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Abstract It has been a major challenge to develop
effective therapeutics for stroke, a leading cause of death
and serious debilitation. Intensive research in the past
15 years have implicated many regulators and the related
mechanisms by which neuronal cell death is regulated. It
is now clear that even a brief ischemic stroke may trigger
complex cellular events that lead to both apoptotic and
necrotic neuronal cell death in a progressive manner.
Although efforts at developing specific chemical inhibitors
for validated targets have been successful for in vitro
enzymatic assays, the development of some of such
inhibitors into human therapy has been often hindered by
their in vivo bioavailability profile. Considerations for the
ability to chemically target a cellular mechanism in
manner compatible with disease targets in vivo might be
emphasized early in the development process by putting
a priority on identifying key targets that can be effectively
targeted chemically. Thorough interrogation of cellular
pathways by saturation chemical genetics may provide a
novel strategy to identify multiple key molecular entities
that can be targeted chemically in order to select a target
suitable for the treatment of intended human diseases such
as stroke.
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Introduction

Neurons, the crucial cell type that controls our ability to
think and to move, are one of the most precious cell types
in our body because of their limited ability to regenerate
once mature. Devastating loss of neurons occur in stroke,
either due to cerebral ischemia or hemorrhage, which
triggers a complex series of biochemical events that leads
to total breakdown of cellular integrity and eventually cell
death. Although stroke is one of the leading causes of
mortality and disability worldwide, spectacular failures in
recent clinical trials and drug development programs for
neuroprotective agents have led to the withdrawal of
funding aimed at developing new drugs for stroke which
still has no direct therapy available other than reopening an
occluded artery with thrombolytic drugs. There is no
ongoing clinical trial for stroke with a neuroprotective
drug. The current budget crisis at the NIH has impaired the
efforts for developing new neurological drugs. Thus, acute
neurological injury represents a huge unmet medical need
that receives little attention.

A stroke lesion is characterized by a core of necrotic cell
death formed rapidly after injury and may represent tissues
that are irreversibly lost, and the penumbra, which sur-
rounds the core and is defined as a moderately hypoperfused
meta-stable region that retains structural integrity but has
lost or impaired function. The penumbra is the battle ground
for stroke therapy as it has been recognized as an area at risk
and can be salvaged with appropriate intervention. The only
available therapeutic strategy for ischemic stroke is to
reopen an occluded artery by thrombolytic therapy to
restore perfusion to the ischemic area, a procedure which in
itself can sometimes induce secondary damage. Further-
more, the necessity of differentiating patients with ischemic
stroke suitable for thrombolytic therapy from those with
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hemorrhagic stroke patients causes significant delay in
hospital that contributes to the loss of a crucial window of
opportunity when the penumbra might still be saved. There
is an urgent need to develop safe and effective neuropro-
tective drugs that can protect cells in the penumbra under
either ischemic or hemorrhagic conditions so that the drug
might be given immediately after onset and prior to hospital
arrival.

Multiple mechanisms have been identified that contrib-
ute to the loss of neurons in the penumbra. Here I will
review some of the progress made in the past decade or so
that contributes to our understanding of neuronal cell death
induced by acute neurological injury, and discuss the
merits of targeting different mechanisms for reducing
neuronal loss after stroke.

