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ABSTRACT

The neuronal cell death associated with perinatal asphyxia, or hypoxic-
ischemic (HI) brain injury, plays an important role in neonatal mortality and
neurodevelopment retardation. The types of cell death associated with HI
in the brain have been classified as being either apoptotic or necrotic. Here
we describe the recent discoveries of multiple non-apoptotic cell death
pathways: necroptosis; ferroptosis; and autosis (autophagy). These new cell
death pathways expand our understanding of the mechanisms underlying the
cell death associated with perinatal asphyxia. By targeting specific regulators
of these pathways, new therapies may be developed that could protect the
neonatal brain from the HI mediated injury.

Introduction

The neuronal cell death associated with neonatal hypoxic-
ischemic (HI) brain injury is one of the major causes of neonatal
mortality and neurodevelopment retardation. The mortality of
HI brain injury is 30-40%. Significant neurological disorders
and lifelong disabilities, such as cerebral palsy, seizures, visual
impairment, mental retardation, learning impairment and epilepsy,
occur in 20-40% of survivors!. Excitotoxicity, oxidative stress, as
well as inflammation play important roles in the mechanism of
neonatal HI brain injury. The cell death in HI injury, principally
involves the cerebral cortex, hippocampus, cerebellar cortex, basal
ganglia/thalamus, brainstem nuclei, and anterior horn cells of the
spinal cord. The neuronal injury is influenced by the gestational age,
cerebral blood supply, and the duration of the insult® Investigations
have shown that the types of cell death of neonatal brain injury are
variable. Three types of cell death process have been commonly
classified: apoptosis, necrosis and autophagy®*. More recently three
new non-apoptotic cell deaths pathways have been described:
necroptosis, ferroptosis, and autosis (autophagy). In this review we
will briefly describe how different types of cellular death impact
ischemic brain injury in the neonate.

Apoptosis

The apoptotic pathway has been extensively documented in
multiple animal models of neonatal brain injury>’. Increased
caspase-3 activation has been identified in brain sections in children
who died after experiencing HI®. As apoptosis is also involved
in normal brain development®, the neonatal brain may be more
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susceptible to this cell death pathway than the adult!®,
Apoptosis is thought to account for a significant portion of
the neuronal cell loss associated with neonatal HI events.
For example in the CA1 region of hippocampus, apoptotic
cells account for 18-, 35- and 43-% of total cell numbers at
4-, 8- and 24-h after OGD (oxygen glucose deprivation)!2
The apoptotic cell death pathway is histologically
characterized by cytoplasmic condensation, nuclear
pyknosis, chromatin condensation and fragmentation, cell
rounding, membrane blebbing, cytoskeletal collapse, and
the formation of membrane bound apoptotic bodies that
are rapidly phagocytosed and digested by macrophages or
neighboringcells. Oxidative stress playsanimportantrolein
induction of apoptosis after HI'3.The key molecular players
in the apoptotic pathway are APAF1, BAX, BAK, cytochrome
¢, as well as caspase-3. Mitochondrial dysfunction also
plays a central role (Figure 1 b). Caspase-3 is cleaved in
neurons within the ischemic core and penumbra, both
early after reperfusion, and in the following hours and days.

This suggests that caspase-3 participates in the delayed
ischemic cell death associated with neonatal HI'*. Selective
caspase-3 inhibition has been shown to reduce HI brain
injury in neonatal rodent models'>'’. However, caspase-3~/-
mice exhibit increased vulnerability to neonatal HI injury??,
indicating that a non-caspase-3 dependent neuronal cell
death pathway is involved or that caspase 3 also plays a
protective role that is as yet undefined.

