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Abstract Cerebral ischemia/reperfusion (I/R) injury trig-
gers multiple and distinct but overlapping cell signaling
pathways, which may lead to cell survival or cell damage.
There is overwhelming evidence to suggest that besides
necrosis, apoptosis do contributes significantly to the cell
death subsequent to I/R injury. Both extrinsic and intrinsic
apoptotic pathways play a vital role, and upon initiation,
these pathways recruit downstream apoptotic molecules to
execute cell death. Caspases and Bcl-2 family members
appear to be crucial in regulating multiple apoptotic cell
death pathways initiated during I/R. Similarly, inhibitor of
apoptosis family of proteins (IAPs), mitogen-activated
protein kinases, and newly identified apoptogenic mole-
cules, like second mitochondrial-activated factor/direct
IAP-binding protein with low pI (Smac/Diablo), omi/high-
temperature requirement serine protease A2 (Omi/HtrA2),
X-linked mammalian inhibitor of apoptosis protein-associ-
ated factor 1, and apoptosis-inducing factor, have emerged
as potent regulators of cellular apoptotic/antiapoptotic
machinery. All instances of cell survival/death mechanisms
triggered during I/R are multifaceted and interlinked, which
ultimately decide the fate of brain cells. Moreover, apoptotic
cross-talk between major subcellular organelles suggests that
therapeutic strategies should be optimally directed at
multiple targets/mechanisms for better therapeutic outcome.
Based on the current knowledge, this review briefly focuses
I/R injury-induced multiple mechanisms of apoptosis,
involving key apoptotic regulators and their emerging roles

in orchestrating cell death programme. In addition, we have
also highlighted the role of autophagy in modulating cell
survival/death during cerebral ischemia. Furthermore, an
attempt has been made to provide an encouraging outlook on
emerging therapeutic approaches for cerebral ischemia.
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Introduction

Cerebral stroke is the major leading cause of death and
disability world over. It is estimated that stroke is
responsible for nearly half of all the patients hospitalized
for acute neurological disorders. In practice, stroke usually
referred to a condition caused by the occlusion or
hemorrhage of blood vessels supplying the brain [1]. Focal
ischemia is represented by a reduction in blood flow to a
very specific brain region as in embolic occlusion of the
middle cerebral artery, whereas global ischemia occurs
when cerebral blood flow (CBF) is reduced throughout
most or all parts of the brain as a result of cardiac arrest [2–3],
but in all instances, stroke ultimately involves dysfunction
or loss of brain cells. However, there are significant
differences in the mode of cell death between global and
focal cerebral ischemia. It is suggested that brief periods of
global cerebral ischemia in rodents and humans causes
delayed neuronal death (DND) selectively in hippocampal
CA1 pyramidal neurons [4–8]. Although DND exhibits
distinct morphological features from apoptosis, the molec-
ular machinery involved in the apoptotic process may
contribute significantly to DND [9–10]. Whereas, in focal
cerebral ischemia, most of the cells in the ischemic core
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undergo necrosis, which is characterized by the sudden
reduction of cellular energy and swelling and rupture of
subcellular organelles. The rim of brain tissue that is hypo-
perfused surrounding the core is called ischemic penumbra,
which has the capacity to recover if perfusion is improved
[11–12]. Cell death in the penumbra is considered an active
process largely dependent on the activation of cell death
programs leading to apoptosis [13]. Available evidence
suggests that activation of apoptotic pathways occur in the
penumbra, both in the caspase-dependent and caspase-
independent manner that may contribute to delayed ische-
mic cell death [14–18]. Yet, in the early stages of cerebral
infarction, neurons of the so-called necrotic core display
several characteristics of early apoptosis, which include
cytoplasmic and nuclear condensations and activation-
specific caspase cascades [19]. Although there is a clear
indication of initiation of apoptotic pathway in the core, the
complete morphological changes of apoptosis are not
observed at the end stages of infarction. The abortion of
apoptotic process in the core could be because of the severe
impairment of energy levels that may cause a shift toward
secondary necrosis from apoptosis [20]. In contrast, energy-
dependent caspase activation cascades are observed in the
penumbra, in which apoptosis can fully develop because of
residual blood supply. On the other hand, activated caspases
or calpains eventually cleave the ion pumps, such as plasma
membrane calcium pump (PMCA) and Na+/ Ca2+exchanger
(NCX), which results in the disruption of calcium (Ca2+)
homeostasis that can finally switch apoptotic signaling to
necrosis [21–22]. Thus, it appears that necrosis is a more
complex phenomenon, which can be linked to apoptosis. A
quite simplistic view implies poor prospects regarding cell
survival in the core of the cerebral infarction and therapeu-
tic expectations to control cell death and cell survival in the
penumbra. Many drugs aiming at excitotoxicity and
oxidative stress have failed in clinical trials. Because, the
pathology of ischemic stroke is complex and any approach
targeting a single mechanism may not provide a general
effective therapy for stroke patients. Hence, a detailed
understanding of molecular mechanisms of apoptotic path-
ways may provide a more optimistic picture for future
stroke treatments. Therefore, consistent with the significant
role of apoptosis in the cerebral ischemia, this review
focuses on the multiple mechanisms of cell death pathways
involving key apoptotic regulatory molecules by emphasiz-
ing their role in the context of I/R injury.

Animal Models of Focal and Global Cerebral Ischemia

Focal and global cerebral ischemia represent diseases that
are common in the human population. In this study, we
briefly mention some of the well-established animal models

of global or focal cerebral ischemia. For global ischemia,
the modified four-vessel occlusion model (4-VO) devel-
oped by Pulsinelli and Buchan has been utilized by many
investigators and has been well validated. The 4-VO model
involves blocking of blood flow in both the carotid and
vertebral arteries for a specific time. This technique is
successful in approximately 50 to 75% animals, but the
effects of ischemia vary between animal strains [23].The
two-vessel occlusion (2-VO) model involves temporary
occlusion of carotid arteries, which is also referred as
“severe forebrain ischemia.” In this model, bilateral
common carotid artery occlusion is coupled with systemic
hypotension to produce reversible forebrain ischemia.
Global ischemia causes injury to selectively vulnerable
brain areas such as the CA1 hippocampal region, the
medium-sized neurons in the striatum, and the Purkinje
cells in the cerebellum. The gerbil model of global ischemia
has been widely used for investigations [24–25].

Middle cerebral artery occlusion (MCAO) is the most
commonly used model to study focal cerebral ischemia, in
which middle cerebral artery is occluded either transiently
or permanently. MCAO can be induced by an intraluminal
suture (nylon filament) or with a vascular clip. Focal
ischemia causes injury predominantly to the cortex and the
striatum. These MCAO models have been used extensively
because of their relevance to human embolic stroke.
Although focal cerebral ischemia has been studied in
number of species including rat, dog, cat, rabbit, and
baboon, among these, ischemic changes in rat and mice
have been extensively investigated [2, 26–28].

Mechanisms of Cell Death After Cerebral Ischemia

It is pertinent to briefly outline the pathophysiology of
stroke and possible mechanisms of cellular damage after
ischemic insult, as this will help to streamline the
involvement of various pathways and mode of cell death.
Because we are focusing on apoptotic mechanisms at
present, readers may consult our previous review for more
details regarding excitotoxicity, oxidative stress, and in-
flammatory reactions after I/R [29].

Excitotoxicity and Acidosis

The I/R injury leads to depletion of energy stores leading to
altered cell function by interrupting adenosine tri-phosphate
(ATP)-dependent process, predominantly, the sodium/po-
tassium ATPase (Na+/K+ATPase), leading to disruption of
ionic gradients across the membranes. This causes an
increase in extracellular K+ and an influx of Na+, chloride
(Cl−), and Ca2+ into the cells. The initial increase in
extracellular K+ concentration triggers depolarization and
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reversal of the amino acid transporters. Under these
conditions, both voltage-operated and receptor-operated
Ca2+ channels are activated, leading to an elevation of free
cytosolic Ca2+. A massive release of excitatory amino
acids, particularly glutamate, may derive both from reversal
of glutamate transporters and from Ca2+-dependent exocy-
tosis [30]. Subsequently, binding of glutamate to ionotropic
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors promotes ex-
cessive Ca2+ influx, which triggers a range of downstream
phospholipases and proteases that degrade membranes and
proteins that are essential for cellular integrity. In addition,
ionotropic glutamate receptors promote an excessive influx
of Na+ with concomitant cell swelling and edema. Besides
Ca2+, imbalances in other ions are also important during
ischemia. For instance, large amounts of zinc are stored in
vesicles of excitatory neurons and released simultaneously
upon depolarization. In addition, high intracellular Ca2+

levels cause mitochondrial Ca2+ overload, inhibition of
ATP production, and huge breakdown of phospholipids,
proteins, and nucleic acids by activation of Ca2+-dependent
phospholipases, proteases, and endonucleases. Moreover,
the augmented intracellular Ca2+ further promotes increase
in extracellular glutamate, thus, propagating the excitotox-
icity [31]. The glutamate is released at high concentrations
within the core and penumbral region of the ischemic zone.
The activation of glutamate receptors in these areas leads to
a massive influx of Ca2+, which may activate a variety of
catabolic processes and cause subsequent cell death [32].
Recently, it has been reported that glutamate-induced
neuronal cell death is associated with apoptosis, as
evidenced by characteristic fragmentation of DNA, mor-
phological changes, activation of calpain, and caspase-3, as
well as the upregulation and/or translocation of apoptosis-
inducing factor (AIF) from mitochondria into cytosol and
nuclei. Thus, it suggests that glutamate, at higher concen-
trations, may induce apoptosis, possibly by executing
caspase-dependent and caspase-independent mechanisms
[33]. On the other hand, Nicotera et al. demonstrated that
activated caspase-3 cleave and inactivate the plasma
membrane Ca2+ pump (PMCA) in neurons and nonneuro-
nal cells undergoing apoptosis, which results in further
intracellular Ca2+ overload. Expression of PMCA isoform
that is not cleaved by caspases prevents the disturbance of
Ca2+ handling and slows down the kinetics of apoptosis and
markedly delays secondary necrosis, thus, shifting the
balance of neuronal death from apoptosis to necrosis [21].
In addition, calpains cleave NCX, the major plasma
membrane Ca2+-extruding system during brain ischemia
and in neurons undergoing excitotoxicity. Furthermore,
overexpression of calpastatin (an endogenous calpain
inhibitor) or the expression of NCX2 isoform, which is
not cleaved by calpains, prevents Ca2+ overload and

protects neurons from excitotoxic cell death. Conversely,
suppression of NCX3 by RNA interference sensitizes
neurons to Ca2+ overload and excitotoxicity [22]. Thus,
proteolytic inactivation of NCX-driven neuronal Ca2+

extrusion might play an important role in delayed excito-
toxic Ca2+ deregulation and neuronal death in cerebral
ischemia.

Although it has been widely accepted that intracellular
Ca2+ overload after ischemia is mainly mediated through
glutamate-gated channels, the failure of glutamate antago-
nists in clinical trials has suggested that glutamate-inde-
pendent mechanisms of Ca2+ entry during ischemia might
also exist. Acidosis is a common feature of brain ischemia,
where low pH is assumed to play an important role in the
pathological process [34]. However, the mechanisms
related to how acidosis leads to ischemic brain injury
remains unclear. Xiong et al. have demonstrated that
activation of Ca2+-permeable acid-sensing ion channels
(ASICs), in particular, the ASIC1a subunit, is mainly
responsible for acidosis-mediated, glutamate receptor-inde-
pendent, ischemic brain injury. Indeed, pharmacological
inhibition of ASIC1a channels by amiloride and gene
knockout of ASIC1a both protect the brain from ischemic
injury even in the presence of NMDA blockade [35].
Furthermore, the specific coupling between NR2B subunit
of NMDA receptor and ASIC1a through Ca+2/calmodulin-
dependent protein kinase II has suggested a new direction
for therapeutic strategies against excitotoxic and acidosis-
mediated ischemic damage [36]. Nevertheless, specific
blockade of ASIC1a by the tarantula toxin psalmotoxin
(PcTX) after MCAO has a therapeutic time window of up
to 5 h, far beyond that of glutamate antagonists. Interest-
ingly, PcTX, together with the NMDA blockade has
prolonged the time window of effectiveness of NMDA
blockade [37]. Thus, it indicates that combined inhibition of
both glutamate-mediated exicitoxicity and ASIC1a-mediat-
ed acidosis may prove to be a novel neuroprotective
strategy for stroke patients.

