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Abstract

Stroke is one of the main causes of mortality and disability in most countries of the world. The only way of managing patients
with ischemic stroke is the use of intravenous tissue plasminogen activator and endovascular thrombectomy. However, very few
patients receive these treatments as the therapeutic time window is narrow after an ischemic stroke. The paucity of stroke
management approaches can only be addressed by identifying new possible therapeutic targets. Mitochondria have been a rare
target in the clinical management of stroke. Previous studies have only investigated the bioenergetics and apoptotic roles of this
organelle; however, the mitochondrion is now considered as a key organelle that participates in many cellular and molecular
functions. This review discusses the mitochondrial mechanisms in cerebral ischemia such as its role in reactive oxygen species
(ROS) generation, apoptosis, and electron transport chain dysfunction. Understanding the mechanisms of mitochondria in neural
cell death during ischemic stroke might help to design new therapeutic targets for ischemic stroke as well as other neurological

diseases.
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Introduction

Stroke is a medical emergency in which the diminution of
blood flow to the brain ends in the death of brain cells.
Stroke is of two types’ ischemic stroke and hemorrhagic
stroke. Most of the stroke cases are ischemic in nature and
contributes for about 87% of cases. It is considered second
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most common cause of mortality and the leading cause of
adult disability all over worldwide. Stroke is also the third
most common cause of impairment (4.5%) after ischemic
heart disease (6.1%) (Thrift et al. 2014). According to the
statistical data from the World Health Organization (WHO),
it has been determined that 16.9 million people suffer from
stroke each year. With the increasing lifespan of the popula-
tion worldwide, the prevalence of stroke is expected to rise in
the future. The prevalence of stroke in men is 1.5 times greater
than in women (Ahangar et al. 2017). According to epidemi-
ological surveys, the number of stroke survivors will keep on
rising to 77 million by the year 2030 adding more to the
socioeconomic burden.

Stroke is the third leading cause of death and more than
140,000 people die each year from stroke in the USA. Asia is
one of the significant contributors of age-related neurological
diseases that is driven by demographic changes and increased
by the increasing prevalence of the vital modifiable risk fac-
tors. The people of Asia have been reported to have a higher
risk of stroke and consequent fatality than their Caucasian
counterpart. In some countries such as India, Pakistan, and
Indonesia, high death rates are still recorded due to limited
resources and poor public awareness in comparison to
Japan, Korea, and China which have better post-stroke man-
agement strategies (Wasay et al. 2014).
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In Europe, the age—related incidences of stroke vary
from 94 to 288/100,000 per annum, with monthly mortality
rates ranging from 12 to 36% (Mozaffarian et al. 2016).
Approximately 1 million people of Europe suffering a
stroke every year, due to aging population; the stroke cases
are expected to increase dramatically to 1.5 million by 2030
(Bejot et al. 2016).

Pathogenesis of ischemic stroke

Among the neurological diseases related with aging, stroke
is one of the common causes of disability and death world-
wide (Thakur et al. 2016). The term “stroke” can be defined
into three categories: brain ischemia, intracerebral hemor-
rhage, and subarachnoid hemorrhage. Global cerebral is-
chemia occurs when the blood flow to the brain is dimin-
ished affecting wide areas of the brain. This is often trig-
gered by a cardiac arrest or an arrhythmia. The damage
depends upon the span of time the circulation is blocked;
the more time it takes for reperfusion, the greater the dam-
age will occur (Karsy et al. 2017).

Brain ischemia can also classify as focal and multifocal
stroke. Focal cerebral ischemia is characterized by the
blockade of a cerebral vessel that supplies blood to a cere-
bral region of the brain, which in turn increases the risk of
cell death. (Takatsuru et al. 2014). Reperfusion is essential
for protecting the injured brain tissue, but it can also lead to
reperfusion injury by exacerbating the damage despite re-
storing the circulation (Siket et al. 2016).