Apoptosis

Apoptosis is a cellular suicide mechanism regulated by an
evolutionarily conserved genetic program. The proteins in
Bcl-2 family and caspase family play critical roles in the
activation, signal transduction and execution of apoptosis
[1]. Transgenic mice overexpressing Bcl-2 are protected
from ischemic injury as Bcl-2 protects against mitochon-
drial damage, an important signal amplification step during
apoptosis. In vivo delivery of a Bcl-xL fusion protein,
which contains the protein transduction domain (PTD)
derived from the human immunodeficiency TAT protein
fused with Bcl-xL, decreased cerebral infarction induced
by focal ischemia [2]. Inhibition of Bcl-2 by small mole-
cule mimetic of the BH3 domain, a key protein-protein
interacting domain involved in Bcl-2 function, leads to the
activation of apoptosis and is currently under clinical trials
for cancers [3]. No attempt, however, had been developed
to directly activate Bcl-2 as a neuroprotective strategy as
overexpression of Bcl-2 is known to contribute to multiple
forms of cancers, in particular B-cell malignancies
including leukemia and lymphomas. However, since anti-
apoptotic activity of Bcl-2 is negatively regulated by pro-
apoptotic BH3-only members of Bcl-2 family, the loss of
Bid, a BH3-only protein, protects against ischemic brain
injury by reducing mitochondrial damage induced by
transient occlusion of the middle cerebral artery [4, 5]. An
attempt has been made to use a NMR-based approach to
develop small molecules of Bid by targeting a deep
hydrophobic crevice on the surface of Bid [6]. Further
studies in this direction might be interesting.

Caspases

Caspases are a family of cysteine proteases that function as
key mediators of apoptosis [1]. Mammalian caspase family
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has 11 members. The first evidence indicating the
involvement of caspases in mediating acute neurological
injury was demonstrated by the ability of transgenic mice
expressing a dominant negative mutant of caspase-1
(C285G) to resist ischemic brain injury induced by middle
cerebral artery occlusion [7, 8]. Intracerebral ventricular
injection of peptide inhibitors of caspases (z-VAD.FMK)
decreased caspase cleavage products and tissue immuno-
reactive IL-1f levels in ischemic mouse brain, reduced
tissue damage and significantly improved behavioral defi-
cits. Furthermore, intracerebral injection of a caspase
inhibitor, z-VAD.FMK, protected against «-amino-3-
hydroxy-5-methyl-4-isoxazole propionate-induced and to a
lesser extent N-methyl-D-aspartate-induced excitotoxic
brain damage. These experiments provide the first evidence
for the roles of caspases in mediating ischemic and exci-
totoxic brain injury and ignite the interest in the research
field and pharmaceutical industry to target caspases as a
therapeutic strategy for stroke.

Although the functional roles of a number of caspases,
including caspase-1 and caspase-3, in mediating ischemic
neuronal cell death were confirmed in caspase-1—/— and
caspase-3—/— mice [9, 10], the exact mechanisms by
which the loss of different caspases protect against acute
neurological injury still need investigation.

First of all, although as a downstream caspase, caspase-3
most likely mediates neuronal cell death intracellularly, the
function of caspase-1 in neuronal cell death might be
mediated in part through processing and secretion of
mature IL-1f and IL-1a extracellularly. Hayashi et al. [11]
examined the distribution of caspase-1 in the hippocampus
of mongolian gerbils. Immunoreactivity of caspase-1 was
found predominantly in microglia, astrocytes, and endo-
thelial cells of capillaries as well as some non-pyramidal
neurons. The major presence of caspase-1 in non-neuronal
cells of the brain suggests neuronal injury induced by the
activation of caspase-1 might be cell non-autonomous.
Consistent with this possibility, exogenous administration
or overexpression of IL-1RA, which is an endogenous
antagonizer of IL-1p, is neuroprotective in diverse rodent
models of cerebral ischaemia [12, 13], excitotoxicity [14]
and trauma [15]. Furthermore, double mutant mice of
IL-1o and IL-1f are highly resistant to ischaemic brain
damage [16]. IL1Ra has been tested in Phase II clinical
trials for stroke [17] and is a promising lead for stroke
therapy. On the other hand, this observation also raised the
question of contribution of glia in ischemic brain injury.
Glia have been increasingly recognized to play an impor-
tant role in neuronal function [18]; however, very little is
currently known about cell death mechanisms of glia.

