to its receptor TNFR1 triggers the assembly of Complex I, which comprises TNFR1, TRADD, TRAF2,
clAP1/2, LUBAC and RIP1. Ubquitylated RIP1recruits TAK1, TAB1, IKK and NEMO, thus activating the NF-kB pathway. When RIP1 is deubiquitylated, Complex
lla is formed. Complex lla consists of TRADD, FADD, RIP1 and caspase-8, and activates the caspase-8 and apoptosis pathway. When the caspase-8 activity is
inhibited, Complex Ilb is formed. Complex IIb entails the association of RIP1 and RIP3 followed by series of phosphorylation events. Activated RIP3 recruits and
phosphorylates MLKL. Phosphorylation of MLKL induces its oligomerization, membrane association and neceroptosis.TLR3, TLR4, IFNRs and the intracellular

RHIM-containing protein DAI also induce necroptosis. Diverse upstream stimuli converge on the RIP3-MLKL pathway.

studied regulated necrosis pathway. Necroptosis is characterized
by cytoplasmic granulation and organelle or cellular swelling that
together result in cell membrane rupture and release of intracellular
contents [14]. Unlike apoptotic cells, which are rapidly phagocytosed
by macrophages or neighboring cells, necrotic cell death including
necroptosis provokes sterile inflammation by the damage-associated
molecular patterns (DAMPs) formulated from the released
intracellular contents. Therefore, necroptosis not only participates
in the development of organism but also is critically involved in
various pathological processes including ischemic injury in brain,
heart and kidney [12,15-18], atherosclerosis [19], pancreatitis [20],
inflammatory bowel diseases [21] and viral infection [22]. Emerging
evidence indicates that AKI involves necroptosis, and that the
necroptotic pathway may be used for therapeutic intervention to
limit AKI [17,18,23,24].

The pathways of necroptosis

As shown by Figure 1, necroptosis can be activated when cells
are treated with TNF family cytokines, including TNFa, Fas ligand
and TNF-related apoptosis-inducing ligand (TRAIL) [25]. Ligation
of TNF to TNF receptor (TNFR)1 causes formation of receptor-
associated complex I, which contains TNFR1, TNFRI-associated
death domain (TRADD), TNFR-associated factor 2 (TRAF2), cellular
inhibitor of apoptosis protein (cIAP) 1, cIAP2, the linear ubiquitin
chain assembly complex (LUBAC) and RIP1. CIAPs and LUBAC
promote RIP1 ubiquitination at Lys-11 and Lys-63, and linear
ubiquitin linkages. Ubiquitination of RIP1 further recruits additional
factors, including transforming growth factor (TGF) P-activated
kinase (TAK1), TAK1-binding protein 2 (TAB2) and the inhibitor of
the NF-kB kinase (IKK), and ultimately activates the NF-kB pathway
[26].

Alternatively, complex I may lead to cell death signaling. When
the polyubiquitin chain on RIPI is removed by cylindromatosis
(CYLD) or the ubiquitin-modifying enzyme A20, RIP1 binds to the
FAS-associated death domain (FADD) to form a cytosolic death-
inducing signaling complex (DISC, as known as complex ITa), which
consists of TRADD, FADD, caspase-8 and RIP1 [27]. The formation
of complex I1a leads to activation of caspase-8 and apoptosis.

When the caspase-8 activity is inhibited under
pathophysiological conditions, complex IIb (also known as
necroptosome or necrosome) forms to activate the necroptotic
pathway [28-30]. In this case, RIP1 and RIP3 bind each other through
their respective homotypic interaction motif (RHIM) domain and
through a series of RIP1 and RIP3 auto-and trans-phosphorylation
events. Phosphorylation of RIP3 at Thr-231/Ser-232 (Ser-232 in
human RIP3) [31-34] stimulates the recruitment of the downstream
substrate mixed lineage kinase-domain like (MLKL). MLKL is
subsequently phosphorylated at Thr 357 and Ser 358 in humans [31]
or at Ser 345 and Ser 347 in mice [34]. Phosphorylation of MLKL
triggers its oligomerization and membrane association, which are
necessary and sufficient for the induction of necrosis [20,23,31,35-
39]. In most pathological conditions, TNFR signals are relayed to
apoptosis rather than necroptosis. Only when apoptosis is blocked,
TNER signals may lead to necroptosis.