The reperfusion following stroke takes place in a variety of
tissues including the brain, kidney, and heart. Further injury
due to reperfusion is a result of the accumulation of excessive
ROS and Ca®* in the tissues. The mechanism involved in the
reperfusion tissue damage occurs at both the cellular and mo-
lecular levels (Sims et al. 2017). The excessive generation of
ROS overpowers the anti-oxidative defense system in the
cells, which then becomes unable to scavenge free radicles
leading to cellular demise. Reperfusion-promoted ROS dam-
ages the proteins, lipids, and DNA, which causes a direct
damage to mitochondrial functions (Borutaite et al. 2010).
The damage to the mitochondrial functions after reperfusion
injury leads to reduced activity and more attenuation of ATP
levels. Oxidative stress after reperfusion has also been associ-
ated with mitochondrial DNA damage. ROS may also interact
and alter signal transduction that interferes with or initiates
cell death by apoptosis or necrosis (Kiselyov et al. 2016).
ROS and Ca®*accumulation increase the membrane perme-
abilization and cell death.

There is a paucity of treatments for stroke, partly owing to
its complicated understanding of the diverse cellular and mo-
lecular cascades that occur after ischemic stroke.
Experimental studies have already begun to determine the
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cellular and molecular mechanisms involved in stroke injury,
in order to find pharmacologically active agents that target
various pathways related to injury (Khoshnam et al. 2017).
The diminution of blood supply that underlies a stroke results
in degeneration and death of neurons because of an abrupt
attenuation in oxygen and glucose. The understanding of cel-
lular events that lead to ischemic neuronal injury begins long
before. Synapses, which are often located at a relative distance
from the neuronal body, are the sites where the neurodegen-
erative process may be progressed in ischemic stroke. In ad-
dition to its deteriorating effects on neurons, ischemic injury
greatly affects glial cells including astrocytes, microglia, and
oligodendrocytes (Song et al. 2017). Each type of glial cell
plays an important role in modulating neuronal physiology
and functions, and it is, therefore, essential to understand their
responses to cerebral ischemia and their effect on brain cells
(Taylor and Sansing 2013). Focal cerebral ischemia results in
characteristic histopathological changes that manifest as a ne-
crotic core of tissue at the center of the infarcted cortex in
which all cells die rapidly. It is the cells in the penumbral
region of the ischemic territory that can be prevented by ther-
apeutic intervention after a stroke (Fan et al. 2017).

Experimental models of ischemic stroke

In order to study the molecular and cellular mechanisms in-
volved in neuronal dysfunction in stroke, diverse animal as
well as cell-culture models that simulate stroke like conditions
have been developed (Buoncervello et al. 2017). The practice
of animal models from past two decades have gained better
understanding of complicated mechanisms involved in the
ischemic stroke. The rodents such as rats are the most often
used species, with a growing focus on larger species and even
on non-human primates, for the investigations of finding a
possible druggable targets for stroke. The rat is still the most
commonly used because of its numerous advantages (Archer
etal. 2017). The physiology and cerebral vasculature of rats is
like that of human. The suitable size and more reproducibility
make rats more promising models for the stroke research.
Mice are also considered as suitable models for research be-
cause of their genetic similarity with the human genome
(Azad and Haddad 2013). It has been widely used in the trans-
genic studies for the experiments of stroke mechanisms.

The animal models include the transient global forebrain
ischemia model, in which the entire blood supply to the brain
is blocked (Rehni et al. 2017). Another is the focal cerebral
ischemia model, in which the middle cerebral artery is occlud-
ed, resulting in damage to the cerebral region of the brain.

The focal model can be transient or permanent, while tran-
sient is considered as more similar to clinical setting (Sommer
2017). The number of in vivo models from MCA (middle
cerebral artery) to proximal occlusions in stroke varies widely
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in their applications for study purposes. The most frequent
ones are middle cerebral artery occlusion (MCAO) models
for their profound advantages and less surgical complicities
(El Amki et al. 2015). The tMCAO or pMCAO (transient or
permanent) are achieved by directly inserting a silicon-coated
nylon suture into the internal carotid artery then advances to
the circle of Willis and blocks the MCA origin. The time of
occlusion determines the severity of ischemic damage and
neuronal death. In the case of permanent pMCAO presenta-
tion, the suture is not removed from the artery and therefore no
reperfusion injury occurs. The other craniotomy induced
models to include IMCAO (distal middle cerebral artery oc-
clusion) that directly exposes the MCA branches. The damage
with AMCAO is less than that of pMCAO models. The other
way of generating ischemic models is by using thrombin-
induced clot formation autologous to that of the arteries (Ma
et al. 2012). One more way to establish an ischemic model is
the use of intracerebral injection of endothelin -1 (ET-1),
which is a vasoconstrictor that reduces the blood flow. It has
been reported that rats are the most reliable species for this
model than mice. It has been credited to have made a substan-
tial contribution for finding a novel neuroprotective mecha-
nism for stroke (Rousselet et al. 2012).