Necrosis

Despite numerous publications focusing on the
apoptotic pathway, it should be emphasized that the
majority of the cell death is necrosis (or unclassified
types of cell death)'. Necrosis has been described as
involving cytoplasmic swelling, nuclear dissolution and
lysis. Necrosis is the major cell death phenotype in brain
following HI injury in the neonatal rat. Within a few hours,
the majority of neurons develop pyknotic nuclei and clear
or eosinophilic perikarya. After 24h, these changes evolve
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Figure 1: Neuronal cell death pathways in the neonatal hypoxic-ischemic brain injury. a. Necroptosis-Ligation of tumour necrosis factor
receptor 1 (TNFR1) results in the recruitment of receptor-interacting serine/threonine protein kinase 1 (RIPK1). When caspase 8 is deleted
or inhibited, RIPK1 interacts with RIPK3, to form the necrosome; this interaction can be inhibited by necrostatin 1 (NEC1). RIPK3 recruits
and phosphorylates (P) mixed-lineage kinase domain-like protein (MLKL), leading to the formation of MLKL oligomers that translocate to
the plasma membrane. Once at the plasma membrane, MLKL forms membrane-disrupting pores, which regulate the influx of Na* and Ca?,
resulting in membrane rupture. b. Apoptosis- Cell commitment to apoptosis is regulated by the interplay between the anti-apoptotic BCL-
2 subfamily of proteins and the pro-apoptotic BH3-only subfamily. During apoptosis, BH3-only proteins facilitate a BAX (BCL-2-associated
X protein)- and BAK (BCL-2 antagonist/killer)-dependent release of cytochrome ¢, which binds to APAF1 and gives rise to the apoptosome,
which, in turn, stimulates the executioner caspases 3 and 7. c. Ferroptosis-GPX4 (glutathione peroxidase-4) is the key regulator of the
ferroptosis pathway, inducing iron dependent lipid peroxidation. DFO (deforxamine) an iron-chelating agent; RSL3, RAS-selective lethal
compound block feroptosis. d. Autosis (autophagy)-The upstream kinases that sense cellular nutrient and energy status exert inhibitory
and stimulatory effects on the Class 1l PI3K complex. Bcl-2 and a variety of other proteins are also involved in this step (but for simpliciaty
are not presented). The Class Ill PI3K complex generates PI3P leading to the vesicle elongation reaction.
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into coagulation necrosis (infarction). A few days later,
infarcts became partially cavitated, and by 3-weeks a
smooth-walled cystic infarct develops?. Thus, necrotic cell
death has a prolonged role in the progression of brain injury
and represents a prevalent type of cell death after neonatal
HI?L. Despite its substantial involvement in the pathological
process, little effort has gone into therapeutic targeting of
necrotic cell death, due to the lack of identified markers
and regulatory pathways. This large gap in our knowledge
regarding necrotic cell death may also be an opportunity
to develop new therapeutic targets to reduce neonatal HI
brain injury. Encouragingly, substantial progress has been
made in recent years to broaden our knowledge of the
mechanisms underlying the neuronal cell death associated
with neonatal HI that hopefully will lead to new approaches
to protect the neonatal brain.

Alternative path triggering cell death, to eliminate
damaged or dysfunction cells, independent of apoptosis
have also been discovered. Mutant mice deficient in key
apoptotic factors, such as caspase or Bcl-2, can survive to
adult?>?3, Non-apoptotic cell death has also been observed in
neonatal HI brain injury model'®. The regulation of several
non-apoptotic cell death pathways such as necroptosis,
autosis, and ferroptosis have been recently reported and
interest in their role in brain injury is growing rapidly.