some

Several different pathways can also induce RIP3-dependent
necroptosis through distinct mechanisms. For instance, Toll-like
receptor (TLR) 3 or TLR4 directly activates RIP3 kinase through a
RIP homotypic interaction motif known as TRIF, and this pathway
was found to be independent of RIP1 or its kinase activity in
fibroblasts [38,40]. Interferons (INFs) induce RIP1/RIP3-mediated
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necrosis through the RNA-responsive protein kinase PKR. It has
been reported that IFN-induced necrosis proceeds via progressive
assembly of a RIP1-RIP3 “necrosome” complex that requires Jakl/
STAT1-dependent transcription, but does not need the kinase
activity of RIP1. Instead, IFNs transcriptionally activate the RNA-
responsive protein kinase PKR, which then interacts with RIP1
to initiate necrosome formation and trigger necrosis [41,42]. The
RHIM-containing cellular protein DNA-dependent activator of
interferon regulatory factors (DAI, also known as ZBP1 or DLM-
1) can also interact with RIP3 directly, following infection with
murine cytomegalovirus (MCMV) [22,43]. It is clear the RIP3 kinase
activation plays an important role in the initiation of that necrosis.
Activated RIP3 then transduces the necrosis signal to MLKL.

Virally infected cells are mostly cleared through extrinsic
apoptosis, which involves caspase-8 activation and the downstream
effectors caspase-3, caspase-6 and caspase-7. However, some viruses
including vaccinia virus, cytomegalovirus, COWpOX Virus, express
inhibitors of caspases. In cells infected with these virus, apoptosis is no
longer induced, and spontaneous necroptosis is initiated to function
as a second-line defense mechanism against caspase-inhibitor-
expressing viruses [43-45]. Therefore, the necroptosis pathway acts
as an alternative “fail-safe” cell death pathway in cases where cells are
unable to undergo apoptosis, when the apoptosis signaling is blocked
by endogenous or exogenous factors such as viruses or mutations.

MLKL consists of an N-terminal 4-helical bundle domain (4HBD)
fused by a brace region to a C-terminal pseudokinase domain. The
4HBD of MLKL is structurally similar to a-pore-forming toxins,
and is sufficient to oligomerize, bind to phosphatidylinositol lipids
through a patch of positively charged amino acids, permeabilize the
plasma membrane and trigger cell death [35-37,46,47]. Once MLKL
is phosphorylated on its C-terminus, 4HBD is unleashed from the
closed conformation of MLKL to target the plasma membrane and
subsequent membrane rupture [46]. There are two non-exclusive
models to explain the consequences of the association of MLKL and
the plasma membrane. First, MLKL oligomers act directly as a pore-
forming complex, contributing to the membrane destabilization.
Second, oligomerized MLKL deregulates Ca** or Na* ion channels,
resulting in ion influx and eventual plasma membrane disruption
[36,37].

The regulators of necroptosis

Inhibitors and activators of necroptosis can be clinically used for a
wide range of necroptosis-related diseases. Therefore, intensive efforts
for the discovery of small molecules with potency and specificity have
been made over the last decade or so. Degterev, et al. [12] identified
for the first time the compound necrostatin-1 (Nec-1) that inhibits
RIP1 and necroptosis by screening 15,000 compounds. However,
Nec-1 is relatively toxic and not very specific for necroptosis. Nec-
1s is a derivative of Nec-1, and has increased specificity for RIP1
over a broad range of kinases, thus, Nec-1s is a preferred tool for
targeting RIP1 in vivo [48]. A cell-permeable acrylamide compound
necrosulfonamide (NSA) selectively binds to and inhibit human
(not mouse) MLKL function via covalent modification of Cys86
[31]. More recently, the ability of the first-identified series of RIP3
inhibitors was tested, and this led to the identification of compounds
GSK’840, GSK’843 and GSK’872 [49]. However, GSK’840 is unable to
inhibit murine RIP3.