Global ischemia models can develop by several ways. The
highly predictable brain damage model is “four-vessel occlu-
sion method” (4VO) which consists of a reversible cerebral
carotid artery (CCA) occlusion. The other way of developing
the global model is to occlude the two common carotid arter-
ies of the brain (Neumann et al. 2013). Global ischemia is
determined by the critical attenuation of cerebral blood flow
to the whole brain.

The major focus of stroke research has been to iden-
tify the pathophysiology of ischemic neuronal injury
with prime objective to improve functional outcomes.
Neurons are more prone to ischemic injury than other
types of cells because they always depend on a constant
supply of energy. Neurons are excitable cells and express
high levels of receptors for excitatory transmitters, which
are concentrated in synapses (Schmidt and Minnerup
2016). The most critical components of tissue damage
in stroke are the deprivation of oxygen and glucose.
The most widely used in vitro models of stroke are
oxygen-glucose deprivation model (OGD). The other
ways to produce the in vitro models are glutamate-
induced excitotoxicity and hydrogen peroxide insults.
The studies on cultured neurons or brain slices have con-
tributed immense to understand mechanisms of ischemic
injury and neuroprotection (Skelding et al. 2014). The
primary neuronal cultures provide a powerful access to
study the molecules involved in the cascade of reactions
within a brain cell. They are considered much better than
secondary cultures for the purpose of investigating the
molecular pathways (Roque and Baltazar 2017).

Excitotoxicity

Excitotoxicity is a specific form of neurotoxicity that arises
when there is a prolonged release of glutamate neurotransmit-
ter (Puyal et al. 2013). It acts on around 30-40% of synapses
in the central nervous system (CNS) and is regulated in a
systematic manner to maintain specific levels in the vesicles.
Glutamate is one of the prime neurotransmitters of the brain
crucial for synaptic transmission, critical for communication
of neurons, synaptic growth, neuronal growth, brain develop-
ment, and synaptic plasticity (Vandenberg and Ryan 2013).
Glutamate acts through three families of receptors, a-amino-
3-hydroxy-5-methyl-4 isoxazolepropionic acid (AMPA), N-
methyl-D-aspartate (NMDA), and kainate receptors for its ac-
tions (Bettler and Fakler 2017). Among these ionotrophic and
metabotropic receptors, N-methyl-D-aspartate receptor
(NMDAR) acts as a main point of target for the signaling
processing of glutamate into diverse signaling pathways
(Banerjee et al. 2016; Brassai et al. 2015). NMDAR is most
often implicated in the neuronal death in ischemic stroke.
Ischemia stimulation of NMDA receptors takes place by glu-
tamate and glycine which acts as co-agonists. The co-
agonistic binding of glycine is critical for this receptor to be
stimulated by glutamate. Its stimulation causes the entry of
Ca** into the cells as it is directly linked to the Ca>* channels.
Under physiological conditions, the cytosolic Ca** is stable
and low, around 10,000 times lower than that of the extracel-
lular space. But in pathological conditions, such as in ischemic
reperfusion injury, the over-stimulation of the NMDA recep-
tors causes more entry of Ca®* into the cells thereby mediating
the excitotoxicity. The accumulation of Ca”* is highly toxic
for the cells, promoting cerebral edema and activation of in-
tracellular self-destruction cascade. Upon excitotoxicity-
induced elevation of the Ca>* level, mitochondria takes up
the excessive Ca>" that causes the swelling of the organelle
and formation of the mtPTP. The accumulation of Ca®* in the
intracellular space potentiates the Ca®* dependent processes
that execute and activate the apoptotic and death pathways
(Ma et al. 2017a).