Oxidative Stress

Cerebral ischemia and reperfusion, in particular, are
responsible for oxidative stress because of generation of
free radicals [38], which culminate into deleterious effects
during pathogenesis of ischemia [39–40]. Free radicals can
cause membrane damage through peroxidation of unsatu-
rated fatty acids in the phospholipids comprising the cell
membrane [41]. Furthermore, they can also cause damage
to fundamental cellular components (e.g., nucleic acid
lesions, gene damage, gene repair activity), leading to
subsequent cell death by necrotic or apoptotic mode [42].

The reactive oxygen species (ROS) that are particularly
responsible in oxidative stress include nitric oxide (NO·)
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and superoxide radical anion (O2.−). These two free radicals
react with each other to form the powerful oxidant
peroxynitrite (ONOO−). Other important oxidant species
are hydrogen peroxide (H2O2) and the hydroxyl free radical
(.OH) [30]. Ischemia-induced NO overproduction is, in
part, caused by increase in glutamate-mediated intracellular
Ca2+ concentration, resulting in a calmodulin-dependent
upregulation of nitric oxide synthase (NOS) [43]. The
members of NOS family are large (∼300 kDa) protein
homodimers that catalyse the conversion of L-arginine first
to N-hydroxyl-arginine, and then L-citrulline and NO·. NOS
family comprises three types of nitric oxide synthases, i.e.,
NOS-1 to NOS-3. Cerebral ischemia causes a surge in
NOS-1 (Ca2+-dependent) activity in neurons and, possibly,
glia also, and thought to be secondary to reversal of
glutamate reuptake at synapses, activation of NMDA
receptors, and resulting elevation of intracellular Ca2+.
Whereas increased NOS-3 activity in the vascular endothe-
lium and an increase in NOS-2 activity in ischemic brain
tissue probably derive from a range of infiltrating neutro-
phils and macrophages, activated microglia, and astrocytes.
The activity of all the three forms of NOS has been reported
to increase after I/R. The activity of NOS-1 and NOS-2 is
largely deleterious after I/R, and their inhibition or
inactivation, however, is neuroprotective [44]. Several of
these ROS are produced at low levels during normal
physiological conditions and are scavenged by endogenous
antioxidant systems that includes superoxide dismutase
(SOD), glutathione peroxidase, catalase, and anti-oxidant
vitamins such as α-tocopherol and ascorbic acid. However,
oxidative stress, particularly, becomes harmful in the brain,
when the generation of ROS overrides the ability of the
endogenous antioxidant system to eliminate excess ROS
that subsequently leads to cellular damage (Fig. 1) [45]. After
I/R, production of ROS overwhelms endogenous scavenging
mechanisms and lead to many deleterious effects, including
damage of membrane lipids, peroxidation of docosahexae-
noic acid, a precursor of neuroprotective docosanoids
proteins, cleavage of DNA during the hydroxylation of
guanine, and methylation of cytosine. In addition to the
harmful effects to cellular integrity, ROS can block mito-
chondrial respiration by inhibiting complex enzymes in-
volved in the electron transport chain [46]. Moreover,
oxidative stress facilitates mitochondrial transition pore
formation, which causes increased release of inner and outer
mitochondrial membrane space constituents including apo-
ptosis-related proteins after I/R [47–48]. Furthermore,
endoplasmic reticulum (ER) is also susceptible to oxidative
stress, and oxidative injury to this organelle may be
implicated in neuronal cell death after cerebral ischemia [49].

ROS activate various cell signaling pathways that are
proposed to be involved in regulating cell survival/death,
such as the p38, c-Jun N-terminal kinases (JNK), p53,

extracellular signal-regulated kinases 1/2 (ERK1/2), and
Akt pathways (see later discussion). In addition, ROS can
also activate many transcription factors; particularly, the
nuclear factor-kappa B (NF-κB) regulates cell death/
survival known to be regulated by the redox state of the
cell [50]. However, the activation of NF-κB block by
antioxidant system via inhibiting phosphorylation of IκB in
the serine residue. Moreover, oxidative stress induces the
nuclear translocation of NF-κB without degradation of IκB
[50, 51]. Nevertheless, oxidative damage does not occur in
isolation but participates in the complex interplay between
excitotoxicity, apoptosis, and inflammation in ischemia and
reperfusion [52]. Because oxidative stress involves multiple
post-ischemic cascades leading to cell death, therefore,
effective strategies for the prevention/treatment of ischemic
brain injury is likely to necessitate intervention at multiple
mechanisms.

Inflammation

I/R injury-associated inflammatory reactions that occur at
the blood–endothelium interface are extremely critical to
the pathogenesis of tissue damage (Fig. 2).The major
inflammatory mediators include cytokines, adhesion mole-
cules, chemokines, and leukocytes. In cerebral ischemia,
because of acute diminished CBF, the microvascular
delivery of essential nutrients to the neurons is virtually
prevented and, therefore, neuronal functioning is compro-
mised. After the interruption of CBF, tissue injury begins
with an inflammatory reaction that requires the infiltration
of leukocytes, which are the cellular mediators of subse-
quent microvessel obstruction, edema formation, cellular
necrosis, and tissue infarction [53]. Three classes of cell
adhesion molecules including, i.e., selectins, integrins, and
immunoglobulin super family, mediate leukocyte–endothe-
lial cell interactions. Selectins are glycoproteins and
comprised by P-, E-, and L-selectin. They mediate low-
affinity leukocyte–endothelial cell interactions, thus, pro-
moting the margination and rolling of leukocytes via
binding carbohydrate residues [54–55]. It is suggested that
selectins up-regulate in the endothelial cells and leukocytes
after focal I/R [56–57]. This leads to neutrophil accumula-
tion and subsequent injury to the brain. Moreover, the
blockade of P- and E-selectin with antibodies [55, 57–59],
use of an inhibitor of selectin (sCRsLex), and a synthetic
oligopeptide [60] reduces polymorphonuclear (PMN) leu-
kocyte infiltration and infarct volume, with improvement in
neurologic function and CBF. Thus, leukocyte adhesion
molecules may contribute to neutrophil accumulation and
to ensuing reperfusion injury. However, a comprehensive
understanding of the role of selectins in humans may help
in preventing leukocyte rolling and adhesion, which is an
early step toward brain infarction.
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Moreover, migration of PMN leukocytes may also be
mediated by interaction of adhesion molecules with
leukocytes expressing β2-integrin CD11b/CD18 (Mac-1)
and CD11a/CD18 (LFA-1) on their surface [61–63]. These
cells get accumulated in the microvessels of the penumbral
region and leads to additional disruption of microcirculation
[64]. Interestingly, mice deficient in Mac-1 are less
susceptible to I/R injury [65], and antibodies directed
against CD18, CD11b, intracellular adhesion molecule-1
(ICAM-1), or Mac-1 reduce leukocytes accumulation and
subsequent infarction after cerebral ischemia [66–69].
However, the animal data suggesting the crucial role of
the β-2 integrin in cerebral ischemia does not show promise
in human clinical trials using antibodies against Mac-1 [59].

The members of the immunoglobulin super gene family,
comprising ICAM-1 and ICAM-2, platelet–endothelial cell
adhesion molecule-1 (CD31), mucosal addressin cell
adhesion molecule-1 (CD146), and vascular cell adhesion
molecule-1 (CD106), are expressed on activated endothelial
cells and play various roles in adhesion and serve as ligands
for integrins. Among them all, ICAM-1 has raised
significant interest as a mediator of leukocyte–endothelial
cell adhesion and postischemic “no-reflow” phenomenon
[64, 70]. As evident, the expression of ICAM-1 has been
found to increase in both rodents [61] and human brains
after I/R [71], and its increased expression may be linked to
the accumulation of PMN leukocytes in microvessels of
infarcted regions [72]. The functional importance of ICAM-
1 is further demonstrated by the fact that ICAM-1-deficient

mice have smaller infarction [73, 74]. Moreover, ICAM-1
protein knockdown and treatment with anti-ICAM-1 anti-
body reduces neutrophil accumulation, apoptosis, and
ultimately, brain damage after cerebral ischemia [69, 75–76].
Interestingly, administration of anti-inflammatory agent
ibuprofen showed a significant reduction in brain damage
after MCAO [77].

However, the expression of cell adhesion molecules
requires prerequisite intracellular mechanisms in which
cytokines play a significant role. Cytokines, such as
interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α
(TNF-α) are produced by a variety of activated cell types,
including endothelial cells, platelets, leukocytes, and
fibroblasts, and serve as important mediators of inflamma-
tory responses in cerebral ischemia [78, 79]. Existing
evidence suggests that expression of IL-1 increases after
transient or permanent cerebral ischemia in microglia,
astrocytes, and neurons [80–82]. It has been demonstrated
that IL-1 causes upregulation of E-selectin, ICAM-1,
ICAM-2, and vascular cell adhesion molecule-1 on the
surface of cerebral endothelial cells [83–87]. Similarly, the
increased messenger RNA (mRNA) level of TNF-α has
been detected in rats after focal cerebral ischemia and in the
cerebrospinal fluid of ischemic stroke patients [88, 89].
Moreover, the blockade of IL-1 receptor decreased the
number of necrotic neurons and brain damage after cerebral
ischemia [86, 87]. Whereas, the blockade of TNF-α by
TNF-binding proteins reduces the DNA fragmentation and
brain damage after cerebral ischemia [90].
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Matrix metalloproteinase (MMP) family is involved in
the degradation, and remodeling of the extracellular matrix
may also mediate breakdown of blood brain barrier (BBB)
and is proinflammatory after transient focal cerebral
ischemia. Increase in MMP-2 levels seems to cause an
early opening of BBB, whereas increase in MMP-9 levels
has been significantly associated with hemorrhagic trans-
formation in nonhuman primates [91]. Similarly, increased
expression of MMP-2 and MMP-9 are also observed in
human stroke patients [92]. A recent study demonstrated
that I/R lead to the release and activation of MMP-9 from
neutrophils that are recruiting to the postischemic brain.
This neutrophil-derived MMP-9 exhibits self-amplifying
proinflammatory effects that trigger further neutrophil–
endothelial adherence, neutrophil plugging of capillaries,
and diapedesis into brain parenchyma. Therefore, specific
inhibition of neutrophil degranulation or the activation of
MMP-9 release by neutrophils may be a feasible therapeu-
tic approach to limit secondary vascular and parenchymal
injury after transient focal ischemia [93]. In addition, NF-
κB, a dimeric transcription factor, is also involved in the

regulation of inflammation. NF-κB heterodimer is com-
posed of subunits Rel A (p65) and p50. NF-κB normally
situate in the cytoplasm bound to its endogenous inhibitor
protein, known as inhibitory kappa B (IκB). IκB kinase
(IKK), an upstream, leads to phosphorylation of IκB at −32
and −36 serine residues. This liberates NF-κB and allows it
to translocate to the nucleus and bind to κB sites, specific
domains within the promoters of downstream genes, to
activate their transcription. Many genes involved in
inflammation contain functional κB sites, such as TNF-α,
ICAM-1, cyclooxygenase-2 (COX-2), inducible NOS, and
interleukin-6 (IL-6). It has been found that IKK and NF-κB
activation correlate very well to the anti-inflammatory
effect of mild hypothermia after experimental stroke [94].
However, the function of NF-κB in the stroke pathophys-
iology is yet to be clearly elucidated.