Consistent with in vivo data, hypoxia-induced neuronal
cell death in vitro can also be inhibited by IL-1Ra [19].
IL-1Ra also inhibits apoptosis induced by trophic factor
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deprivation in primary neurons, as well as by TNF« in
fibroblasts. However, in vitro evidence suggests that the
extracellular mature IL-1p is most likely one of the factors
promoting cell death under certain conditions as IL-1f
alone is not sufficient to induce cell death. For example, the
addition of mature IL-1f to G1/S phase arrested HeLa cells
induces apoptosis, but not to exponentially growing HeLa
cells. In another example, COS cells are normally resistant
to apoptosis induced by overexpression of caspase-1 but
can be sensitized by the extracellular IL-1p. Thus, IL-1f
can be considered as a tonic factor mediating the sensitivity
of cells to apoptosis. Recently, caspase-1 has been found to
contribute to the secretion of a large number of leaderless
proteins including IL-1« and FGF-2 [20]. Although the role
of caspase-1 in mediating secretion of these factors is yet to
be confirmed in the central nervous system, this study
projects a much more complex role of stress activated
caspase-1 in mediating inflammation, cytoprotection, cell
survival, and regenerative processes than previously pro-
posed. Although such extracellular output is most
extensively studied for caspase-1, other upstream caspases
may have similar properties that remain to be explored in
future.

The cell death process triggered by ischemic injury is an
evolving process that is a function of both time and severity
of injury. Consistent with this proposal, the activation of
caspases after ischemic injury has been shown to occur in
region specific and time specific manner. Benchoua et al.
[21] showed that in the early stages of cerebral infarction,
neurons of the necrotic core display a number of mor-
phological, physiological, and biochemical features of
early apoptosis, which include cytoplasmic and nuclear
condensations and the involvement of caspase-8 and the
caspase-1 pathways. In contrast, pathways that are acti-
vated during the secondary expansion of the lesion in the
penumbral area mainly involve mitochondrial pathway
mediated by caspase-9. The authors propose that apoptosis
is the first commitment to death after acute cerebral
ischemia and that the final morphological features observed
results from aborted apoptotic process because of severe
energy depletion in the core. In contrast, energy-dependent
caspase activation cascades are observed in the penumbra
in which apoptosis can fully develop because of residual
blood supply.

Consistent with above observation, the protection
offered by inhibition of caspases might be dependent upon
the ability of injured brain tissues to undergo apoptosis.
Li et al. [22] found that although blocking the activation
of caspases by caspase inhibitors z-VAD.FMK and
z-DEVD.FMK can reduce ischemic neuronal injury after
transient cerebral ischemic insult, they are not effective in
blocking injury following complete cessation of blood flow
such as during global ischemia. The authors conclude that

inhibition of caspases might be beneficial for moderately
severe focal but not global cerebral ischemia. On the other
hand, inability of caspase inhibitors to reduce infarct size
after permanent ischemia suggests that residual blood flow
(albeit low) and reperfusion might be required for the
activation of caspases. Consistent with this possibility,
Manabat et al. [23] showed that although a marked increase
in caspase-3 activity was observed within 24 h of reper-
fusion after transient MCA occlusion, caspase-3 activity
remained significantly lower within 24 h of permanent
MCA occlusion. Therefore, persistent perfusion deficits
result in less caspase-3 activation and appear to favor
caspase-independent injury.

Although the contribution of apoptosis to neuronal cell
death induced by stroke may depend upon the severity of
condition and may be spatially heterogeneous, it is
unequivocal that apoptosis is activated after ischemic brain
injury and inhibition of apoptosis provides an important
therapeutic strategy for stroke. In this regard, it is regret-
table that after considerable efforts in major pharma-
ceutical companies to develop small molecule inhibitors of
caspases for inhibiting apoptosis induced under patholog-
ical conditions, none has reached clinics. At least one of the
major obstacles here is the bioavailability, i.e. the inability
of chemical inhibitors of caspases, which are cysteine
proteases, to reach the site of injury because they are
efficiently retained by liver and degraded in situ. Thus, we
have a clear example where the limitations in chemistry
might have prohibited the translation of a great biological
discovery into treatments for human diseases. The failure
in developing chemical inhibitors of caspases suggests that
we need to look for important apoptosis targets that can be
chemically targeted in a manner that is compatible for the
treatment of human diseases.