Necroptosis

That the stimulation of Fas /TNFa receptor (death
receptor) family triggers a canonical apoptotic pathway,
including the activation of multiple caspases is well
established?*. However, it has been shown that under
apoptosis-deficient conditions Fas /TNFa can still induce
non-apoptotic cell death (Fig.1 a). In this situation, TNF
exposed cells were observed to undergo swelling and lysis?®,
with features of morphological injury that included low
density vacuoles but without chromatin condensation?.
More recently it has been shown that these vesicles are
double membrane-enclosed, and filled with electron
dense material?’. The formation of these vesicles can be
blocked using autophagy inhibitors. The term necroptosis
is used to describe this alternative non-apoptotic cell death
pathway. A specific necroptosis inhibitor, Nec-1 has been
found through chemical library screening. Nec-1 efficiently
inhibits TNFa-induced cell death, without the requiring
caspase inhibition. Necroptosis has also been shown to
occur in the injured mouse brain after middle cerebral
artery occlusion (MCAO), with Nec-1 treatment significantly
reducing infarct size?”. Nec-1 has also been shown to
improve motor function, Morris maze performance,
and spatial memory in rats exposed to MCAO?. Nec-1
has also been shown to decrease injury in the forebrain
and thalamus and protection correlated with decreased
necrotic cell death and increased apoptotic cell death®.
Nec-1 also reduces other injurious factors associated with

HI injury including NO generation, protein nitration, and
glutathione oxidation®’. More specifically, studies have
suggested that the receptor-associated adaptor RIP1 is the
primary cellular target of Nec-13%. Furthermore, the death
receptor is not the only activator of necroptosis. A recent
study found that deletion of the acid-sensing ion channel
la (Asicla) gene attenuates RIP1 phosphorylation and
brain injury, suggesting ASICla-mediated RIP1 activation
is also an important pathway in ischemic neuronal cell
death?2. This new form of neuronal necroptosis induced by
extracellular acidosis is exciting as HI induces extracellular
acidosis, via an increase in lactate release®, and opens up
potential new avenues for both research into acid-induced
neuronal cell death with the potential for new therapeutic
targets being developed.

Ferroptosis

Besides necroptosis, another non-apoptotic cell death,
that is iron-dependent, has recently been reported and
named ferroptosis. Ferroptosis appears to be peroxidation-
driven and requires abundant and accessible cellular
iron (Fig.1 c). Ferroptosis was identified in cells under
conditions where caspase, BAX and BAK were suppressed to
attenuate apoptosis and RIP1/RIP3 expression decreased
to reduce necroptosis®*. Available data suggests that the
lipid repair enzyme, GPX4 (glutathione peroxidase-4), is
involved in this signal pathway. In the conditional ablation
of GPX4 in neurons of mice, selective and rapid motor
neuron degeneration is induced through ferroptosis, with
no caspase-3 activation and TUNEL staining present?®.
Ferrostatin-1 has been identified as a small molecule
inhibitor of ferroptosis, and significantly reduces the
glutamate-induced cell death in mouse hippocampal slice
cultures®. NADPH oxidase generated ROS likely promotes
ferroptosis cell death®. Compared to apoptosis induced
by staurosporine, necrosis caused by H,0, or autophagy
induced by rapamycin, ferroptosis is characterized by
increased mitochondrial membrane density. The role of
iron in ferroptosis remains unclear. A recent study has
demonstrated that hydroxyl radical generated from iron
accumulation, induces neonatal cell death, through a
mechanism that requires NO and Iron regulatory protein-1
(IRP-1)*. As the lipid metabolism of the developing brain
is poorly understood, more investigations are needed to
unravel the complex role of lipid peroxidation in neonatal
HI brain injury. Recent studies have also shown that HI
attenuates B-oxidation via the disruption of carnitine
homeostasis and subsequently mitochondrial function®®,
Studies in the neonatal dog also suggest that fatty acid
oxidation may contribute up to 25% of the metabolites
entering the TCA cycle®. Iron is intimately involved in fatty
acid oxidation, not only as a component of cytochromes
within the electron transport chain, but because it is
involved in the production of carnitine*®*!. Further, iron
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deficiency during pregnancy may also affect neonatal brain
lipid metabolism and myelination*?.

Autosis

Autophagy refers to any cellular degradative pathway
that involves the delivery of cytoplasmic cargo to the
lysosome. It occurs at basal levels in most tissues and
contributes to the protein turnover of cytoplasmic
components. Adaptive autophagy exerts cytoprotective
and anti-inflammatory effects**. Autophagy has been
shown to be neuroprotective in some forms of acute brain
damage, including methamphetamine intoxication, spinal
cord injury and subarachnoid haemorrhage. However,
the autophagic machinery precipitates a peculiar form of
cell death (known as autosis) that appears to contribute
to the development of other types of acute brain damage
including neonatal asphyxia**.