Inflammatory Caspases: Switch to Apoptosis?

It is well known that caspase-1 plays a key role in
inflammatory pathways, but the possible role of caspase-1
in neuronal cell death is not yet understood clearly.
However, one study reported that upregulation of recep-
tor-interacting protein-2 (Rip2/cardiac/Rick) mediates acti-
vation of caspase-1 in hypoxia and ischemia-induced
neuronal cell death [95]. Furthermore, activated caspase-1
generates truncated Bid (tBid) that leads to the release of
apoptogenic factors including cytochrome c, AIF, and
Smac/Diablo from the mitochondria [95]. Thus, it suggests,
cleavage of Bid as an important downstream effector of
caspase-1 and provides evidence that caspase-1 may also be
involved in mitochondrial-mediated apoptotic pathway
[95]. On the other hand, Benchoua et al. [96] suggested
that cathepsin B triggers the activation of proinflammatory
caspases in focal cerebral ischemia. As activation of
cathepsin B is observed concurrently to the activation of
proinflammatory caspases, i.e., caspase-1 and caspase-11.
Moreover, both of these caspase activation cascades
colocalized with the cathepsin B in the cells of infarcted
core. Furthermore, inhibition of cathepsin B protects
cortical structures from ischemic damage [96]. Thus, it
suggests that activated cathepsin B triggers the activation of
proinflammatory caspases, and this pathway may probably
be involved in promoting inflammatory responses and/or by
amplifying the apoptotic process after cerebral ischemia.

Apoptosis

Programmed cell death (PCD) has a critical role during
development and in normal cellular homeostasis. Kerr et al.
[97] suggested that apoptosis is an energy-dependent,
programmed form of cell death and described the morpho-
logical features as cell shrinkage, membrane blebbing,
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chromatin condensation, and DNA fragmentation. Howev-
er, dysregulation of this process is implicated in various
diseases ranging from cancer and autoimmune disorders to
neurodegenerative diseases and ischemia. Experimental
animal models such as focal or global cerebral ischemia
have suggested the involvement of cell survival/death
signaling pathways in the pathogenesis of cerebral ischemia
[98]. The morphological and biochemical evidences of
apoptosis have been well documented in experimental
animal models of ischemic brain injury. The most convinc-
ing morphological evidence of post-ischemic neuronal
apoptosis was detected at early hours after the onset of an
ischemic insult in the penumbra and during reperfusion
[99–103].

Although PCD has often been equated with apoptosis,
nonapoptotic forms of cell death also exist, which do not
fulfill the criteria for apoptosis [104]. For instance, non-
apoptotic forms of cell death, such as autophagy, necrop-
tosis characterized by necrotic cell death morphology, and
activation autophagy, have been described, which might
contribute to delayed ischemic brain injury [105]. Never-
theless, PCD generally denotes any cell death that is
mediated by the intracellular death program no matter what
initiates it and whether or not it displays all of the
characteristic features of apoptosis, but the term apoptosis
retains its historical strength in describing a phenomenon
with a set of characteristic features [106]. On the other
hand, transient forebrain ischemia induces DND, selective-
ly in the CA1 sector pyramidal cells of the hippocampus
[9]. Although DND exhibits distinct morphological fea-
tures, it shares some morphological aspects with apoptosis,
i.e., formation of apoptotic bodies and chromatin conden-
sation, but less as compared to typical apoptosis, etc. [107].
Moreover, the molecular machinery involved in apoptosis
seems to play a significant role in DND. For example,
activation of caspase-3 has been observed in mediating
DND in the CA1 neurons of the hippocampus after
ischemia, and inhibitors of caspase-3 have offered neuro-
protection [9, 108]. However, detailed molecular mecha-
nisms underlying DND in cerebral ischemia remains to be
elucidated.

Caspase and Bcl-2 Family Members: The Crucial
Regulators of Apoptotic Pathways

Caspases

The characteristic morphological changes observed by Kerr
et al. are caused by a set of cysteine aspartic acid proteases
(caspases) that are responsible for apoptosis in mammals
[109]. So far, 14 mammalian caspases have been identified;
at least eight of them play an important role during

apoptosis [110]. There are two types of apoptotic caspases:
initiators (e.g., caspase-8, caspase-9, and caspase-10) and
executors (e.g., caspase-3 and caspase-7). The initiator
caspases exist as monomers and interact with the other
proteins by means of caspase activation and recruitment
domain (CARD), or death effector domain (DED), which
leads to their activation. Furthermore, activated initiator
caspases cleave inactive forms of effector caspases, thereby,
activating them. In turn, the activated effector caspases
cleave other protein substrates in the cell, which contribute
to the apoptotic process [111, 104].

The importance of caspases in developmental neuronal
death is well established. Studies in caspase knockout mice
have provided indisputable evidence for a crucial role of
caspases in neuronal cell death. Caspase-3 and caspse-9 are
the two major caspases involved in apoptosis that leads to
neuronal cell death. Mice lacking both caspase-3 and
caspase-9 show severe defects in neuronal cell death, such
as lack of apoptosis in neuroepithelial progenitor cells
during development [112, 113]. Similarly, apoptotic prote-
ase activating factor-1(Apaf-1)-null mice also exhibit
reduced apoptosis in the brain during late embryonic
development [114]. Thus, it suggests that mitochondrial-
mediated apoptotic pathways may be involved in regulating
neuronal cell death in the developing brain. In addition, a
recent literature discusses a new role for caspases in
‘neuronal plasticity’ under physiological conditions, when
activated at sublethal levels [115]. However, some caspases
such as caspase-11 and caspase-12 get activated only under
pathological conditions [116, 117]. As evident, cortical
neurons deficient of caspase-12 are more resistant to
apoptosis than the wild type, whereas caspase-12-deficient
mice do not exhibit any obvious developmental or
behavioral defects [117].

There is large body of evidence suggesting that cerebral
ischemia can cause activation of caspases. For instance,
upregulation and activation of caspases-3 have been found
to precede neuronal cell death in animal models of focal
and global cerebral ischemia [108, 118–120, 121–125].
Studies in humans have also provided the evidence of
caspase activation after cerebral ischemia. For instance,
increased level of procaspase-3 is observed within hours of
strokes resulting from permanent atherothrombotic arterial
occlusion, whereas both the activated caspase-3 and
cleaved poly(ADP-ribose) polymerase (PARP) are detected
only several days after cardiac arrest with reperfusion,
suggesting that caspase-3 is likely to contribute for DND in
clinical settings [126, 127].

Influence of Age on Caspase-Mediated Apoptosis

The ‘age aspect’ may play an important role in the
regulation of apoptotic mechanisms after cerebral ischemia.
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The key apoptotic regulatory molecules involved in
caspase-mediated neuronal cell death such as caspase-3,
Apaf-1, and Bax are found to be down-regulated during
development and declines in parallel with the physiological
PCD [128–131]. Accordingly, both the immature and
mature brains subjected to hypoxia–ischemia has resulted
into a dramatic increase in caspase-3 activity in immature
brains as compared to slight increase in mature brain [128,
132]. Thus, it not only cast doubt on the role of caspase-
mediated apoptosis in the adult brain but also indicates that
additional or caspase-independent pathways (e.g., AIF) of
neuronal cell death exist.

Bcl-2 Family

The Bcl-2 family of proteins plays a crucial role in the
regulation of intracellular apoptotic signal transduction. This
gene family includes both anti-apoptotic, e.g., Bcl-2, Bcl-xL,
etc., and pro-apoptotic proteins, e.g., Bax, Bak, Bad, etc.,
that contain one or more Bcl-2 homology (BH) domains
(Fig. 3). The major anti-apoptotic members Bcl-2 and Bcl-
xL are localized on the mitochondrial outer membrane and
to the ER and perinuclear membrane [133]. In the central
nervous system, Bcl-2 is expressed at a high level during
development and down-regulates after birth, whereas, in the
peripheral nervous system, the expression of Bcl-2 is
maintained throughout the life, and its deletion causes
profound loss of peripheral motor, sensory, and sympathetic
neurons after birth [134–136]. On the other hand, Bcl-xL is
also expressed in the developing brain, and its expression
continues to increase into adult life [137]. Mice lacking
Bcl-xL exhibit massive apoptotic death of immature
neurons throughout the developing nervous system [138].
Likewise, Bcl-w that is expressed at high levels in adult
brain plays a significant role in maintaining sensory neuron
survival at later stages as compared to Bcl-xL [139]. Thus,
it appears that Bcl-2, Bcl-xL, and Bcl-w are crucial for the
maintenance of neuronal survival. The Bcl-2 and Bcl-xL act
by inhibiting pro-apoptotic Bcl-2 family members through
heterodimerization, e.g., Bax [140, 141]. Bax is widely
expressed in the nervous system [142], and Bax-deficient
mice displayed increased number of neurons in superior
cervical ganglia and facial nuclei. Furthermore, the Bax-

deficient neonatal sympathetic and facial motor neurons are
more resistant to cell death induced by nerve growth factor
deprivation and axotomy, respectively. Thus, the activation
of Bax appears to be crucial for neuronal cell death induced
by trophic factor withdrawal and injury [143]. The
interaction between Bax and Bcl-xL clearly regulates
immature neuronal apoptosis during development, as the
absence of Bax completely abrogates the increased neuro-
nal apoptosis observed in the Bcl-xL-deficient nervous
system [144]. Thus, Bax might be crucial for neuronal cell
death during development.

In rodent models of stroke, post-ischemic alterations in
the expression of Bcl-2 family members, including in-
creased expression of Bax and reduced expression of Bcl-2
and Bcl-w are found both in the ischemic core and in the
penumbra of the infarct [17]. Conversely, the increased
expression of Bcl-2, Bcl-xL, or Bcl-w observed in ischemic
areas may reflect an adaptive response of surviving neurons
to ischemic insult [145–149]. An increased expression of
Bim, BNip3, and Puma has been reported in ischemia,
suggesting a possible role for BH3-only proteins in
neuronal apoptosis [150–152]. In addition, the overexpres-
sion of BAG1 and Bcl-2, and deficiency in Bax and Bid
have been shown to attenuate ischemia-induced damage
[17, 153, 154]. These evidences clearly point that poten-
tially effective treatment strategies that target the Bcl-2
family proteins may be beneficial.

Major Apoptotic Signaling Pathways Involving Key
Regulatory Molecules

The major pathways involved in apoptotic signaling may be
classified into extrinsic and intrinsic. A schematic view of
apoptotic cascades employed by both extrinsic and intrinsic
pathways is shown in Fig. 4.