INK

c-Jun N-terminal kinase (JNK) is an important stress
inducible kinase that has been shown to be activated after
focal or global ischemia [24], in both permanent and
transient models [25]. Kuan et al. found that the expression
of c-Jun, a downstream target of JNK, correlated with
pyknotic nuclei, suggesting the induction of JNK signaling
in dying neurons. Systemic delivery of SP600125, a
reversible ATP competitive JNK inhibitor [26], diminished
JNK activity and infarct volume after transient focal
ischemia in mice [27] and global ischemia/reperfusion in
the vulnerable hippocampal CA1 subregion in rats [28].
JNK family has three isoforms, JNK1, JNK2, and JNK3.
Although JNKI1 is the major isoform responsible for the
high level of basal JNK activity in the brain, JNK3 is the
major family member that is responsible for the stress-
induced JNK activity because a deficiency in Jnk3, but not
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Jnkl, protects mice from brain injury after cerebral ische-
mia-hypoxia [29]. MKK4, an upstream kinase that
activates JNK, was highly phosphorylated after cerebral
ischemia—hypoxia in both wild-type and Jnk3 deficient
mice. In contrast, the phosphorylation level of c-Jun after
ischemia—hypoxia was also markedly reduced in Jnk3
deficient mice, consistent with a major block in stress
induced JNK activity.

JNK has been shown to mediate the induction and/or
activation of a number of pro-apoptotic proteins including
Bim [30, 31] and Fas [32]. Consistent with an important
role of JNK3 in apoptosis induced by ischemic injury, the
induction of Bim, a BH3-only proapoptotic member of
Bcl-2 family, and Fas were both inhibited in Jnk3 deficient
mice. Inhibition of Bim and Fas expression can also be
accomplished by a chemical inhibitor of JNK, SP600125
[27]. These results confirm the role of JNK as a critical cell
death mediator in ischemic brain injury. Development of
specific inhibitors for JNK3 should provide a promising
lead for inhibiting acute neurological injury such as stroke.

Necrosis

Although apoptosis has been recognized as the predomi-
nant form of cell death in developing immature neurons,
the role of apoptosis in mature neurons might be less sig-
nificant. Immature neurons, which are the type that can be
easily cultured and therefore extensively studied, readily
undergo apoptosis under growth factor deprivation condi-
tion or stimulated with pro-apoptotic stimuli, mature
neurons are relatively apoptotic resistant, which raises the
question as to the ability of mature neurons to undergo
apoptosis after insult of adult brains. Finally, it was dis-
covered that although there was a reduction of apoptotic
neurons in the developing nervous system of apoptotic
deficient mice, elimination of supernumerary neurons,
which normally occur through apoptosis, still happened but
may be mediated through a different mechanism as dead
neurons exhibit non-apoptotic morphology. Thus, neurons
might have a back-up cell death mechanism(s) that can be
activated in the absence of full apoptotic machinery.

A number of morphological studies addressed the role of
apoptosis versus necrosis after ischemic brain injury. Wei
et al. [33] used a combination of TTC (2,3,5-triphenyltet-
razolium chloride) staining, hematoxylin—eosin (H&E)
staining, the terminal deoxyribonucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL), and caspase-3
staining as well as ultrastructural studies using electron
microscopy to study the morphology of cell death in
ischemic cortex and non-ischemic thalamus after focal
ischemia in the cerebral cortex in rats. It was discovered
that the morphology of TUNEL positive cells in the
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ischemic cortex were best described as necrotic, whereas
the TUNEL positive cells in the thalamus and the cortex
penumbra region show both apoptotic and necrotic mor-
phology. The cell death in the thalamus and the cortex
penumbra was at least partially mediated by apoptotic
mechanism as it can be attenuated by delayed administra-
tion of caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp
fluoromethylketone (Z-VAD-FMK). Thus, different types
of neurons might have different propensity to undergo
apoptosis or necrosis.