Impressive progress on the autophagy-mediated cell
death has been made recently. Autophagy induced cell
death neither activates caspase 3, nor is prevented by
genetic deletion of RIPK1 and RIPK3, making it distinct
from apoptosis and necroptosis. The term “autosis”
has been coined to define the cell death mediated by
autophagy genes and is characterized by focal perinuclear
swelling. Autophagy (autosis) involves the degradation
of cellular components via the lysosome machinery. The
major intracellular characteristics of autophagy are the
sequestration of damaged proteins and dysfunctional
organelles into the double-membrane structure, to form
the autophagosome which is decorated with the autophagic
protein LC3. The autophagosome subsequently fuses
with lysosomes for degradation and recycling*®. Multiple
proteins are required for initiation, vesicle elongation,
autophagosome maturation, lysosome fusion, and
degradation. Targeting the autophagic machinery could
have significant impact in protecting the neonatal brain
from HI-mediated cell death. Although the generation
of the autophagosome is not fully understood, several
key regulators have been revealed. These include mTOR,
AMPK, and the PI3K complex. In the initiation phase class
I1I PI3 kinase complex is thought perform a key role along
with VPS34, VSP15, ATG14L and Beclin1(Fig.1 d). This
complex generates PI3P, which determines the site at
which the double membrane subsequently elongates. The
Beclin1-VPS34 initiation complex is controlled through
a preinitiation complex, which is activated by AMPK and
inhibited by mTOR*. During glucose deprivation, MAPK
can also act directly on the Beclin1-VPS34 complex, by
phosphorylating Beclinl at S91/S94, and T163 /S165 in
VPS34 to induce autophagy*’. Accumulating evidence has
shown that autophagy is associated with neuronal cell
death in both neurodegenerative diseases*® and in neonatal
HI brain injury. A dramatic increase in autophagosome
formation, accompanied with extensive neuronal cell death,

has been described in the hippocampal pyramidal region
of neonatal mice exposed to HI and mice deficient in Atg7
(Autophagy-related protein 7) in the brain exhibit nearly
complete protection against neuronal cell from death®.
Intense vacuolization and autophagosome formation have
been observed the hippocampus CA1 and CA3 regions in
a neonatal rat HI brain injury model*®. Autophagy protein
expression and autophagosome generation have also
been reported in hippocampal slice cultures exposed to
OGD>% Interestingly, in the rat neonatal HI brain injury
model, most of the neuronal cell death in the CA3 region
appears to be through autophagy, with high numbers of
autophagosomes, empty vacuoles, and focal ballooning
of the perinuclear space being observed®. Importantly,
significant LC3 staining, as an autophagy marker, has been
found in the brains ofhuman neonates®3. Thus,accumulating
evidence implicates autophagy as an important player in
the neuronal cell death associated with neonatal HI injury
brain. Cardiac glycosides have been identified to be potent
inhibitors of autosis. One such glycoside, neriifolin blocks
the increase in autophagy induced by HI in the brain, and
was found to be highly protective against HI-mediated
brain injury®2 In addition, new autophagy activators are
being developed for therapeutic purposes. For example,
the increasing autophagy using fluendazole, interrupts
HIV transmission®. Thus, targeting the autophagy pathway
has a potential therapeutic role in the spectrum of human
disease.

Conclusion

The recent discovery of multiple non-apoptotic cell
death pathways has expanded our understanding of the
mechanism underlying the neuronal cell death associated
with neonatal HI brain injury. Compounds are already
being generated from small molecules screening or
using designed peptides that can active or inhibit these
processes. It is hoped that by targeting specific regulators
of these new pathways, new therapies will be developed
that are able to protect the neonatal brain.
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