Besides direct necroptosis inhibitors, other approaches that
interfere with the necroptotic pathway have also been sought. It has
been reported that Rhenium (V) oxo complexes of general formula
[ReO(OMe)(NAN)CI2] effectively killed cancer cells by triggering
necroptosis. The complexes evoke necrosome-dependent intracellular
reactive oxygen species (ROS) production and propidium iodide
uptake [50]. ROS are critical regulators of necroptotic signaling.
ROS scavengers such as butylated hydroxyanisole, N-acetylcysteine,
a-tocopherol and ethyl pyruvate significantly inhibited TNFa-induced
necroptotic signaling and cell death [51]. Autophagy may serve as
a pro-survival mechanism, delaying the induction of necroptosis
in melanoma cells. The plant quaternary benzo [c] phenanthridine
alkaloid sanguilutine (SL) was found to be a strong inducer of
necroptotic death in human melanoma cells. In addition, SL triggered
an autophagic response. Interestingly, combined treatment with SL
and the autophagy inhibitors 3-methyladenine, bafilomycin-Al and
LY294002 increased necroptotic cell death [52]. Shikonin, a naturally
occurring compound, induced cell death through the necroptotic
pathway in MCF-7 and HEK293 [53].

Necroptosis in AKI

Necroptosis has been found in a number of animal models
of acute kidney injury including ischemia/reperfusion injury
(IRI) [17,18], cisplatin nephrotoxicity [18,23] or crystal-induced
cytotoxicity [24]. RIP1 and RIP3 protein expression in the proximal
tubules was found to be induced by IR [17,18]. Inhibition of
necroptosis by injection of Nec-leither before or after ischemia
protects from AKI, as demonstrated by reduced tubular damage
and renal functional impairment, and prolonged survival [17].
Knockout of the key necroptotic gene Rip3 in mice also protected
against IRI [18]. In vitro, TNF-a, cycloheximide and zVAD (TCZ)
induced necroptosis in TKPTS mouse proximal tubular cells [17].
Nec-1 inhibited cell death induced by TNF-a-stimulation and ATP-
depletion in rat tubular NRK-52 cells and human tubular epithelial
HK-2 cells [54,55]. Hypoxia/reoxygeneation or TNF-a, TWEAK and
INF-y (TTI) also caused necroptotic death in freshly isolated renal
tubules [17,22]. Therefore, it is clear that IRI involves tubular cell
necroptosis. Interestingly, blockade of apoptosis by zVAD, a pan-
caspase inhibitor, did not alleviate the renal dysfunction and tissue
damage [17]. Furthermore, caspase-8/Rip3-double knockout mice
did not provide additional protection over Rip3 single knockout in
the ischemic model. In addition, no cleaved caspase-3 was found in
the time course of IRI [17]. These results suggest that necroptosis
plays an important role in IRI, while apoptosis may be of minor
importance in IRI [18].

A previous study by Daemen and colleagues found that zZVAD
prevented renal apoptosis, inflammation and tissue injury in IRI
[11]. The discrepancy between the two studies using zVAD remains
unexplained. One possible reason is the different methods to induce
IRI in these studies, which may result in different types of cellular
death in kidneys [56].

The presence of necroptosis in the toxic kidney injury induced
by cisplatin has been demonstrated by several studies. Cisplatin is
a widely used chemotherapy drug for solid tumors, but its clinical
application is restricted by its nephrotoxicity. Tristao, et al. [57]
reported that Nec-1 has no effect on cisplatin-induced apoptosis in
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HK-2 cells. When apoptosis was blocked by z-VAD, Nec-1 completely
reversed cell viability, suggesting that inhibition of apoptosis
triggers necroptosis in HK-2 cells. The importance of necroptosis
in toxic kidney injury was further demonstrated by a recent study
using genetic mouse models [23]. In this study, Xu and colleagues
showed that RIP1, RIP3 and MLKL expression in tubular cells and
in kidney was induced by cisplatin treatment. Rip3 or MIkl knockout
mice were protected from kidney injury induced by cisplatin. Nec-
1 treatment also prevented cisplatin-induced kidney injury. In vitro,
cisplatin directly induced necroptosis in cultured primary proximal
tubular cells. Mechanistically, cisplatin induced RIP1 and RIP3
phosphorylation, and promoted the formation of the RIP1, RIP3 and
MLKL complex in proximal tubular cells [23].