The concomitant activation of apoptosis and necrosis
after ischemic injury is corroborated by a similar study
using markers including lysosomal leakage and TUNEL
positivity in mice [34]. Consistent with evidence from in
vitro studies as described above, the tendency to undergo
necrotic cell death may increase as neurons mature. Liu
et al. [35] compared the tendency of newborn versus older
brains to undergo apoptosis after ischemic insult. In new-
born pups, most neurons after ischemic insult are positive
for activated caspase-3. The number of activated caspase-3
positive neurons decline significantly with a concomitant
increase in numbers of necrotic neurons in older rats after a
comparable insult. These results strongly suggest that
predominant mechanisms of neuronal cell death shifts from
apoptosis to necrosis as neurons mature.

The involvement of apoptosis or necrosis may depend
on the severity of injury as well as the presence of reper-
fusion. As discussed above, Manabat et al. found
significant caspase activation only in the penumbra after
reperfusion but not in the core [23] and inhibition of cas-
pase protects against focal but not global ischemia [22].

Although necrotic cell death had been traditionally
believed to be caused by overwhelming stress and therefore
not regulated by cellular mechanisms, emerging evidence
suggests the existence of alternative cell death mechanisms
characterized by necrotic morphology. Below, I will dis-
cuss a number of necrotic cell death mechanisms that have
been proposed to be involved in ischemic brain injury.

Poly(ADP-ribose)-polymerase (PARP)

Nitric oxide is a messenger molecule that has functions as a
neurotransmitter, in addition to its role in mediating mac-
rophage killing of tumor cells and bacteria, and blood
vessel relaxation [36]. When produced in large quantities in
response to actions of the excitatory neurotransmitter glu-
tamate acting at N-methyl-D-aspartate (NMDA) receptors,
NO mediates neuronal killing which contributes to neuro-
nal cell death induced by stroke. Multiple mechanisms
have been proposed to mediate the neurotoxicity of NO. In
particular, Ca2+ influx through activated NMDA receptors
activates calcium-dependent cytoplasmic proteins to
mediate nNOS and NO production which in turn increases
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the accumulation of reactive oxygen species and formation
of peroxynitrite [37]. Peroxynitrite causes DNA damage
which activates the DNA repair mechanism including
PARP-1, a member of poly(ADP-ribose)polymerase family
(PARPsS).

PARPs are a family of proteins that mediate the for-
mation of poly(ADP-ribose) chain on selected proteins.
Using NAD+ as a substrate, PARPs catalyze the covalent
attachment of ADP-ribose units on the glutamic or aspartic
acid residues of target proteins, to generate long linear and
branched poly(ADP-ribose)(PAR) chains. The human
genome encodes 18 different PARP genes. Poly-ADP-
ribosylation is now known to play a role in a wide range of
biological structures and processes, including DNA repair
and maintenance of genomic stability, transcriptional reg-
ulation, cell division and cell death by modifying a diverse
array of proteins. Like many other posttranslational protein
modification mechanisms involved in signaling, poly-ADP-
ribosylation is transient and reversible in nature, due to the
rapid action of poly(ADP-ribose) glycohydrolase (PARG)
which catalyzes the hydrolysis of PAR into free ADP-
ribose [38]. The role of PARP-1 activation following DNA
damage is well established to play an important role in
mediating DNA repair. Caspase-mediated cleavage of
PARP-1 has been recognized as a hallmark of apoptosis
[39]. The cleavage separates the DNA binding domain and
catalytic domain of PARP-1. Thus, inhibition of caspase
activation alone might prevent the inactivation of PARP-1
by caspase cleavage and led to excessive activation of
PARP-1 [40]. Since poly-ADP-ribosylation consumes
NAD+, a high energy product as well as key coenzyme
required in the mitochondria for maintaining proton gra-
dient in the electron transport chain to generate ATP, over-
activation of PARP-1 has been proposed to lead to necrosis
by excessive energy loss.