Mitochondria and ischemic stroke

Mitochondria are at the center stage of cell survival and cell
death, and the processes to pathophysiological conditions con-
vert mitochondria from life-sustaining organelle to an activa-
tor of cell death ((Andrabi et al. 2019; Andrabi et al. 2015).
(Vakifahmetoglu-Norberg et al. 2017). These organelles are
the main players in the ischemic cell death not only by the
impairment of ATP generation but also by playing a role in the
cell death pathways such as apoptosis and necrosis (Jordan
et al. 2011). Mitochondria are important for processes such
as cellular bioenergetics, control intracellular Ca®*

@ Springer



338

S. Andrabi et al.

homeostasis, and participate in important metabolic functions.
Mitochondrion contains an outer phospholipid bilayer mem-
brane, an intermembrane space, a complex inner phospholipid
bilayer, and a mitochondrial matrix (Amigo et al. 2016). The
outer membrane contains voltage-dependent anionic channels
(VDAC:S), also known as mitochondrial porin proteins, which
make it permeable to small molecules during normal physio-
logical processes (Maldonado and Lemasters 2014). The in-
termembrane space is for vital roles such as the transportation
of proteins across mitochondrial membranes, and oxidative
phosphorylation (Andrabi et al. 2017). The inner membrane
is freely permeable to oxygen, carbon dioxide, and water. It
contains multiple folds called cristae which increase the
surface area for vital chemical reactions. The inner mito-
chondrial matrix also contains the citric acid cycle reaction
enzymes and substrates for several metabolic processes
(Grimm and Eckert 2017).

Mitochondria produce energy and their numbers are high in
brain cells, as they require a significant amount of ATP for the
functioning (Fidaleo et al. 2017). Mitochondria use electron
transport chain (ETC) to produce usable energy from electron
donors like reduced nicotinamide adenine dinucleotide
(NADH) through different oxidation/reduction reactions.
These molecules transfer electrons and facilitate transmem-
brane proton transport resulting in an electrochemical gradient
that drives adenosine triphosphate (ATP) synthesis in the mi-
tochondria (Gollihue and Rabchevsky 2017). The ETC con-
sists of five enzyme complexes that are comprised of integral
inner membrane proteins, NADH-CoQ reductase, CoQ-
cytochrome ¢ reductase, Succinate-CoQ reductase, cyto-
chrome c oxidase, and ATP synthase (complexes I-V)
(Piotrowska and Bartnik 2014). The ubiquinone (CoQ) and
cytochrome c are two freely diffusible molecules that recon-
cile the transfer of electrons between complexes, and oxygen
is the final acceptor of electrons in this reaction that produces
the electrochemical proton gradient across inner mitochondri-
al membrane (IMM) (Ponnalagu and Singh 2017). This ETC
is an important source of ROS generation, especially after
reperfusion, and wealth of evidence has demonstrated that
mitochondrial ETC is the major source of ROS in reperfusion
injury, which deteriorates the ischemic cell death (Tang et al.
2016). The substantial deficit in ATP production and increase
of ROS after ischemia set the mitochondrial death pathways
active via apoptosis (Bakthavachalam and Shanmugam
2017). The production of ATP in brain cells is abruptly re-
duced following the outset of ischemia, resulting in the im-
pairment of membrane-bound channels that are very critical
for normal functioning.