Extrinsic Pathway

Death-Receptor-Mediated Apoptosis

Death receptors belong to tumor necrosis factor receptor
(TNFR) super family and include Fas, also referred to as
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Fig. 3 Schematic illustration of functions of different domains of Bcl-2 family
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CD95 or Apo1; and TNFR1, also referred to as p55 or
CD120a, DR3, DR4, and DR5, all of which contain the
death domain (DD) in their intracellular region to recruit
downstream apoptotic proteins. The Fas has become
paradigm for the study of death-receptor-mediated apopto-
sis [155]. Fas ligand (FasL) is a homotrimeric molecule,

and each FasL trimer binds three Fas molecules. Upon
binding to the trimeric FasL, Fas receptor forms micro-
aggregates at the cell surface, allowing adaptor molecule
Fas-associated death domain (FADD) to be recruited to its
cytosolic tail by a multistep mechanism [156]. FADD
contains a DED in its N-terminal region that interacts with

Fig. 4 Schematic overview showing the basic apoptotic signal
transduction pathways (extrinsic and intrinsic). In the extrinsic
pathway, upon stimulation, death receptor (e.g., Fas) ligation results
in formation of multiprotein DISC that includes the receptor adaptor
(e.g., FADD). DISC is the site of activation for procaspase-8, where it
attains its active form by oligomerization. Caspase-8 can directly
activate caspase-3, an effector caspase; on the other hand, it also
cleaves proapoptotic Bid into tBid, which trnaslocates to mitochondria
to execute apoptosis. In the intrinsic pathway, excessive influx of
calcium into intracellular space causes disruption of normal homeo-
stasis, which affects the function of subcellular organelles such as
mitochondria and ER. Altered activity of protein phosphatase (e.g.,
calcineurin) causes translocation of BAD to promote mitochondrial
apoptotic pathway. The release of cytochrome c from mitochondrial
intermembrane space results in caspase-3 activation via apoptosome

complex. The activity of caspases is negatively regulated by IAPs,
XIAP, etc., whereas Smac/Diablo neutralizes their effect. The AIF
releases from mitochondria and translocates to the nucleus. ER
undergoes stress upon depletion of calcium from its lumen. ER stress
induces activation of caspase12, which is specifically localized to the
ER membrane and may be essential for ER stress-induced apoptosis
with further activation of caspase-9 and caspase-3. Both the caspase-7
and tumor necrosis factor receptor-associated factor-2 (TRAF-2)
activate caspase-12 in vitro. Moreover, efflux of calcium from ER
might trigger secondary activation of mitochondria. Anti- and pro-
apoptotic Bcl-2 family members are localized to both the mitochon-
dria and the ER. Caspases cleave key structural components of the
cytoskeleton and nucleus. The CAD is responsible for internucleoso-
mal cleavage of DNA, which is a characteristic feature of apoptosis
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the DED in the prodomain of procaspase-8 and recruits
caspase-8 to Fas. Fas, FADD, and procaspases-8 form
death-inducing signaling complex (DISC), in which the
initiator caspase-8 is activated. Procaspase-8 has weak
proteolytic activity, which is enhanced by oligomerization
within the DISC. Activated caspase-8 releases into the
cytoplasm and initiates further downstream caspase cascade
[157, 158].

The available evidence suggests that receptor-mediated
activation of caspases may participate in ischemic brain
damage. The activation of caspase-8 has been documented in
some studies on experimental brain ischemia [159]. Release
of TNF-α by neurons and glia [160–162] and upregulation
of Fas mRNA and protein levels have been observed in the
vulnerable areas after hypoxic ischemic injury. Moreover, a
marked increase in the Fas-L expression is found in the
penumbral region during early reperfusion after MCAO
[17]. This strongly suggests that upregulation of death
receptors may lead to assembly of DISC and the activation
of procaspase-8 after focal cerebral ischemia [159, 163, 164].
Furthermore, BH3-only death-promoting factor, Bid, is
involved in TNF/Fas family death-receptor-mediated extrin-
sic pathway. Activated caspase-8 leads to the cleavage of Bid
to activated form, i.e., tBid. Then, the tBid targets to the
mitochondrial membrane, and through conformational
changes in Bax, it triggers cytochrome c release that may
finally lead to activation of caspase-3 [165, 166].

Intrinsic Pathway

Mitochondria-Mediated Apoptosis

Mitochondria are involved in both the necrosis and
apoptotic pathways, which depend on the severity of the
insult or nature of the signaling pathways. Severe insults of
cerebral ischemia render mitochondria dysfunctional for
ATP production. Although caspase-dependent apoptosis
requires ATP, a sudden decrease in ATP levels can
alternatively induce necrotic cell death [167, 168]. In vitro
studies demonstrate that various cellular or biochemical
pathways are involved in mitochondrial-mediated apoptotic
signaling. After death stimuli, mitochondria may become
permeabilized, which causes the release of cytochrome c,
procaspase-9, and Apaf-1 from its intermembrane space. In
the presence of ATP/dATP, cytochrome c binds to the WD-
40 domain of Apaf-1 and promotes Apaf-1 oligomerization,
leading to the formation of Apaf-1 and cytochrome c
multimeric complex. Procaspase-9 gets recruited to Apaf-1
and cytochrome c complex in 1:1 ratio through interaction
between N-terminal CARD domain of Apaf-1 and that of
caspase-9. Consequently, the procaspase-9 molecules ap-
proach each other and are activated by autocleavage. This
holoenzyme is referred to as apoptosome, a very large

complex of approximately 700 kDa [169–171] that initiates
further downstream apoptotic cascade.

The involvement of mitochondria-mediated apoptotic
pathway is supported by the observations of cytochrome c
release from the mitochondria to the cytosol, both after
transient and permanent cerebral ischemia [123, 172, 173–
175]. Moreover, release of caspase-9 from the mitochondria
[176], formation of caspase-9/Apaf-1 complex [177], and
activation of capase-3 by caspase-9 [178] all strongly
suggest the active role of mitochondria-mediated apoptotic
pathway involving caspases after cerebral ischemia. Induc-
tion of internucleosomal DNA fragmentation is character-
istic manifestation of apoptosis that occurs concurrently
with neuronal cell death in vulnerable brain regions after
ischemia [14, 179–181]. It has been suggested that caspase-
3 may be the key executioner of nuclear degradation in
ischemic neurons and contributes to DNA fragmentation,
possibly by activation of caspase-activated deoxyribonucle-
ase (CAD) [182–183]. The induction of deoxyribonuclease
activity correlated with caspase-3 activation and caspase-3-
mediated degradation of the inhibitor of caspase-activated
deoxyribonuclease. Furthermore, inhibition of caspase-3-
like activity diminishes CAD activation and prevents DNA
fragmentation. Therefore, these results suggest that caspase-
3-dependent CAD activity may play an important role in
DNA fragmentation after I/R [184]. In addition, over-
expression of superoxide dismutase 1 (SOD1) protects
neurons against ischemic damage by attenuating mitochon-
drial release of cytochrome c and second Smac, which
causes reduced caspase activation, hence, reduced apoptosis
[185]. Thus, it appears that mitochondrial pathway of
caspase activation may play an important role in neuronal
cell death after ischemia. However, the activity of caspases
is negatively regulated by IAPs, X-linked mammalian
inhibitor of apoptosis protein (XIAP), etc., whereas Smac/
Diablo neutralizes their effect.

On the other hand, the Bcl-2 family proteins play a
crucial role in intracellular apoptotic signal transduction by
regulating the mitochondrial membrane permeability. [133].
Increased levels of proapoptotic Bax and its translocation
seems to be important for neuronal apoptosis [186–188]. A
rapid translocation of cytosolic Bax to the mitochondria has
been observed after cerebral ischemia, where it interacts
with the mitochondrial adenine nucleotide translocator and
the voltage-dependent anion channel. Moreover, the release
of cytochrome c and caspase-9 from mitochondria coin-
cides with the temporal and regional distribution of Bax
[174]. Conversely, an extensive literature documents the
capacity of anti-apoptotic Bcl-2 and Bcl-xL to block cell
death after cerebral ischemia [189, 190]. Zhao et al. [191]
demonstrated the overexpression of Bcl-2 to be protective
against neuronal loss within the ischemic margin after
experimental stroke, and this protection was accompanied
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by reduced cytochrome c translocation to the cytosol and
reduced activation of caspase-3. Similarly, overexpression
of Bcl-xL inhibited mitochondrial hyperpolarization and
cytochrome c release during neuronal apoptosis [192].
Thus, it strongly suggests the importance of Bcl-2 family
proteins in the regulation of mitochondrial permeability
after cerebral ischemia.

Bad also plays a critical role in the regulation of cell
death/survival in cerebral ischemia. It resides as an inactive
complex with the molecular chaperone 14–3–3 via the
phosphorylation of four serine residues [193, 194]. During
apoptotic stimuli, Bad gets dephosphorylated, dissociates
from 14–3–3, and translocates to the outer mitochondrial
membrane, where it subsequently dimerizes with Bcl-xL to
promote mitochondrial cytochrome c release [193, 195,
196]. Such cascades of events are also observed in the early
stages after MCAO [197]. However, some pathways inhibit
the pro-apoptotic functions of Bad after cerebral ischemia.
The transforming growth factor-β1 (TGF β1) suppresses
Bad activity by phosphorylation of the Ser-112 residue of
Bad and by the activation of ERK pathway [198]. In
addition, Akt and PKA pathways are also involved in the
phosphorylation of Bad and its binding to 14–3–3 in
surviving neurons after I/R [199]. Interestingly, a recent
report suggests that signal predominance varies from
phosphatidylinositol-3-kinase (PI3-K)/Akt-mediated surviv-
al signaling to JNK-mediated death signaling (also involved
in Bad activation) with the degree of neuronal damage after
cerebral ischemia [200]. Thus, Bad seems to serve as a
molecular switch between cell survival and cell death
signaling pathways after cerebral ischemia.

ER-Mediated Apoptosis

ER is emerging as an important source of apoptotic
signaling, as ER stress-induced apoptosis is associated with
a range of diseases including neurodegenerative disorders,
diabetes, cerebral ischemia, etc. [201]. However, the precise
mechanism(s) of ER-mediated cell death signaling in
cerebral ischemia is yet to be understood completely.

The ER is an intracellular organelle that plays an
important role in the maintenance of intracellular Ca2+

homeostasis and proper folding of newly synthesized
secretory and membranous proteins [202]. Cellular stress
conditions, such as glucose deprivation, depletion of ER
store Ca2+, exposure to free radicals, and accumulation of
unfolded/misfolded proteins, disrupt the proper function of
ER and initiates unfolded protein response (UPR) to cope
with this adverse situation [202–204]. UPR is characterized
by the activation of three ER transmembrane effector
proteins: PKR-like ER kinase (PERK), inositol-requiring
enzyme 1 (IRE1), and the activating transcription factor-6
(ATF-6). In the physiological state, all three effectors bind

to the ER chaperone glucose-regulated protein (GRP78) on
their luminal domains; thus, GRP78 acts to suppress their
activity [205, 206]. Under conditions of ER stress, when
misfolded proteins accumulate in the ER lumen, GRP78
dissociates from the PERK, ATF-6, and IRE1, allowing
their activation. The disassociated GRP78 binds to the
unfolded proteins to assist in refolding. On the other hand,
activated PERK phosphorylates eukaryotic initiation factor
2α (eIf2α) to avoid further accumulation of proteins by
suppressing protein synthesis but also leads to the paradox-
ical increased translation of activating transcription factor-4
(ATF-4) and C/EBP homologous protein/growth arrest and
DNA damage-inducible gene 153 (CHOP/GADD153)
[207]. Expression of CHOP/GADD153 mRNA serves as a
hallmark of ER stress, whereas both ATF-4 and CHOP/
GADD153 are involved in apoptosis [207, 208–210].
Activated ATF6 (90 kDa) translocates to the golgi
compartment, where it is split by proteases into the active
form (50 kDa), and the activated ATF-6 translocates to the
nucleus and binds the ER stress-response element (ERSE)
promoter sequence and functions as transcription factor for
ER-resident proteins such as GRP78, GRP94, etc. [211–213],
whereas activated IRE1α (the ubiquitous isoform) cleaves a
sequence of 26 bases from the coding region of x-box-
binding protein-1 (XBP-1) mRNA and the transfer RNA
ligase-gated transcript that leads to enhanced translation of
XBP-1 protein, a transcription factor for ER-resident
enzymes and chaperones. The XBP-1-binding protein is
also an ERSE-binding transcription factor with overlapping
binding specificity to ATF-6 [207]. In addition, active IRE1
α has been shown to be involved in the activation of
caspase-12 [214]. However, prolonged ER stress accompa-
nied by failure of adaptive response may lead to apoptotic
signaling.

