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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

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-1b 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 a-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-1b 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-1b, is neuroprotective in diverse rodent

models of cerebral ischaemia [12, 13], excitotoxicity [14]

and trauma [15]. Furthermore, double mutant mice of

IL-1a and IL-1b 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

470 Apoptosis (2009) 14:469–477

123



deprivation in primary neurons, as well as by TNFa in

fibroblasts. However, in vitro evidence suggests that the

extracellular mature IL-1b is most likely one of the factors

promoting cell death under certain conditions as IL-1b
alone is not sufficient to induce cell death. For example, the

addition of mature IL-1b 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-1b. Thus, IL-1b
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-1a 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.

JNK

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 JNK1 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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Jnk1, 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

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

(PARPs).

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 PolII-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, l- 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 TNFa, 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

RIP1. 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 TNFa in ischemic brain injury in vivo is controversial.

On the one hand, neutralization of endogenous TNFa is

reported to reduce infarct volume. However, mice lacking

TNFR1/p55 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-jB

which is pro-survival. On the other hand, lpr mice, lacking

a functional Fas, exhibit a profound reduction of infarct

size. FasL and TNFa may act coordinately in mediating

ischemic brain injury as mice that are doubly deficient for

both TNFa (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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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

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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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

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
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38. Amé JC, Jacobson EL, Jacobson MK (2000) ADP-ribose polymer

metabolism. Oxford University Press, New York

39. Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earn-

shaw WC (1994) Cleavage of poly(ADP-ribose) polymerase by a

proteinase with properties like ICE. Nature 371:346–347. doi:

10.1038/371346a0

40. Yap E, Tan WL, Ng I, Ng YK (2008) Combinatorial-approached

neuroprotection using pan-caspase inhibitor and poly (ADP-

ribose) polymerase (PARP) inhibitor following experimental

stroke in rats; is there additional benefit? Brain Res 1195:130–

138. doi:10.1016/j.brainres.2007.12.024

41. Yu SW, Wang H, Poitras MF et al (2002) Mediation of poly

(ADP-ribose) polymerase-1-dependent cell death by apoptosis-

inducing factor. Science 297:259–263. doi:10.1126/science.107

2221

42. Eliasson MJ, Sampei K, Mandir AS et al (1997) Poly(ADP-

ribose) polymerase gene disruption renders mice resistant to

cerebral ischemia. Nat Med 3:1089–1095. doi:10.1038/nm1097-

1089

43. Endres M, Wang ZQ, Namura S, Waeber C, Moskowitz MA

(1997) Ischemic brain injury is mediated by the activation of

poly(ADP-ribose)polymerase. J Cereb Blood Flow Metab

17:1143–1151. doi:10.1097/00004647-199711000-00002

44. McCullough LD, Zeng Z, Blizzard KK, Debchoudhury I, Hurn

PD (2005) Ischemic nitric oxide and poly (ADP-ribose) poly-

merase-1 in cerebral ischemia: male toxicity, female protection.

J Cereb Blood Flow Metab 25:502–512. doi:10.1038/sj.jcbfm.