The experimentally documented results have shown that
the levels of oxidative damage to proteins, lipids, and DNA
in these stroke models are high. The mechanism by which
lipid peroxidation disrupts neuronal ion homeostasis and in-
duces apoptosis involves the production of a toxic aldehyde
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called 4-hydroxynonenal, which binds the membrane mole-
cules impairing their normal functions (Andrienko et al.
2017). A major site of ROS production is the mitochondria
in which formation of superoxide anion radical, a precursor
to other potentially destructive ROS molecules include hy-
drogen peroxide, hydroxyl radical, and peroxynitrite.
Mitochondrial dysfunction occurs as the consequences of
oxidative stress, energy failure, and disruption of cellular
calcium homeostasis. Reperfusion promoted mitochondrial
ROS, and Ca®" triggers the death pathways through the
caspase-dependent or caspase-independent processes
(Rodriguez-Lara et al. 2016). Mitochondria being the center
for the release of various factors that induce the caspase-
dependent (Cytochrome c) and caspase-independent (AIF)
death (Thornton and Hagberg 2015). In ischemia, these
events are quite dramatic and promote both apoptotic and
necrotic death of brain cells.

Oxidative stress and ischemic stroke

Oxidative stress is one of the major detrimental factor of the
pathophysiology of cerebral ischemia, and ROS generation
normally occurs during many pivotal biological processes
such as energy production, cell signaling, and gene transcrip-
tion (Drose et al. 2016; Ertracht et al. 2014). Ischemia-elicited
malfunctioning of the respiratory chain in mitochondria pro-
duces oxidative stress in the cell that may be overwhelming
for mitochondrial defense system (Rekuviene etal. 2017). The
less oxygen in mitochondria limits the oxidative phosphory-
lation, reducing the ATP production. This leads to the release
of free radicals from the ETC and generation of ROS in the
mitochondria. This ROS production is more after the reperfu-
sion injury that damages the macromolecules of the cell and
triggers the cellular processes ranging from alteration of cell
signaling pathways to brain cell death.

Mitochondria are the great contributor of cellular ROS
through various metabolic reactions that convert molecular
oxygen into superoxide (O %) and hydrogen peroxide
(H,0,). These include oxidative phosphorylation and other
enzymatic reactions, e.g., xanthine oxidase (XO), nicotin-
amide adenine dinucleotide phosphate (NAD(P)H) oxidase,
cyclooxygenases (COX), and oxidation of unsaturated fatty
acids (Granger and Kvietys 2015). The ETC is the major
source of 02 generation, while mitochondria reduce the O,
to H,O by cytochrome ¢ oxidase during oxidative phosphor-
ylation. There are various sites in the mitochondria that par-
tially reduce the oxygen to generate ROS, especially the
ubiquinone-cytochrome c site has been considered as an ex-
tensive source of ROS in ischemia (Korge et al. 2017).
Mitochondrial succinate formation during ischemia is also a
considerable source of ROS in the ischemia injury (Wijermars
et al. 2016). The accumulated succinate is rapidly re-oxidized
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driving major ROS formation, particularly after reperfusion
due to reversal electron transport at complex 1. This overload
of free radicals includes hydroxyl radicals (OH), 02, H,O,,
nitric oxide (NO), and peroxynitrite (OONO ) (Thompson
et al. 2012). The free radicle OH is another molecule that is
generated from H,O, in the presence of ferrous iron that has
been reduced by O?~. H,0, is accumulated by the dismutation
of O*~ or direct reduction of oxygen and is highly lipid solu-
ble. These highly reactive free radicles not only damage the
macromolecules but also activate the cellular pathways that
cause the ischemic damage to the brain. Redox signaling can
be referred to as the particular oxidative and reductive medi-
ators of the cellular pathways by various free radicals such as
O”". RNS further elevates the ROS signaling in the cells. The
NO produced by particular nitric oxide synthases (NOSs),
such as neuronal (nNOS), inducible (iNOS), and endothelial
(eNOS) bind with O to produce the nitrosative stress (Yang
et al. 2017). The redox signaling is one of the important as-
pects after reperfusion and several molecules which are in-
volved in the redox signaling. NADPH oxidase generates
ROS in the brain that is critical for the host immune system.
NADPH oxidase has been identified as a source of ROS for-
mation in the brain cells after ischemic stroke (Rastogi et al.
2016). After reperfusion, NADPH oxidase produces ROS,
which is sensitive to the hypoxic conditions that elicit its up-
regulation through the hypoxia inducible factor (HIF) (Ma
et al. 2017b). There is growing evidence that a number of
isoforms of NOX family is involved in a variety of neurolog-
ical diseases. In addition to NADPH, xanthine oxidase (XO),
another enzyme in the brain acts as a source of ROS by gen-
erating the O®". Ischemia induces the activation of XO that
causes the brain edema after ischemia/reperfusion. Some other
enzymes that catalyze the production of ROS are COX,
lipoxygenase, and cytochrome ¢ P450 (Yagami et al. 2016).