An interesting hypothesis put forward that cerebral
ischemia causes ER dysfunction, which may play a major
role in the pathological process resulting in neuronal cell
death [215]. Accumulation of unfolded proteins in the ER
lumen [216], phosphorylation of eIf2α [217, 218], inhibi-
tion of protein synthesis [204, 219], depletion of Ca2+ from
ER stores [202], activation of CHOP/GADD153 expression
[220], and activation of caspase-12 [221, 222], all suggest
the crucial role of ER in neuronal cell death signaling after
cerebral ischemia. At present, exact signaling mechanisms
underlying ER stress-induced apoptosis is poorly understood.

Although the activation of caspase-12 has been docu-
mented in rodent models of cerebral ischemia, the question
of whether or not a human isoform of caspase-12 exists
remains controversial [223]. However, despite the con-
troversial role of caspase-12 in humans, a recent study
demonstrated that ER stress and caspase-12 activation has
been implicated in neurodegeneration in Creutzfeldt–Jakob-
disease-affected individuals, and the activation of caspase-
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12 correlates with the higher levels of ER molecular
chaperones GRP58, GRP78, and GRP94 expression [224].
Moreover, human caspase-4, which plays a key role in ER
stress-induced apoptosis, might functionally substitute for
mouse caspase-12 in human system [225]. On the other
hand, overexpression of CHOP/GADD153 induces apopto-
sis via inhibition of Bcl-2 [226, 227]. It is noteworthy that
Bcl-2 family proteins modulate ER Ca2+ homeostasis and
control cell death induced by ER stress agents [228].
Moreover, neurons lacking CHOP showed resistance to
hypoxia–reoxygenation-induced apoptosis than the wild
type [229]. Thus, it indicates that CHOP induction may
be involved in ischemia-induced neuronal cell death
pathway. Hence, there is an emerging need to study the
basic molecular mechanisms underlying I/R-induced ER-
mediated cell death/survival signaling pathways.

Although the apoptotic stimuli may undergo one of the
above-mentioned pathways, these distinct pathways are
cross-linked with each other. The death-receptor-mediated
apoptotic pathway cross-link with mitochondrial-mediated
apoptosis through cleavage of Bid by activating caspase-8.
On the other hand, a close contact between ER and
mitochondria appears to play an important role in the
pathogenesis of neuronal cell death.

Cross-Talk Between ER and Mitochondria

The exposure of cells to apoptotic agents that disturb ER
functions reveals a novel crosstalk between ER and
mitochondria. Pretreatment with tunicamycin, a drug that
blocks the ER-resident protein glycosylation, also affected
cytochrome c release from the mitochondria, followed by
caspase-3 activation and DNA fragmentation. Moreover,
both cytochrome c released from the mitochondria and
caspase-3 activation blockade occurs when cells are trans-
fected with Bcl-2 specifically targeted to the ER compart-
ment [230].

Recently, it has been demonstrated that a caspase
cleavage product B-cell-associated protein 31 (BAP31), an
integral membrane protein of ER, induces mitochondrial
fission through ER Ca2+ signals, enhancing cytochrome c
release to the cytosol [231]. BAP31 contains three predicted
transmembrane domains, followed by a leucine zipper and
a death effector domain-like (DED-L) region that associates
with certain isoforms of procaspase-8 in the cytosol.
Caspases cleave the cytosolic tail of BAP31 that exhibits
apoptotic features, whereas overexpression of full-length
BAP31 blocks the Fas-mediated apoptosis. In addition,
BAP31 also binds to Bcl-2 and Bcl-xL [228]. Although the
role of BAP31 in cerebral ischemia remains unexplored,
these observations suggest that apoptotic cross-talk between
the ER and the mitochondria might be associated with the
pathological states of the brain.

The temporal profile of ER and mitochondrial dysfunc-
tion induced by transient cerebral ischemia suggests that
ER dysfunction may be a process upstream of mitochon-
drial dysfunction. Phosphorylation of PERK and eIF2α
during the early reperfusion after transient cerebral ische-
mia indicates ER dysfunction to be an early pathological
process. Moreover, mitochondrial cytochrome c release has
not seen before 2 h of reperfusion, implying that ER
dysfunction does precede impairment of mitochondrial
function [232]. However, a recent study on HeLa cell line
has shown that, at early stages of apoptosis, cytochrome c
translocates to the ER, where it selectively binds IP3R,
resulting in a sustained increase of cytosolic Ca2+ [233]. In
agreement with the above observations, inositol 1,4,5-
trisphospate receptor 1 (IP3R1) and ryanodine receptors
get activated after global cerebral ischemia by cytochrome
c, resulting in Ca2+ efflux from ER [234]. Thus, it is
possible that ER stress triggers a set of reactions leading to
leakage of cytochrome c from the mitochondria that further
stimulates ER receptors to release more Ca2+, resulting in a
positive feedback loop. Sanges and Marigo reported that
ER stress inducers cause co-activation of AIF and caspase-
12 and their subsequent re-distribution to the nucleus [235].
Furthermore, reduction in the AIF or caspase-12 expression
by RNA interference revealed that AIF primarily controls
apoptosis caused by changes in Ca2+ homeostasis but not
necessary for protein misfolding apoptosis, whereas cas-
pase-12 seems to regulate both AIF activation and PCD
[235]. Thus, it suggests a novel apoptotic crosstalk between
the ER and the mitochondria that might be linked to the
pathogenesis of cerebral ischemia.

Other Intrinsic Apoptotic Regulators

Calpains

Calpains belong to cysteine proteases family, which may be
involved in mediating both acute and chronic neuronal cell
deaths along with caspases [236]. In the brain, the gating of
post-synaptic glutamate receptors and other membrane
channels trigger intracellular Ca2+ overload and calpain
activation [237]. The mechanism of calpain-mediated
signaling cascade induced by cerebral ischemia is still
unclear. However, it has been demonstrated that calpains
may be responsible for cleaving of procaspae-12 and loop
of Bcl-xL, therefore, turning antiapoptotic Bcl-xL into
proapoptotic. This suggests a novel apoptotic pathway
involving Ca2+-mediated calpain activation and crosstalk
between calpain and caspase family [238]. In addition,
calpains also process p53, amyloid-β peptide, and tau
proteins (involved in Alzheimers), indicating their apoptotic
regulatory role [239].
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Moreover, several classes of synthetic calpain inhibitors
have been used as potential therapeutic agents to prevent
neurodegeneration in various models of central nervous
system (CNS) injuries, including focal cerebral ischemia.
Calpastatin is the only natural protein inhibitor of calpain,
and transgenic mice overexpressing calpastatin have been
useful for clarifying the role of the calpain system in brain
injury and degeneration [240]. As limited knowledge is
available on the role of calpain-mediated cell death, hence,
extensive investigation using calpain inhibitors in vivo and
proper understanding of calpains crosstalk with other
apoptotic regulatory molecules will certainly help to
unravel its key role after cerebral ischemia.

p53-Mediated Apoptosis

The p53 is a tumor suppressor gene involved in the
regulation of apoptosis in several death paradigms. It plays
an essential role in preventing the propagation of DNA-
damaged cells and controlling aberrant cell cycle regulation
during oncogenesis. If repair is not successful, p53 may
initiate cell death by apoptosis in a dose-dependent manner,
thus, preventing the propagation of genetic defects. Several
reports strongly suggest that p53 has been implicated in the
regulation of cell death after neuronal injury. For instance,
mice lacking p53 exhibits significantly less ischemic
damage than its wild type after MCAO [241]. In addition,
enhanced expression of p53 has been observed in injured
neurons before cell death induced by focal ischemia,
excitotoxicity, and hypoxia, and also suggests its key role
in ischemia-induced cell death [242].

Although p53 is one of the key modulator of cellular stress
responses, the mechanisms by which p53 regulate apoptosis
remains unclear. However, upregulation of Apaf-1 at both the
transcription and translational levels in neurons undergoing
p53-induced cell death suggests that Apaf-1 is a key
transcriptional target for p53 after neuronal injury [243]. On
the other hand, activated protein kinase C showed neuro-
protection via blocking p53-mediated apoptosis in ischemic
human brain endothelium. Moreover, it has normalized the
Bax/Bcl-2 ratio and reduces the caspase-3 signaling [244].
In addition, Pifithrinά, a specific synthetic inhibitor to p53,
has shown to reduce the number of apoptotic cells in the
ischemic brain by inhibiting the binding of p53 to its DNA
sites because it reduced the expression of the p53-related
gene p21WAF without changing the amount of p53 protein
itself [245]. A recent study had demonstrated that p53
translocates to the mitochondria after transient global
ischemia in rats, and this translocated p53 interacts with
Bcl-xL and causes the release of cytochrome c. However,
administration of Pifithrinά reduces the release of cyto-
chrome c from the mitochondria and subsequent apoptosis
in CA1 neurons, suggesting that the mitochondrial p53

pathway is one of the novel mechanisms that may mediate
neuronal cell death after ischemia [246].

Apoptosis-Inducing Factor

The AIF is a mitochondrial localized flavoprotein of
∼67 kDa with NADH oxidase activity that is encoded by
a nuclear gene. However, translocation of AIF from the
mitochondria to the nucleus in which it induces large-scale
(∼50-kbp) DNA fragmentation and apoptosis independent
of caspase activity [247, 248]. In the nervous system, AIF
translocation occurs after a variety of toxic insults including
NMDA-mediated excitotoxicity [249], global cerebral
ischemia [250], focal cerebral ischemia [18, 251], and
postnatal hypoxia–ischemia [252, 253].

Recent reports have provided evidence for a substantial
role for AIF in ischemic brain damage. Plesnila et al.
demonstrated that AIF released from mitochondria trans-
locates to the nucleus at the early hours after focal cerebral
ischemia and colocalized with DNA damage and apoptotic
nuclear condensation in the ischemic penumbra. It is
noteworthy that mitochondrial release of AIF that occurred
several hours before cytochrom c release suggests that AIF
mediates cell death independent of caspases [254]. Con-
vincingly, intrathecal administration of Z-VAD.fmk, a pan
caspase inhibitor, does prevent the caspase-mediated deg-
radation of fodrin but has no significant effect on the
mitochondrial release of AIF in neonatal brain damage after
I/R [252]. Similarly, it has been found in several in vitro
cell death models that neither pharmacological inhibition of
caspases nor knockout of genes such as Apaf-1 or caspase-
9 influenced the mitochondrio-nuclear translocation of AIF
[255]. Furthermore, transfection of Bcl-2 via the herpes
simplex virus in peri-infarct region of the brain not only
blocks the translocation of AIF to the nucleus but also
improves survival of cortical neurons after focal cerebral
ischemia [256]. These data suggest that AIF releases from the
mitochondria in a caspase-independent manner to relay and
participate in cell death signaling after ischemia. Indeed, the
downregulation of AIF protein levels in RNA interference-
treated cultured neurons or in harlequin (Hq) mutant mice
resulted in a significant reduction of neuronal cell death in
experimental models of ischemia [257]. Therefore, caspase-
independent cell death signaling may provide a promising
novel target for therapeutic interventions in cerebral ische-
mia. However, the mechanism(s) of AIF-mediated cell death
after cerebral ischemia remains ill-defined. Seong-woon Yu
et al. [258] reported that activation of PARP-1 is the key step
for AIF-mediated caspase-independent apoptosis, as phar-
macological inhibition or genetic knockout of PARP-1
prevents the nuclear translocation of AIF. Consistent with
the role of PARP-1-mediated cell death in I/R [259, 260], it
appears that PARP-1/AIF pathway might play an important
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role in mediating cell death after I/R. Further investigations
required essentially to elucidate the precise mechanism(s) of
AIF-mediated cell death in cerebral ischemia.