Mulay, et al. reported that crystals of calcium oxalate, monosodium
urate, calcium pyrophosphate dihydrate or cysteine induced RIP1
and RIP3 expression and MLKL phosphorylation, and triggered
caspase-independent cell death in mouse kidney tubular cells, which
was blocked by Nec-1. In sodium oxalate-induced acute crystal
nephropathy (CN), injured epithelial cells exhibited characteristics
of necrosis, which was associated with increased expression of RIP1,
RIP3 and MLKL. All the functional and structural parameters of acute
CN were ameliorated in Rip3 knockout or MLKL knockout mice
or by Nec-1 treatment. Interestingly, crystal-induced necroptosis
requires TNFR1. These results suggest that the necroptotic TNFR1/
RIP1/RIP3/MLKL pathway may be useful therapeutic targets for CN
treatment [24].

Cyclosporin A (CsA) has nephrotoxic effects. CsA is a widely
used immunosuppressive drug, and it induces renal tubular epithelial
cell death. Ouyang, et al. demonstrated that the majority of NRK-
52E cells died of necrosis in the presence of CsA and treatment with
Nec-1 or knockdown of RIP3 significantly reduced the cell death [58].
Therefore, CsA may induce necroptosis in renal tubular cells, but this
hypothesis remains to be verified in vivo.

The role of necroptosis has also been investigated in the kidney
injury model of glycerol-induced rhabdomyolysis. Homsi, et al.
found that the increased serum creatinine levels after injection of
glycerol into muscles were attenuated by Nec-1 [59]. However,
BUN and histological results were not provided in the study, thus
it is unclear whether the attenuated creatinine levels resulted from
improved kidney structure and function or from the potential effects
of Nec-1 on muscles and even livers.

Perspectives

The necroptosis pathways have been well defined. Studies from
cell culture and mouse models clearly demonstrate that AKI involves
necroptosis and necroptosis contributes to the pathogenesis of AKL
However, these previous studies used Nec-1 administration, or global
Rip3 or Mlkl knockout mouse models, thus the cell-specific sensitivity
to necroptosis is unclear. Tubular cells have been shown to undergo
necroptosis in vitro by several studies [17,18,23,24], but whether
necroptosis is a primary mode of regulated cell death in renal tubules
in vivo is questioned by a study showing that conditional deletion of
FADD or caspase-8 in renal tubules neither induced spontaneous
necroptosis nor sensitized tubular cells to cisplatin-induced cell
death [60]. Instead, the protective effects in global Rip3 KO or Nec-1-
treated mice were due to increased dilation of peritubular capillaries

[60,61]. Nevertheless, whether tubular cells undergo necroptosis in
AKI remains to be further investigated using tubular cell specific
knockout of Rip3 or MIkI.

In addition to apoptosis and necroptosis, another type of
regulated cell death, i.e., ferroptosis was found to contribute to
tubular cell necrosis [60]. Ferroptosis is an iron-dependent form of
necrosis that occurs due to lipid peroxidation. Ferroptosis is induced
when the glutamate/cysteine antiporter, system x_, or glutathione
peroxidase 4 (GPX4) is inhibited, and is prevented by ferrostatin-1
or iron depletion [62,63]. Therefore, multiple forms of regulated cell
death coexist in the pathogenesis of AKI. The dynamics and relative
contribution of each form of cell death during the development of
AKI remain unknown, but it may depend on the type and severity of
the injury. Future work should be directed toward understanding of
the profiles and contributions of apoptosis, necroptosis, ferroptosis
as well as other types of cell death, so that optimized therapeutic
treatments can be eventually developed.
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