Neurons contain high levels of PARP-1 activity fol-
lowing trauma, ischemic injury, or oxidative stress [41].
Studies utilizing PARP-1—/— mice demonstrated the
importance of the role of PARP-1 in the neuronal injury
following stroke. In experimental models of ischemia in
vitro, PARP-1—/— primary neuronal cultures are resistant
to the toxicity elicited by combined oxygen-glucose
deprivation (OGD), NMDA treatment, or treatment with
NO donors [42]. Reduced infarct volume is observed fol-
lowing middle cerebral artery occlusion in PARP-1 null
mice. PARP-1 inhibitors also provide neuroprotection
against excitotoxicity [36].

The exact mechanism by which PARP-1 deficiency
protects against acute neurological injury is still under
investigation. One study reported that in PARP-1—/—
ischemic brain, the markers of apoptosis, such as oligo-
nucleosomal DNA damage, total DNA fragmentation, and
the density of terminal deoxynucleotidyl transferase dUTP

nick-end-labeled (TUNEL +) cells, were not different from
that of control, although there was a decrease in infarct size
[43]. Although the resistance of PARP-1—/— mice to
ischemic brain injury has been generally attributed to a
protection against NAD depletion and energy failure, since
poly-ADP-ribosylation is a signaling mechanism, it is at
least equally likely that the resistance of PARP-1—/— mice
is due to inhibition of specific event(s) in mediating dam-
age signaling. Since the markers for apoptosis were not
altered in PARP-1—/— mice after ischemic brain injury, it
is reasonable to propose that the loss of PARP-1 protects
mostly against necrotic cell death. In this regard, the
activation of PARP-1 has been shown to mediate mito-
chondrial damage and the release of AIF from the mito-
chondria to induce necrotic cell death [41].

Interestingly, the protection of ischemic damage offered
by PARP deficiency shows gender specificity. In contrast
to the male PARP-1—/— mice, which are more resistant to
ischemic injury, the female PARP-1—/— mice have exac-
erbated injury compared to that of wt control after ischemic
insult [44]. Although it has not been examined if the
activity of PARP-1 might exhibit gender specific regula-
tion, a sexually dimorphic role of PARP-1 in ischemic
neuronal death is consistent with the signaling hypothesis,
rather than in regulation of energy levels per se. In this
regard, it is interesting to note that PARP-1 has recently
been proposed to be a part of histone code. Poly-ADP-
ribosylation mediated by PARP-1 and PARP-2 has been
recognized as a part of epigenetic regulation of chromatin
structures that have the potential to orchestrate various
chromatin-based biological tasks including transcription,
DNA repair and differentiation. PARP-1 was found to be a
regulated promoter-specific exchange factor required for
the activation of specific gene programs. The catalytic
function of PARP-1 was shown to facilitate the release of
histone H1 from a subset of PARP-1-targeted Polll-tran-
scribed promoters [45], and the consequent recruitment of
the chromatin architectural protein HMGB1 on the estro-
gen-stimulated pS2 promoter [45]. A role of PARP-1 in
mediating the expression of the estrogen-regulated genes
such as TFF1 gene might explain the sexual dimorphic
response to inhibition of PARP-1[46]. A sexual dimorphic
role of PARP activation in ischemic brain injury may make
it difficult to target PARP as a therapeutic target for stroke.

Calpains

The intracellular Ca2+ concentration is tightly regulated
under physiological condition. Ischemic brain injury dis-
rupts this tight control by allowing the influx from
extracellular pools through various channels as well as
release from endoplasmic reticulum (ER) stores to lead
enormous increases in intracellular Ca2+ [47]. An
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increased intracellular free Ca2+ levels activate multiple
Ca2+-dependent enzymes, contributing to neuronal death
and dysfunction. The calcium-dependent neutral cysteine
proteases, calpains, are major Ca2+-dependent proteases.
There are two major isozymes, p- and m-calpains, which
require micromolar or milimolar levels of Ca2+ for acti-
vation in vitro, respectively. Calpain is a heterodimer
comprising a 30 kDa small regulatory subunit and a
80 kDa catalytic subunit. During activation, the 30 kDa
subunit is cleaved to yield a final 17 kDa form, while the
80 kDa subunit is converted to 76 kDa enzymatically
active form. Calpains function under physiological condi-
tions to mediate many normal homeostatic functions but
when activated under brain ischemia-reperfusion condition
[48], contributes to neuronal cell death by cleaving multi-
ple substrates including cytoskeletal and associated
proteins, kinases and phosphatases, membrane receptors
and transporters. Excessive activation of calpain due to an
increase in free Ca2+ leads to cytoskeletal protein break-
down, subsequent loss of structural integrity and
disturbances of axonal transport, and finally to necrotic cell
death [49]. Early studies show that a calpain inhibitor, Cbz-
Val-Phe-H, was able to reduce cerebral ischemic infarction
induced by MCAO model [50]. No calpain inhibitors,
however, enter human clinical trials for stroke. As calpains
are also cysteine proteases, at least one of the challenges is
also the ability to make specific calpain inhibitors with
appropriate bioavailability compatible with inhibiting cell
death induced by ischemic brain injury.