Mitogen-Activated Protein Kinases and Apoptosis

The mitogen-activated protein kinases (MAPKs) phosphor-
ylate specific serine and threonine residues of target protein
substrates and regulate a variety of cellular activities
ranging from gene expression, mitosis, movement, metab-
olism, and programmed death [261]. Mammalian cells
encode three major subfamilies of MAP kinases that
include ERK, JNK or stress-activated protein kinases
(SAPK), and p38 MAP kinases [174]. Upon stimulation,
these three kinases relay signaling pathways that lead to
various cellular responses (Fig. 5).

ERK-Mediated Apoptosis

The ERK regulate cellular responses to a variety of
extracellular stimuli. The activation of ERK requires cell

surface receptors such as tyrosine kinases (Trks) and G
protein-coupled receptors that relay the activating signals to
the Raf–MEK–ERK cascade through different small GTP-
binding proteins such as Ras. Activated Raf (a MAPK
kinase kinase) binds and phosphorylates MEK1/MEK2
(MAPK kinases), which, in turn, phosphorylates ERK1/2.
Then ERK1/2 phosphorylates various substrates, including
membrane proteins, nuclear proteins, transcription factors,
and several MAPK-activated protein kinases. In the
nervous system, ERK1/2 is critical for neuronal differenti-
ation and plasticity, and modulates neuronal survival [262].
However, the recent evidence suggests that the activation of
ERK1/2 also contributes to the cell death in animal models
of ischemia-induced brain injury. For instance, increased
levels of phosphorylated ERK are detected in the nuclei of
cortical cells, and pretreatment with MEK1 inhibitor
PD98059 blocks ERK phosphorylation and significantly
reduces infarct volume after MCAO [263]. These results
that are also confirmed by using other MEK1 inhibitors
such as U0126 and SL327 suggest that ERK1/2 might
associate with brain injury [264]. Furthermore, a recent

Fig. 5 The flow chart shows
three conventional MAPKs
(ERKs, JNKs, and p38) in relay
of signaling pathways upon
stimuli, the three tier regulatory
cascade within each module
(MAPKKK, MAPKK and
MAPK levels) and the various
cellular responses elicited by
MAPK control (see text)
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study suggests that ERK1/2 may play a key role in neuronal
apoptosis induced by K+ withdrawal [265]. In contrast,
increased phospho-ERK1/2 staining was also detected in
neurons that survived after ischemic brain injury, suggest-
ing that ERK1/2 activation may also be involved in the cell
survival [266, 267]. ERK1/2 appears to mediate antiapop-
totic effects by direct action on its target kinase, p90Rsk2.
The role of ERK1/2 in neuronal survival has been presented
in an excellent review [268].

The ERK-induced apoptosis may be regulated via both
extrinsic and intrinsic pathways. Recent studies showed that
cerebral ischemia in mice induces ERK activation and IL-1
β expression, and inhibition of ERK activation by U0126
prevented increase in IL-1β mRNA [264]. These studies
implicate ERK-mediated expression of death ligands and
proinflammatory cytokines as an important mechanism in
exacerbating of brain tissue injury. Consequently, ERK may
act on mitochondria through Bax and/or p53. For instance,
ERK may regulate apoptosis via direct phosphorylation of
p53 at serine residue 15, and inactivation of ERK results in
p53 dephosphorylation and inhibit apoptosis. Similarly,
inhibition of ERK pathway causes decrease in Bax
expression, suggesting that Bax and p53 may be important
components in the ERK-mediated apoptotic signaling path-
ways [264]. Furthermore, overexpression of SOD1 resulted
in the prominent reduction of phopho-ERK1/2 and apopto-
tic-related DNA fragmentation after transient MCAO [269].
Nevertheless, study of the mechanism of ERK-mediated
apoptotic signaling and clarification of the precise under-
standing of ERK regulation in cerebral ischemia will help
address the possibility of therapeutic strategies.

c-Jun N-terminal Kinase-Mediated Apoptosis

Emerging evidence suggests that activation of JNK, a
member of the MAPK group signaling, may play an
important role in ischemia-induced neuronal apoptosis
[270]. After stress-induced activation, JNK allows phos-
phorylation of several transcription factors, particularly the
c-Jun component of the transcription factor complex AP1,
thus, triggering the expression of a number of apoptosis-
regulatory proteins. In addition, JNK also directly enhances
the proapoptotic activity of p53 but reverses the antiapop-
totic function of Bcl-2 and Bcl-xL [271].The kinase family
of JNK1 (SAPK-γ), JNK2 (SAPK-α), and JNK3 (SAPK-
β) is encoded by three genes, and alternative splicing
produces additional isoforms. JNK1 and JNK2 are
expressed in all tissues and are required for normal brain
development. Furthermore, JNK1 displays constitutive
activity in the CNS and is required to maintain microtubule
integrity in axons and dendrites in the adult animal [272].
In contrast, JNK3 is specifically implicated in promoting
neuronal cell death, in that targeted deletion of JNK3

protects mice from brain injury after cerebral ischemia–
hypoxia [273]. The downstream mechanism of JNK3-
mediated apoptosis may include the induction of Bim and
Fas and the mitochondrial release of cytochrome c [273].
Systemic administration of SP600125, a small molecule
JNK-specific inhibitor, resluts in diminished JNK activity
and reduced infarct volume after ischemia in a dose-
dependent manner. Moreover, inhibition of JNK prevents
mitochondrial translocation of Bax and Bim, release of
cytochrome c and Smac, and activation of caspase-9 and
caspase-3 [271], whereas activation of JNK causes serine
phosphorylation of 14–3–3, thus, leading to disassociation
of Bax from 14–3–3 and subsequent translocation to
mitochondria [271].Thus, there is a growing evidence to
substantiate the role of JNK as a critical cell death mediator
in ischemic brain injury, possibly by executing one of the
mechanisms that leads to cell death.

p38 Pathway

The p38 pathway is strongly activated by factors such as
TNF-α and IL-1 β, which are known to be increased after
stroke and have been shown to be involved in the
mechanisms underlying ischemia-induced cell death. The
p38 pathway plays an important role in transducing signals
involved in cell survival, apoptosis, and inflammatory
cytokine production. Sustained activation of p38 is shown
to be associated with neuronal death/apoptosis [271].
However, selective p38 inhibitors promote survival. The
p38 inhibition by SB203580 abolishes nitric oxide-induced
cell death, cytochrome c release, and activation of caspase-
3, indicating that p38 activation serves as an upstream
mediator in the cell death process. Moreover, suppression
of p38 activation by Bcl-2 suggests that death mediated by
p38 might be involved in apoptosis [274]. It seems that the
dynamic balance between growth factor-activated ERK and
stress-activated JNK-p38 pathways may play an important
role in determining the fate of a cell. As evident,
withdrawal of nerve growth factor causes neuronal apopto-
sis that may be preceded by decreased ERK and increased
p38/JNK activities [275].

Inhibitor of Apoptosis Family of Proteins

The most well-recognized property of highly conserved
IAP gene family is their ability to prevent apoptosis. It was
first identified in insect cells infected by the baculovirus
[276]. So far, in humans, the members of the IAP family
include cIAP1, cIAP2, XIAP, NAIP (neuronal apoptosis
inhibitory protein), survivin, and livin. Among them, XIAP
appears to be the most potent direct caspase inhibitor both
in vitro and in vivo [277]. All members of the family
contain N-terminal baculovirus IAP repeat (BIR) domains,
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and one conservative C-terminal RING domain (RING,
really interesting novel gene). The BIR domains are zinc
finger-like structures that can chelate zinc ions. These zinc
fingers can bind to the surface of caspases so that the amino
acid sequences or linkers between BIR domains can block
the catalyzing grooves of caspases. As a result, IAP can
protect a cell from apoptosis by inhibiting the activity of
caspases. However, not all BIR-containing proteins are
inhibitors of apoptosis. For instance, survivin, which
contains only one BIR domain, may act as a regulator of
mitosis rather than apoptosis. On the other hand, RING
domain catalyzes the connection ubiquitin ligase with the
RING domain or with other proteins. Thus, RING domain
may possibly facilitate the degradation of caspases that bind
to IAP [278, 279].

The expression and functions of IAPs is yet to be studied
completely in the nervous system. However, existing data
indicates that IAP family proteins can regulate cell demise
in various neuropathological situations including I/R. For
instance, adenovirus-mediated overexpression of XIAP
inhibits cell death in the substantia nigra and cerebellar
granules [280, 281]. The number of XIAP-positive cells
significantly increased in the hippocampal CA1 region at 6,
12, and 24 h I/R, whereas slight increase in protein levels of
XIAP observed at 12 and 24 h I/R [282].

However, the activity of IAP in mammals can be
inhibited by Smac/Diablo, Omi/HtrA2, and GSPT1/eRF3.
These proteins normally localized to the mitochondria and
releases into the cytosol when apoptotic events ensue
[277, 283]. Smac/Diablo inactivates XIAP via binding to its
caspase-9 binding site [284]. Saito et al. [285] have
reported that the XIAP pathway get activated upstream of
the caspase cascade and the interaction of XIAP with Smac/
Diablo and the caspases seems to be crucial in the
regulation of neuronal cell death after cerebral ischemia.
The XIAP level increased concurrently with the release of
Smac/Diablo and activated caspase-9. Moreover, the bind-
ing of XIAP to Smac/Diablo and caspase-9 concurrent to
the binding of Smac/Diablo to caspase-9. Furthermore, they
have also reported that XIAP and Smac/Diablo signaling
pathway is associated with oxidative stress [285].

A novel factor, X-linked mammalian inhibitor of
apoptosis protein-associated factor 1 (XAF1), was found
to antagonize endogenous XIAP by direct interaction. It
expresses at low levels in neurons under normal conditions.
Increased expression of XAF-1 triggers redistribution of
XIAP from cytosol to the nucleus after focal cerebral
ischemia [286]. It is suggested that the XIAP and XAF1
colocalizes to the nucleus in the penumbra at the early stage
of ischemic cascade during neonatal hypoxia–ischemia
[287]. The ratio between the endogenous levels of XIAP
and XAF1 seems to be crucial in deciding the fate of the
cell after ischemic insult [287].

Omi/HtrA2 is a recently described member of a novel
family of serine proteases homologous to the Escherichia
coli chaperone HtrA [288, 289]. In vitro studies demon-
strated that Omi/HtrA2 cleaves various IAPs independent
of caspases and the cleavage efficiency determined by its
IAP-binding motif, AVPS. As a result IAPs lose their
ubiquitin ligase activity on caspase substrates [290]. A
recent study demonstrated that Omi/HtrA2 translocates from
mitochondrial to the cytosolic compartment at early reperfu-
sion after cerebral ischemia. Inhibition of caspases does not
affect this translocation, whereas overexpression of SOD1
prevents it [291]. Moreover, treatment with ucf-101, a
specific Omi/HtrA2 inhibitor, showed significant neuro-
protection by reducing the number of TUNEL-positive cells
and by attenuating the breakdown of XIAP [292].Thus, the
IAP family proteins and their antagonists are promising
potential targets to develop novel therapeutics for cerebral
ischemia.