Mitochondria permeability transition pore
and ischemic stroke

Mitochondria permeability transition pore (mtPTP) is stated as
a regulatory pore that controls the exchange of molecules be-
tween the mitochondria matrix and cytoplasm (Perez and
Quintanilla 2017). The component of mtPTP that forms or
regulates the pore is not completely elucidated. The most com-
mon view is that it is constituted of three proteins, one voltage-
dependent anionic channel (VDAC) in the OMM and another
is adenine nucleotide translocase (ANT) in the IMM. The
third protein that is proposed to be a part of it is residing inside
the mitochondrial matrix is called cyclophilin D. Cyclophilin
D is vital for the regulation of mtPTP and plays a crucial role
in the neuronal ischemic death (Alam et al. 2015). The other
proteins that are linked to be associated with the pore are
hexokinase and Bcl-2 family proteins. The long-debated

hypothesis is that mtPTP transits through both mitochondrial
inner and outer membranes and composed of both membrane
proteins and matrix (Brenner and Moulin 2012). The emer-
gence of inhibitors and binders to the mtPTP led to the dis-
covery of the abovementioned basic components of the pore.
The proteins ANT and VDAC form the multimeric pore by
binding the contact sites of inner and outer mitochondrial
membrane along with matrix protein cyclophilin D.
Recently, experimental studies have demonstrated that the null
mice of Vdacl-, Vdac3-, and Vdacl-Vdac3- exhibited a Ca®*
and oxidative stress from wild-type mice raising serious
doubts about mtPTP model (Baines et al. 2007). Bcl-2 family
proteins such as Bax and Bak are components of the pore in
the outer mitochondrial membrane, and the current data
strongly propose that dimers of ATP synthase form mtPTP,
as well as cyclophilin D binds to the lateral stalk of ATP
synthase (He et al. 2017). Cyclophilin D binds to the
oligomycin sensitivity conferring protein (OSCP) subunit of
ATP synthase which triggers the opening of mtPTP (Karch
and Molkentin 2014). Due to the emergence of this new model
of mtPTP, the association of ATP synthase cannot explain the
regulation of mtPTP modulators such as bongkrekic acid and
atractyloside (Karch and Molkentin 2014). Mitochondrial in-
stability due to the prolonged opening of mtPTP is most often
as a result of the ischemic injury-induced Ca®* and ROS ac-
cumulation that underlies the necrotic death of the cells
(Brenner and Moulin 2012). The identity of molecules that
constitute and affect the mtPTP holds an important clinical
value that is still a long lasting scientific debate as well as
challenge (Hurst et al. 2017). Haworth and Hunter have ob-
served that mtPTP is an evolutionarily conserved pore that is
permeable to molecules of size 1.5 kDa during physiological
conditions (Bernardi 2013). The opening of mtPTP is consid-
ered to be the primary and crucial event leading to mitochon-
drial death. The key mechanism of mtPTP is mediated through
the accumulation of ROS and Ca*" after the reperfusion (Izzo
et al. 2016). The mtPTP, multimeric pore spanning
through the mitochondrial membranes, is a non-
particular pore that opens in the IMM when matrix
Ca”* concentrations are large, specifically when followed
by oxidative stress. The mtPTP inhibitors such as cyclo-
sporine A is neuroprotective in various neurological dis-
eases such as ischemic stroke as shown by using conven-
tional in vitro and in vivo models of stroke (Osman et al.
2011). Thus, therapeutic interventions aimed at mtPTP
inhibition would be an important tool of neuroprotection
in many neurodegenerative diseases.