Necroptosis

Although death receptor mediated apoptosis represents a
canonical apoptotic pathway, stimulation of death receptors
under apoptotic deficient conditions is now known to
activate necrotic cell death, termed necroptosis [51]. The
activation of death receptors by their respective ligands,
such as FasL (CD95L) and TNFu, respectively, leads to the
formation of DISC (death-inducing signaling complex) that
includes the adaptor protein FADD (Fas-associated death
domain), caspase-8 and death domain-containing kinase
RIPI1. In apoptotic proficient condition, the recruitment of
caspase-8 leads to its activation which in turn activates
downstream caspases, such as caspase-3, and mitochon-
drial damage by cleaving Bid [1]. In apoptotic deficient
cells when caspases cannot be activated, however, stimu-
lation of death receptors leads to the activation of RIP1
kinase and necroptosis [52, 53].

Following brain ischemia, expressions of TNFa, FasL
and Fas are increased in the ischemic penumbra. The role
of TNFu in ischemic brain injury in vivo is controversial.
On the one hand, neutralization of endogenous TNFu is
reported to reduce infarct volume. However, mice lacking
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TNFR1/pS5 or both TNFR1 and TNFR2/p75 showed
enhanced ischemic damage which might be attributable to
the role of TNFRs in mediating the activation of NF-xB
which is pro-survival. On the other hand, Ipr mice, lacking
a functional Fas, exhibit a profound reduction of infarct
size. FasL. and TNFx may act coordinately in mediating
ischemic brain injury as mice that are doubly deficient for
both TNFo (tnf—/—) or FasL (gld) are protected against
brain ischemia [54]. Furthermore, treatment of wild-type
mice after induction of ischemia with neutralizing anti-
bodies against TNFa and FasL diminished infarct volumes
and significantly improve survival of the animals.

Ser/Thr kinase RIP1 has been found to be essential for
death receptor mediated necroptosis [52]. RIP1 is a death-
domain containing kinase associated with the death
receptors but the kinase activity of RIP1 is dispensable for
the induction of apoptosis. FADD-mediated activation of
either caspase-8 or RIP1 represents a bifurcation point
between apoptotic and necroptotic programs in the Fas
signaling pathway. When caspases are inactive, death-
inducing ligands may activate caspase-independent path-
ways regulated by specific kinase signaling pathways.
A family of small molecule inhibitors of necroptosis,
termed necrostatins, were identified using high throughput
cell-based screens [51, 52, 55, 56]. Necrostatins selectively
block necroptosis in cells exposed to the co-treatment of
FasL or TNFa and the pan-caspase inhibitor, z-VAD.fmk,
but have no effect on apoptosis. Interestingly, necrostatin-1
(Nec-1) was found to be a potent allosteric inhibitor of
RIP1 by selectively targeting the inactive conformation of
the kinase [52]. Nec-1 was effective in protecting against
ischemic brain damage induced by MCAO model with an
extended time window. Nec-1 is also effective in protecting
against traumatic brain injury [57] and ischemic heart
injury [58]. Thus, necrostatins represent a class of prom-
ising lead neuroprotective compounds.