Heat Shock Proteins

Heat shock proteins (HSPs) including HSP70 are induced
in the brain by a variety of pathological stimuli including
ischemia [293–295]. Focal cerebral ischemia studies sug-
gest that induction of HSP70 represents an endogenous
protective mechanism that occurs in penumbral neurons but
not in the core [296]. Selective overexpression of HSP70
protects the brain tissue against cerebral infarction in a
mouse model of permanent focal ischemia [297]. Further-
more, magnetic resonance imaging (MRI) studies suggested
that overexpression of HSP70 reduces overall lesion size
and may limit the tissue damage within the lesion [298].
The protective mechanism of HSP70 has largely been
believed to be related to its chaperone activity. However,
recent studies have shown that its protective effect may also
be because of its ability to inhibit apoptotic mechanisms.
As evident, mice overexpressing HSP70 have fewer
apoptotic cells and less DNA fragmentation after permanent
focal cerebral ischemia. This was also associated with the
reduction of early cytochrome c release from the mitochon-
dria [299]. Conversely, mice lacking HSP70.1 gene also
have increased infarction and apoptotic cell death after
transient focal ischemia, which was also associated with the
increased release of cytochrome c and subsequent activa-
tion of caspase-3 [300]. Furthermore, overexpression of
HSP70 sequesters AIF and protects the neonatal brain
subjected to hypoxia–ischemic brain injury [301]. Yet,
other studies have also suggested that HSP70 modulates
JNK-mediated apoptotic signaling via inhibiting JNK
activity and dephosphorylation [302, 303]. Therefore, these
studies strongly suggest the potential role of HSP70 in the
regulation of apoptotic pathways in cerebral ischemia.
However, understanding the detailed molecular mecha-
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nisms underlying this protection might help to establish
possible therapeutic strategies for stroke.

Autophagy

Autophagy is the major intracellular lysosome-mediated
catabolic mechanism that is responsible for the bulk
degradation and recycling of damaged or dysfunctional
cytoplasmic components including subcellular organelles
[304]. Autophagosomes are double-membraned cytoplas-
mic vesicles that are designed to engulf various cellular
constituents, including cytoplasmic organelles. Autophago-
somes fuse to lysosomes to become autolysosomes, where
hydrolase enzymes digest sequestered cellular components.
Autophagosomes and autolysosomes are formed during a
process called macroautophagy (usually referred as
‘autophagy’). It can be recognized at ultrastructural level
by the appearance of intracellular double membrane
vacuoles containing fragments of ER, mitochondria, and
lysosomal hydrolases [305, 306].

Autophagy has been suggested both to protect cells from
death by apoptosis and to act as a death-promoting
mechanism (Fig. 6). Two major functions have been
proposed for this process. First, autophagy is a short-term
stress response under nutrient-starved conditions or amino-
acid deficiency. By the lysosomal degradation of own
cytoplasmic components, cells get substrates for both
energy metabolism and vital protein synthesis; thus, it
might be beneficial for cell survival. Next, it is suggested to
play a role in type II or autophagic cell death. There are

certain genes responsible for the formation of autophago-
somes, e.g., Atg5 as covalent conjugate with Atg12 and
beclin1. Surprisingly, beclin1 is deleted in many human
tumors, and overexpression of this protein not only induces
autophagy but also inhibits tumorigenecity. LC3, a mam-
malian homologue of ATg8, gets lipidated during autoph-
agy, and this lipidated form serves as a good marker protein
for autophagic vacuoles. The other autophagic proteins that
include Atg7 and Atg3 assists for the LC3 lipidation and
conjugation between Atg5 and Atg12 as well [307].

It has been demonstrated recently that treatment of SK-
N-SH neuroblastoma cells with ER stressors markedly
induced the formation of autophagosomes seen at the
ultrastructural level. As an evident, LC3 labeled with green
fluorescent protein was extensively induced in cells
exposed to ER stress with conversion from LC3-I to LC3-
II. Interestingly, the ER stress-induced autophagy is
inhibited in the cells deficient of IRE1 or cells treated with
JNK inhibitor, indicating that the IRE1–JNK pathway is
required for autophagy activation after ER stress. In
contrast, PERK-deficient and ATF6 knockdown cells
exhibit autophagy after ER stress, similar to the wild-type
cells. Disturbance of autophagy rendered cells vulnerable to
ER stress, suggesting that autophagy plays important roles
in cell survival after ER stress [308]. Although, the recent
studies indicate the existence of autophagy in cerebral
ischemia, the precise function of autophagy in this complex
scenario, however, remains unclear. It has been recently
proposed that oxidative and ER stresses in cerebral
ischemia–hypoxia are potent stimuli of autophagy in
neurons. They have also suggested that autophagosomes
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Fig. 6 A representation of how autophagy leads to cell survival/death
of particular organism. Under starvation, basal autophagy serves as
cell protective mechanism by degrading the cells’ own cytosolic
components as substrates for energy metabolism, etc. Decreased
autophagy leads to cell loss by allowing damaged subcellular

organelles and long lived proteins to accumulate and by failing to
provide energy for cellular metabolism. Enhanced autophagy, howev-
er, leads to autophagic cell death, possibly, by crosstalk with cell-
demising mechanisms such as apoptosis and necrosis
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may have a shorter half-life in neurons and that a fraction of
LC3 protein is degraded within autolysosomes, leading to a
smaller detectable amount of LC3-II in the brain, while
there are clear indications of on-going autophagy. Thus,
they suggested finally that autophagy is an important
modifier of cell death and survival, interacting with
necrosis and apoptosis in determining the outcome and
final morphology of deceased neurons. Furthermore,
autophagy is evidenced by the increased levels of LC3-II
in the adult brain after hypoxia–ischemia [128]. Thus,
extensive investigations on the role of autophagy in
regulating neuronal cell survival/death might help to
develop new therapeutic strategies for cerebral ischemia
[309].

Crosstalk of Autophagy and Apoptosis

The interplay between autophagy and apoptotic pathways is
emerging as a crucial decision-making process in determin-
ing the initiation of programmed cell death. For instance,
coupling of Atg5 to IFN-gamma leads to activation of
autophagic death and activates extrinsic apoptotic pathways
via the interaction with FADD and, possibly, caspase 8.
Conversely, antiapoptotic signaling pathways suppress
autophagy, e.g., the class I PI3K/Akt/TOR signaling
pathway. Interestingly, Atg5 was first described as apopto-
sis-specific protein and found to be up-regulated in neurons
during apoptosis activated by proteasomal inhibition. It
seems that the Bcl-2-interacting domain of Beclin1 that
serves as a point of autophagic and apoptotic pathways
crosstalk during induction of autophagy. In addition, there
are also few reports suggesting that pro-apoptotic members
of Bcl-2 family members like Bax, Bid, and Bnip3 also
constitute a point of crosstalk between the apoptotic and
autophagic pathways [310]. Recent reports suggest that
Bcl-2 inhibits autophagy through a direct interaction with
the Beclin 1 autophagy protein and that the interaction
between Bcl-2 and Beclin 1 may function as a rheostat that
maintains autophagy at levels that are compatible with cell
survival rather than cell death. In contrast, overexpression
of Bcl-2 or Bcl-xL potentiates autophagy and autophagy
gene-dependent death in MEFs with etoposide-induced
apoptosis. However, the basis for the opposite effects of
Bcl-2 family members on autophagy in different settings
remains unclear. For instance, it is not clear whether Bcl-2
functions at the mitochondrial level to regulate autophagy,
as autophagy inhibited by Bcl-2 is targeted to the ER but
not to the mitochondria [311]. Although the mechanisms of
autophagy and its crosstalk with apoptosis in cerebral
ischemia awaits extensive investigation, consistent with the
role of Bcl-2 family proteins in cerebral ischemia, perhaps,
autophagy may play an important role in cell survival/death
after ischemia.

Therapeutic Strategies

Thrombolytic Agents

Although tissue plasminogen activator (tPA) is the only
approved therapy for acute stroke patients requiring
thrombolysis, side effects such as hemorrhagic transforma-
tion, neurotoxic effects, and the narrow therapeutic time
window counteract the positive effects of tPA in stroke
patients [312]. The hemorrhagic transformation after tPA
therapy in ischemic stroke may be mediated through the
activation of MMP and disruption of the microvascular
structure, as patients with elevated plasma MMP-9 levels
are more likely to undergo hemorrhagic transformation after
tPA [313]. Indeed, mice lacking tPA showed reduced
MMP-9 levels in ischemic brain [314]. Interestingly, co-
administration of tPA and MMP inhibitors reduces tPA-
mediated mortality after focal cerebral ischemia in rats
[315]. Thus, it appears that the combination therapy with
tPA and MMP inhibitors may be a versatile therapeutic
strategy, which may avoid tPA-mediated side effects.
Furthermore, effective thrombolytic agent such as desmo-
teplase that lacks neurotoxic effects has become one of the
most promising therapeutic approaches for stroke [316].
The desmoteplase in acute ischemic stroke study (DIAS)
showed very encouraging results such as a low rate of
symptomatic intracranial hemorrhage and post-ischemic
outcome of stroke patients with a therapeutic time window
of 3–9 h [317]. The beneficial effects of desmoteplase are
further evaluated by the dose escalation of desmoteplase in
acute stroke (DEDAS) study. DEDAS also confirmed that
treatment with desmoteplase 3 to 9 h after ischemic stroke
is safe and improves clinical outcome, especially in the
patients fulfilling all MRI criteria [318]. However, most
recently, Paion, in Aachen, Germany, announced the failure
of phase III trials of desmoteplase, further setting back the
ischemic stroke field. Microplasmin is another novel
thrombolytic agent that may be useful in the treatment of
ischemic stroke. Intravenous administration of microplas-
min has shown to reduce ischemic brain damage and
improvement in neurological function after thrombotic
MCAO in rats [319]. Moreover, microplasmin has some
advantages over other thrombolytic agents. As micro-
plasmin attacks fibrin directly, whereas both tPA and
desmoteplase act on fibrin through plasminogen. Further-
more, microplasmin showed significantly lower rate of
hemorrhage as compared to tPA [320]. It is currently
undergoing phase II trials.

Antioxidants

Edaravone (formerly known as MCI-186) has potent-free
radical scavenging and antioxidant properties [321]. Re-
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cently, a phase III, randomized, placebo-controlled, double-
blind study at multicenters with edaravone demonstrated a
significant improvement in neurological deficits in stroke
patients, and edaravone has been used in patients with acute
brain infarction since 2001 in Japan [322]. Edaravone has
shown several protective effects against I/R-induced injury,
including vascular endothelial cell injury, brain edema,
DND, ER stress, infarct, and neurological deficits [323–
328]. Moreover, a combination of edaravone with fibrino-
lytic agents and antithrombotics may offer future advantages
by scavenging the free radicals associated with reperfusion
injury. In addition, a free-radical-trapping agent NXY-059
(Cerovive) has shown to be neuroprotective in animal
models of stroke. Administration of NXY-059 within 6 h
after the onset of acute ischemic stroke significantly
improved the primary outcome but did not significantly
improve other outcome measures, including neurologic
functioning as measured by the National Institutes of
Health Stroke Scale (NIHSS) score [329]. However, NXY-
059 disappointed, as it failed to replicate the positive
results seen in the first phase III trials [330]. Hence, further
research is required to assess the beneficial effects of
NXY-059.

Anti-inflammatory Agents

Existing preclinical data suggest that inhibition of inflam-
matory mediators, iNOS and COX-2, is protective after
cerebral ischemia. Pharmacological inhibition of iNOS
reduces infarct volume by about 30% [331]. Whereas, mice
lacking iNOS have smaller infarcts and better neurologic
outcomes than the wild type [332]. Moreover, protection of
post-ischemic brain by estrogen and progesterone appears
through modulating iNOS expression [333, 334]. Recent
reports suggest that prostaglandin E2EP1 receptors may be
the downstream effectors responsible for neurotoxicity of
COX-2 in ischemic stroke, and inhibitor of EP1 receptor
has shown significant protection when administered 6 h
after MCAO [335]. Fucoidin, an inhibitor of both P- and L-
selectin, significantly reduced infarct size and improved
neurological function in experimental stroke and reperfu-
sion in rats [336]. Overexpression or treatment with IL-1
receptor antagonist (IL-1ra), an endogenous inhibitor of IL-
1 reduces the infarct size [337, 338], whereas mice deficient
of IL-1ra exhibited a significant increase in ischemic
damage [339]. Inhibition of ICAM-1 expression by
antisense oligonucleotides reduced infarct volume after
MCAO in rats [340]. Similarly, inhibition of TNF-α
expression by antisense oligo-deoxynucleotides is also
neuroprotective after intracerebral hemorrhage [341]. Per-
oxisome proliferator-activated receptor (PPAR) belongs to
the nuclear receptor superfamily and function as transcrip-
tion factors in many important biological processes.