Mitochondrial impairment and the formation of mtPTP re-
lease various proapoptotic factors from mitochondria to the
cytosol such as proteins which include cytochrome c,
Smac/DIABLO, and the serine protease HtrA2/Omi (Green
and Llambi 2015). Ischemia/reperfusion promoted mitochon-
drial ROS, and Ca?* causes the mtPTP formation through
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which cytochrome c is translocated to the cytosol and leads to
cell death (Yuan et al. 2016).

Cytochrome c binds the cytosolic apoptosis promoting ac-
tivation factor (Apafl), and caspase-9 leads to the formation
of apoptosome; it stimulates the activation of caspase-3,
which then activates many substrate proteins such as poly
(ADP-ribose) polymerase (PARP) (Shakeri et al. 2017). This
PARP translocates into the nucleus via different mechanisms
which cause damages to the nuclear DNA (Julien and Wells
2017). The formation of this mtPTP after injury propagates
the release of another group of apoptotic proteins such as AIF,
endonuclease G, and Bcl-2/adenovirus E1B (Shakeri et al.
2017). There is extensive evidence that has demonstrated that
AIF proteins elicit the alternative process of death upon bio-
energetics failure that impedes the caspase activation. The AIF
binds to cyclophilin A in cytosol from where this conjugate is
transferred to the nucleus and promotes DNA damage as well
as cell death. Another protein, i.e., endonuclease G nuclear
translocation is also associated with cell death but the link
between AIF and endonuclease is not established. Lastly, an-
other apoptotic protein BNIP3 mediating apoptosis that is in-
dependent of both caspases and AIF seems to be a novel cell
death pathway in stroke (Cho and Toledo-Pereyra 2008). The
clustering of procaspase-9 in this manner leads to caspase-9
activation, which is presumably an initiator of the cytochrome
c-dependent caspase cascade, then activates caspase-3. On the

Scheme 1 Schematic diagram:
Ischemic stroke induces the
oxidative stress and
excitotoxicity, due to
accumulation of ROS and
calcium. This excessive ROS and
Calcium cause mitochondrial
dysfunction and activation of
apoptotic factors leads to
apoptotic and necrotic cell death

Excitotoxicity

|

other hand, excessive activation of PARP causes depletion of
nicotinamide-adenine dinucleotide and ATP, which ultimately
leads to cellular energy failure and necrotic cell death.
Collectively, these studies unveil a strong assumption for con-
cluding that cerebral ischemia activates the mitochondrial ap-
optotic pathway, characterized by changes in Bcl-2 family
proteins, cytochrome c release, and caspase-like enzyme acti-
vation (Scheme 1). .

Conclusion

In spite of wealth of experimental evidences of research and
remarkable number of promising data sets in the various lab-
oratories on rodent models of stroke, no drug or neuroprotec-
tive agent has been conclusively effective in the stroke pa-
tients. The current therapeutics is limited to thrombolytics,
which is only applicable to very few case of stroke patients
(Chang and Prabhakaran 2017). The current therapies are lim-
ited to post stroke care management and symptomatic treat-
ment. The failure of translating the preclinical therapies to
clinical level might have various reasons that led to their fail-
ure. The major drawback is the narrow therapeutic window of
the drugs that make them eligible for limited patients, and
other factors are dose and route of administration and their
possible adverse effects on the patients. The paucity of clinical
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trials to evaluate the long-term and dose-dependent studies is
another drawback of bringing the medication from bench to
bedside.

The development and discovery of new drugs is a major
challenge for the ischemic stroke research. The mitochondrial
pathways of cell death can be target for the inhibition of brain
cell death in ischemic stroke. The mitochondrial dysfunctions
such as energetic failure, mitochondrial ROS, Ca2+, and in-
crease in the permeabilization seem to be promising targets to
attenuate the loss of cellular damage. Mitochondrial dysfunc-
tion is an early step for cascade of events such as apoptotic and
necrotic death of brain cells in ischemia stroke. Since cerebral
ischemia is a multifactorial disease, effective treatment though
at multiple dimensions might prove to be more effective. The
therapies that have more translational efficacy might prove
beneficial for designing the future candidates. The
mitochondrial-dependent therapeutic agents that could pro-
vide neuroprotection against stroke might be help to improve
disease conditions.
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