The mechanism by which the activation of RIP1 kinase
leads to necroptosis is still not clear. Recently, Hitomi et al.
identified multiple key players of necroptosis in a genome-
wide siRNA screen [59]. Interestingly, Bmf, a member of
BH3-only member of Bcl-2 family, was found to be one of
the key mediators of necroptosis, which raised the possi-
bility that the activation of RIP1 kinase might lead to
necroptosis by inducing necrotic damage of mitochondria.

The concept of “chemical genetics” is to use small
molecules as a tool to explore biological problems [60].
Necroptosis may provide the first example where a novel
cellular pathway is explored by “saturation chemical
genetics” (Fig. 1) to identify all the key biochemical steps
that can be chemically targeted using a cell-based screen.
In contrast to that of caspases, which still lack effective
chemical inhibitors after extensive research for 15 years,
the “translatability” of targeting necroptosis for treatments
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Fig. 1 Analogy of classical saturation mutagenesis and saturation
chemical genetics. Mutagenesis of a model genetic organism, such as
nematode C. elegans, may be carried out exhaustively in order to
isolate mutants for all the genes in an interested pathway that can be
isolated. In an analogous fashion, we may develop a specific cell

of human diseases may be significantly accelerated by the
availability of necrostatins.

Summary

Extensive researches in the cell death field in the past
15 years have provided rich insights into the mechanisms
by which neurons die under ischemic conditions. Stroke
is a severe and acute condition: even a brief ischemic
insult of brain may trigger complex cellular events that
lead to both apoptotic and necrotic cell death in a pro-
gressive manner. Although we have already discovered
several important targets that play important roles in
mediating apoptotic and necrotic cell death induced by
stroke, the challenge is if we can develop specific small
molecule inhibitors that can be delivered effectively into
the brain in a manner compatible with the acute nature of
stroke.

How can we meet this challenge? The past 15 years of
cell death research have taught us that a key factor deter-
mining if a major biological discovery can be translated
into a treatment for human diseases is whether it can be
effectively targeted chemically in a manner compatible
with treatment of the diseases. In the past, we have always
emphasized the need to fully explore the biological path-
ways and validate biological targets before even
considering the development of chemical inhibitors. While
such approaches have high rates of success in developing
direct small molecule inhibitors in vitro, the in vivo bio-
availabilities of compounds developed by such approaches
have not always met the requirement. Development of

Saturation Chemical Genetics

Cell based screen of chemical library

==

Genes Chemical Inhibitors

A ====» al, a2, a3

B ====» b1,b2, b3 Characterization
¥ of specificity &

C in vivo bioavailability
¥ ——
D ====» di1,d2,d3

E ====» e1,e2,e3

based screen to isolate inhibitors for all the proteins in the pathway so
as to identify all the targets that can be chemically inhibited. Early
identification of such chemical inhibitors may allow us to select
targets that are compatible with the treatment of relevant disease in
vivo

necrostatins represents an exception against this tradition
as these inhibitors were isolated from a large-scale chem-
ical screen using a cell-based assay. Such large-scale
“black-box” chemical screens are analogous to saturation
mutagenesis in classical genetic analysis which has been
frequently used to fully interrogate a genetic pathway and
thus, can be termed “saturation chemical genetics”.
Necrostatins provide an example demonstrating that with
carefully designed screens, it may be possible to fully
interrogate a novel biological pathway by chemical
approaches for understanding biological mechanisms.
Although defining the biological targets of small molecules
represents a challenge by itself, it has become much more
feasible with the availability of genome wide analytical
tools including RNAI, proteomics and microarray analysis.
The target validation can be further facilitated by the
availability of chemical probes and other genomic tools.
While no one wishes to deemphasize the importance of
thoroughly interrogating important biological pathways
and disease mechanisms, systematic exploration of bio-
logical pathways using “saturation chemical genetics”
might provide a new direction for selecting important sites
that are suitable for targeting chemically. With devastating
diseases such as stroke, we clearly need to think “out-of-
box” for developing new therapies that hopefully one day
will reach the clinics.
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