9600059

45. Krishnakumar R, Gamble MJ, Frizzell KM, Berrocal JG, Kininis

M, Kraus WL (2008) Reciprocal binding of PARP-1 and histone

H1 at promoters specifies transcriptional outcomes. Science

319:819–821. doi:10.1126/science.1149250

46. Ju BG, Lunyak VV, Perissi V et al (2006) A topoisomerase

IIbeta-mediated dsDNA break required for regulated transcrip-

tion. Science 312:1798–1802. doi:10.1126/science.1127196

47. Xu K, Tavernarakis N, Driscoll M (2001) Necrotic cell death in

C. elegans requires the function of calreticulin and regulators of

Ca(2?) release from the endoplasmic reticulum. Neuron 31:957–

971. doi:10.1016/S0896-6273(01)00432-9

48. Yamashima T, Saido TC, Takita M et al (1996) Transient brain

ischaemia provokes Ca2?, PIP2 and calpain responses prior to

delayed neuronal death in monkeys. Eur J NeuroSci 8:1932–

1944. doi:10.1111/j.1460-9568.1996.tb01337.x

49. Yamashima T (2004) Ca2?-dependent proteases in ischemic

neuronal death: a conserved ‘calpain-cathepsin cascade’ from

nematodes to primates. Cell Calcium 36:285–293. doi:10.1016/

j.ceca.2004.03.001

50. Hong SC, Goto Y, Lanzino G, Soleau S, Kassell NF, Lee KS

(1994) Neuroprotection with a calpain inhibitor in a model of

focal cerebral ischemia. Stroke 25:663–669

51. Degterev A, Huang Z, Boyce M et al (2005) Chemical inhibitor

of nonapoptotic cell death with therapeutic potential for ischemic

brain injury. Nat Chem Biol 1:112–119. doi:10.1038/nchem

bio711

52. Degterev A, Hitomi J, Germscheid M et al (2008) Identification

of RIP1 kinase as a specific cellular target of necrostatins. Nat

Chem Biol 4:313–321. doi:10.1038/nchembio.83

53. Holler N, Zaru R, Micheau O et al (2000) Fas triggers an alter-

native, caspase-8-independent cell death pathway using the

kinase RIP as effector molecule. Nat Immunol 1:489–495. doi:

10.1038/82732

54. Martin-Villalba A, Hahne M, Kleber S et al (2001) Therapeutic

neutralization of CD95-ligand and TNF attenuates brain damage

in stroke. Cell Death Differ 8:679–686. doi:10.1038/sj.cdd.

4400882

55. Teng X, Degterev A, Jagtap P et al (2005) Structure-activity

relationship study of novel necroptosis inhibitors. Bioorg Med

Chem Lett 15:5039–5044. doi:10.1016/j.bmcl.2005.07.077

56. Wang K, Li J, Degterev A, Hsu E, Yuan J, Yuan C (2007)

Structure-activity relationship analysis of a novel necroptosis

inhibitor, Necrostatin-5. Bioorg Med Chem Lett 17:1455–1465.

doi:10.1016/j.bmcl.2006.11.056

57. You Z, Savitz S, Yang J, Degterev A, Yuan J, Cuny GD, Mo-

skowitz MA, Whalen MJ (2008) Necrostatin-1 reduces

histopathology and improves functional outcome after controlled

cortical impact in mice. J Cereb Blood Flow Metab 28:1564–1573

58. Lim SY, Davidson SM, Mocanu MM, Yellon DM, Smith CC

(2007) The cardioprotective effect of necrostatin requires the

cyclophilin-D component of the mitochondrial permeability

transition pore. Cardiovasc Drugs Ther 21:467–469. doi:

10.1007/s10557-007-6067-6

59. Hitomi J, Christofferson DE, Ng A, et al (2008) Identification of a

molecular signaling network that regulates a cellular necrotic cell

death pathway. Cell 135:1311–1323

60. Schreiber SL (1998) Chemical genetics resulting from a passion

for synthetic organic chemistry. Bioorg Med Chem 6:1127–1152.

doi:10.1016/S0968-0896(98)00126-6

Apoptosis (2009) 14:469–477 477

123

http://dx.doi.org/10.1126/science.8080500
http://dx.doi.org/10.1038/371346a0
http://dx.doi.org/10.1016/j.brainres.2007.12.024
http://dx.doi.org/10.1126/science.1072221
http://dx.doi.org/10.1126/science.1072221
http://dx.doi.org/10.1038/nm1097-1089
http://dx.doi.org/10.1038/nm1097-1089
http://dx.doi.org/10.1097/00004647-199711000-00002
http://dx.doi.org/10.1038/sj.jcbfm.9600059
http://dx.doi.org/10.1038/sj.jcbfm.9600059
http://dx.doi.org/10.1126/science.1149250
http://dx.doi.org/10.1126/science.1127196
http://dx.doi.org/10.1016/S0896-6273(01)00432-9
http://dx.doi.org/10.1111/j.1460-9568.1996.tb01337.x
http://dx.doi.org/10.1016/j.ceca.2004.03.001
http://dx.doi.org/10.1016/j.ceca.2004.03.001
http://dx.doi.org/10.1038/nchembio711
http://dx.doi.org/10.1038/nchembio711
http://dx.doi.org/10.1038/nchembio.83
http://dx.doi.org/10.1038/82732
http://dx.doi.org/10.1038/sj.cdd.4400882
http://dx.doi.org/10.1038/sj.cdd.4400882
http://dx.doi.org/10.1016/j.bmcl.2005.07.077
http://dx.doi.org/10.1016/j.bmcl.2006.11.056
http://dx.doi.org/10.1007/s10557-007-6067-6
http://dx.doi.org/10.1016/S0968-0896(98)00126-6

	Neuroprotective strategies targeting apoptotic and necrotic cell death for stroke
	Abstract
	Introduction
	Apoptosis
	Caspases
	JNK

	Necrosis
	Poly(ADP-ribose)-polymerase (PARP)
	Calpains
	Necroptosis

	Summary
	Acknowledgments
	Reference



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