Recently, PPAR gamma agonists have been shown to
prevent inflammation and neuronal death after stroke and
spinal cord injury [342–344]. In addition, agonists of
PPAR-alpha and PPAR-delta have also been reported to
be protective after cerebral ischemia [345–346]. These
studies are important as PPAR-gamma agonist-induced
neuroprotection may be mediated by the upregulation of
glutamate transporters [347]. Interestingly, 3-aminobenza-
mide, a PARP inhibitor has shown to reduce the expression
of MMP-9 and NF-κB, and neutrophil infiltration after
cerebral ischemia in vivo, suggesting a novel role for PARP
in inflammatory response [348].

Antiapoptotic Therapy

Inhibition of caspases is a noticeable target for the
prevention of apoptosis in cerebral ischemia. Broad
spectrum caspase inhibitors, like zVADfmk, BAF, or
zDEVDfmk, have been shown to be neuroprotective in
animal models of focal, global cerebral ischmia and
neonatal hypoxic ischemic brain injury [349–352]. Howev-
er, a later study suggests that these caspase inhibitors are
more efficient after focal but not global cerebral ischemia
[353]. A cocktail of caspase inhibitors YVADcmk,
DEVDfmk, and IETD fmk has reduced the number of
apoptotic cells after MCAO in rats [164]. Furthermore, a
combination of isofurane and a specific caspase-8 inhibitor,
z-IETD-fmk, causes sustained neuroprotection after focal
cerebral ischemia in rats [354]. Thus, a combination
therapy of caspase inhibitors along with other drugs that
target different aspects of pathophysiology of cerebral
ischemia would be a better approach than the administra-
tion of caspase inhibitors alone.

Fusion protein therapy, based on the use of small peptide
sequences with neuroprotective properties fused with the
protein transduction domain (PTD) from human immuno-
deficiency virus (HIV) transactivator of TAT [355–357],
has also shown antiapoptotic potential. It is a non-invasive
approach for in vivo studies and has several advantages that
avoids the problems inherent in the use of viral vectors able
to cross lipid membranes and can be administered system-
atically [190, 358, 359]. A number of fusion proteins with
neuroprotective properties have been raised to date,
including members of the Bcl-2 family and endogenous
inhibitors of caspases. For instance, intraperitonial (i.p.)
administration of a fusion protein containing the anti-
apoptotic molecule Bcl-xL resulted in significant reduction
of cerebral infarction after focal cerebral ischemia in mice
[360]. Furthermore, topical application of fusion protein
PTD–XIAP protected against cerebral ischemia by inhibit-
ing apoptotic mechanisms and secondary regulation of
transcription factors involved in neuronal survival [361].
Moreover, intraperitonial administration of PTD–BIR3–
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RING fusion protein causes attenuation of cell death in
vitro and decrease in apoptosis after cerebral ischemia in rat
[362]. Thus, these findings encourage the development of a
“fusion protein therapy” approach with anti-apoptotic
molecules to reduce ischemic brain damage. Additionally,
liposome-mediated site-specific delivery of a plasmid
encoding human Bcl-2 protein have also shown significant
reduction in the number of apoptotic cells in the infarct and
penumbra area after MCAO in rats [363]. This represents a
novel site-specific therapeutic approach for the treatment of
stroke.

KR-31378, a novel benzopyran analog, and cilostazol, a
type III phosphodiesterase inhibitor, have been shown to
alter the expression levels of Bcl-2 and Bax after cerebral
ischemia in rats [364–366]. Anilinoquinazoline (AQZ), a
potent small molecule inhibitors of caspases-3, inhibits
apoptosis induced by nerve growth factor withdrawal from
differentiated PC12 cells [367]. Therefore, AQZs represent
novel drug candidates to explore their antiapoptotic
properties in animal models of cerebral ischemia. Minocy-
cline, a tetracycline derivative with anti-inflammatory
effect, has a property to inhibit caspase-1 and caspase-3,
thus, preventing neuronal loss in vivo after global brain
ischemia. In addition, minocycline offers neuroprotection
by preventing p38 MAPK also [368]. PAN-811 is a small
liphophilic compound (of 195 Da) belonging to the (N)-
heterocyclic carboxaldehyde thiosemicarbazone (HCT)
class of molecules. Intracerebral administration of PAN-
811 post-ischemia significantly reduces infarct volume and
inhibits necrotic and apoptotic cell death by reducing
intracellular free Ca2+, as well as scavenging free radicals.
Besides, it also inhibits the downregulation of Bcl-2 and
Bcl-xL but fail to suppress the Bax signal [369].

Albumin

Albumin is another promising neuroprotective molecule
under clinical investigation. It represents 55–62% of plasma
proteins, and albumin solutions are currently used as
plasma expander in the treatment of edema. Administration
of albumin even 4 h after the onset of ischemia significantly
improves neurological function and reduces brain edema
and infarction [370]. Cerebroprotection by albumin is
mediated by various mechanisms including enhanced
microvascular perfusion and antioxidant properties. More-
over, albumin therapy reverses stagnation, thrombosis, and
leukocyte adhesion within cortical venules in the reperfu-
sion phase after focal ischemia further supports its utility in
the treatment of acute ischemic stroke [371]. The albumin
in ischemic stroke (ALIAS) dose escalation study showed
that high-dose albumin up to 2.05 g/kg is well tolerated by
patients with acute ischemic stroke without dose-limiting
complications [372]. Furthermore, the neuroprotective

effects of high-dose albumin in stroke patients is currently
addressed in the multicenter ALIAS phase III study [373].
Disturbances of lung function are the major side effect of
albumin treatment observed in clinical trials. However, use
of combination therapy with low-dose albumin solutions
and docosanoid derivates successfully reduces such side
effects, and these protective effects are currently investi-
gated in stroke patients [374]. Docosanoids are derivatives
of the docosahexaenoic acid, which have been identified as
major products of the oxidative membrane lipid degradation
after cerebral ischemia [375]. The new docosahexaenoic
acid derivate, 10,17S-docosatriene, inhibits infiltration of
leukocytes followed by downregulation of NF-κB and
COX-2 after cerebral ischemia [376].

Stem Cells and Neurogenesis

Stem cell implantation nowadays is one of the promising
approaches for the treatment of ischemic stroke. Neuronal
cells derived from a human teratocarcinoma cell line have
promoted functional recovery when transplanted into the
ischemic brain of laboratory animals. Furthermore, a small-
scale open label clinical trial of neuroteratocarcinoma
(NT2N) transplantation in 12 patients with ischemic stroke
showed that cell transplantation for stroke is generally safe
and potentially feasible [377]. Because of the concerns that
this line could evolve into tumors, therefore, focus has been
made upon human neural stem cells. As a result, recently,
some investigators generated clonal cell lines by genetic
modification of somatic stem cells, and this cell line is
promising to functional recovery from stroke [378]. On the
other hand, focal cerebral ischemia in rats increases neuro-
genesis in the subventricular zone (SVZ), and newly
generated neurons migrate toward ischemic boundary
regions [379]. The concept of mobilization of endogenous
stem cells has created a new hope for stroke patients.
Recently, granulocyte colony-stimulating factor (G-CSF), a
well-known stem cell mobilizing agent has gained much
attention among stem cell researchers. Administration of G-
CSF is neuroprotective, as it reduces infarct size after focal
cerebral ischemia in rats [380]. The G-CSF has a dual
activity beneficial for both counteracting the acute neuronal
degeneration and to long-term plasticity after cerebral
ischemia. It exhibits a strong apoptotic activity in mature
neurons probably through its receptors, as the expression of
these receptors are strongly up-regulated during cerebral
ischemia. In addition, G-CSF stimulation of neural progen-
itor cells markedly improve functional recovery in models
of cerebral ischemia and implicates neurogenesis as a
mechanism underlying G-CSF’s therapeutic benefits [381].
Likewise, treatment with erythropoietin (EPO) offers neuro-
protection after cerebral ischemia, whose beneficial effects
are largely attributed to decrease in neuronal apoptosis
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[382]. Moreover, treatment of stroke with human recombi-
nant EPO (rhEPO) increases synthesis of vascular endothe-
lial growth factor and brain-derived neurotrophic factor that
may be involved in angiogenesis and neurogenesis. Indeed,
incubation of neurospheres derived from stroke SVZ with
rhEPO showed enhanced neurogenesis [383]. Similar
neuroprotective effects were also achieved with the new
carbamylated derivative of EPO (CEPO) [383, 384].
Notably, in contrast to EPO, the CEPO do not affect
hematopoiesis as EPO-induced hematopoiesis possibly
enhances the risk of thrombosis [385]. Therefore, reduction
of brain injury together with the enhancement of neuro-
genesis appears to be a better therapeutic strategy for
cerebral ischemia. Furthermore, sildenafil, a phosphodies-
terase type 5 (PDE5) inhibitor, augments neurogenesis and
promotes functional recovery after MCAO in rats. Recently,
it is reported that neurogenesis in the SVZ of aged rats
decreases as compared with young rats and that delayed
administration of sildenafil 7 days after MCAO enhances
neurogenesis in ischemic brain and improve functional
recovery in aged rats [386, 387].

Future Perspective

The recent investigations on the vital role of key apoptotic
molecules in the modulation of apoptosis have inspired an
increased interest among researchers. In recent years, a
tremendous effort has been made to elucidate the role of
these molecules in ischemia, paving ways for developing
new therapeutic strategies. Many such agents targeting
caspases and Bcl-2 family members have been evaluated
for their neuroprotective efficacy in animal models of
cerebral ischemia, but in spite their proven efficacy in
animal models, several of these do not completely reiterate
the efficacy and specificity in clinical settings. Mitochon-
dria and ER regulate intrinsic apoptotic pathways by
activating several pro/anti-apoptotic molecules. Further-
more, understanding the mechanisms of newly emerging
pro/anti-apoptotic molecules such as Smac/Diablo, Omi/
HtrA2, XAF1, AIF, etc. may be beneficial for therapeutic
purposes. Moreover, apoptotic cross-talk between the ER
and the mitochondria also suggests that therapeutic strate-
gies should optimally be directed at multiple targets/
mechanisms because inhibition of one such apoptotic
pathway (either mitochondria- or ER-mediated) may aug-
ment an alternative one. Multiple cell death pathways may
have common upstream initiators, whose identification
might help in the development of new strategies for stroke
therapy. For example, BAP31 mediates ER–mitochondria
cross-talk via death-receptor-mediated pathway to induce
apoptosis. Although, this aspect needs to be explored in
cerebral ischemia, it might become a promising target. On

the other hand, cytochrome c also has been implicated in
ER–mitochondrial cross-talk. Furthermore, understanding
the unresolved issues of alternate pathways like autophagy
in cell death/survival regulation may suggest some new
direction. Therefore, it is indispensable that optimal neuro-
protective approaches should include either combination
treatment strategies directed toward multiple cell death
pathways or the use of a single compound that may affect
more than one cell death mechanism. Thus, comprehensive
knowledge regarding multiple cell death mechanisms
involving key apoptotic regulatory molecules may provide
insight for the development of better therapeutic strategies
aiming at cerebral ischemia.
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