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Abstract

There has been much evidence suggesting that reactive oxygen species (ROS)
generated in mitochondria during cerebral ischemia play a major role in
programming the senescence of organism. Antioxidants dealing with mitochondria
slow down the appearance and progression of symptoms in cerebral ischemia and
increase the life span of organisms. The mechanisms of mitochondrial targeted
antioxidants, such as SKQ1, Coenzyme Q10, MitoQ, and Methylene blue, include
increasing adenosine triphosphate (ATP) production, decreasing production of
ROS and increasing antioxidant defenses, providing benefits in neuroprotection
following cerebral ischemia. A number of studies have shown the neuroprotective
role of these mitochondrial targeted antioxidants in cerebral ischemia. Here in
this short review we have compiled the literature supporting consequences of
mitochondrial dysfunction, and the protective role of mitochondrial targeted
antioxidants.
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signaling by contributing to the adjustment of brain function
to cellular metabolism and metabolic supply. Mitochondrial
dysfunction acts through a number of destructive pathways,
including excessive production of ROS resulting in oxidative
modification of mitochondrial proteins. This in turn causes
impairment of oxidative phosphorylation, contributing to
the onset and progression of disease. 10-(6-plastoquinonel)
decyltriphenyl-phosphonium (SkQ1), mitoquinone (MitoQ),
Coenzyme Q10 (CoQ10) and Methylene blue (MB) are antioxidants
that selectively target mitochondria and protect it from oxidative
damage and which have been shown to decrease mitochondrial
damage in animal models of oxidative stress [8,9].

Introduction

Cerebral ischemia limits the delivery of substrates, mainly oxygen,
glucose and impairs the energy requirement to the brain [1]. Itis a
leading cause of death in industrialized and developing countries.
There is growing evidence that mitochondria play a major role
in both necrotic and apoptotic neuronal cell death after cerebral
ischemia [2,3]. Cerebral ischemia induced mitochondrial swelling,
opening of mitochondrial permeability transition pore leading to
either necrotic or apoptotic cell death, is currently being explored
intensely [4-6]. Existing concepts advocate that mitochondrial
swelling may be the result of membrane permeability transition

initiated by a variety of stimuli. The stimuli for membrane
permeability shift differ between ischemia alone versus ischemia
with reperfusion as a consequence of the generation of reactive
oxygen species. Mitochondrial dysfunction and oxidative stress
are mutually dependent and reinforce damages that play a
central role, not only in brain aging, but also in neurodegenerative
disease [7]. Overproduction of reactive oxygen species (ROS),
which may arise either from mitochondrial electron-transport
chain or excessive stimulation of NAD(P)H, results in oxidative
stress, a toxic process that can play a crucial role in damage of
cellular components, including lipids and membranes, proteins,
and DNA. At moderate levels, ROS participate in physiological

Effects of mitochondrial dysfunction on ischemic
brain

Mitochondria play an essential role in the life and death of living
cells, performing several fundamental regulatory processes.
Destruction of the mitochondrial energy metabolism is the
immediate cause of mitochondrial dysfunction and disruption
of oxidative phosphorylation a key mechanism of producing
adenosine triphosphate (ATP) in cerebral ischemia [10,11]. The
maintenance of the mitochondrial membrane potential (MMP),
which helps to establish a proton gradient across the inner
mitochondrial membrane to activate the adenosine triphosphate
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(ATP) synthase to generate high-energy phosphates, is disturbed
during cerebral ischemia. Loss of MMP may be a common
feature of ischemic destructive processes; these processes
favour the progression and initiation of the apoptotic cell death
[12,13]. Moreover, mitochondria are main targets and source of
oxidative stress, and an excess of ROS has been implicated in the
pathogenesis of cerebral ischemia. These oxygen free radicals
are main contributors to necrotic or delayed neuronal death and
powerful initiators of inflammation and apoptosis [14].

Oxidative stress

Oxidative stress is a phenomenon in which there is an imbalance
between free radicals and antioxidants in the living system, which
plays a major role in the pathophysiology of neurodegenerative
disorder [15]. The brain is at higher risk to the damage caused
by oxidative stress due to high content of polyunsaturated fatty
acid, high consumption of oxygen, elevated metabolic activity
and relatively limited ability to combat with oxidative stress [16].
ROS act as secondary messengers in many intracellular signaling
pathways and as mediators of oxidative damage and inflammation
[17]. Free radicals can attack directly polyunsaturated fatty
acids in membranes and initiate lipid peroxidation (LPO). These
features may make the brain a target tissue for the onset and
pathogenesis of a number of neurological disorders via oxygen
radical production [18,19].

Inflammation

Cerebral ischemia is accompanied by a marked inflammatory
reaction that is initiated by ischemia induced expression
of cytokines, adhesion molecules, and other inflammatory
mediators. Many inflammatory mediators and pro-inflammatory
cytokines like TNF-a and IL-1, are up-regulated during this
period. The release of IL-1B is totally dependent on the
response to pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs) that attach
and bind to pattern recognition receptors (PRRs) to up-regulate
proinflammatory gene expression [20,21]. PAMPs are patterns
carried by pathogens, such as bacterial endotoxin and DAMPs are
commonly endogenous substances released by necrosis.

A number of inflammasome forming PRRs have been identified,
including the Nod-like receptors (NLR) family, pyrin domain
containing proteins (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12,
NLRC4) and AIM2. Among all inflammasomes identified until
now, the best characterized and most strongly related with
inflammation, is formed by NLRP3 [22]. NLRP3 can be activated
by a various groups of disease associated molecules, where it
oligomerizes with the adaptor ASC (apoptosis-associated speck-
like protein containing a caspase recruitment domain) and
caspase-1 to form the NLRP3-inflammasome, resulting in the
processing of pro to mature IL-1B and its subsequent release.
Massive amounts of ATP are rapidly released into the extracellular
space after traumatic or ischemic injuries [23-26] and a high
concentration of ATP activates NLRP3 inflammasome [23,27-28].
This indicates that NLRP3 inflammasome senses mitochondrial
dysfunction and may explain the frequent association of
mitochondrial dysfunction with inflammation. In a renal ischemic
model, NLRP3 activation was found to be mediated at least partly
via mitochondrial ATP released from disrupted cells [29].
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Apoptosis

Mitochondria also plays important role in neuronal apoptosis,
primarily the release of proapoptotic factors into the cytoplasm
after the opening of mitochondrial transition pore. The first
proapoptotic proteins, cytochrome c are released from the
membrane space into cytosol [30]. Once released, these proteins
activate the caspase dependent mitochondrial pathway and
activate Apaf-1, as well as procaspase-9. Together with ATP
these proteins form the apoptosome [31]. The aggregation
of procaspase-9 leads to the activation of caspase-9 which is
most probably an initiator of cytochrome c dependent caspase
cascade, leading to the activativation of caspase-3. Caspase-3
has been reported as a key mediator of apoptosis in the ischemic
brain, which cleaves many substrate proteins, including poly
(ADP-ribose) polymerase (PARP) [32,33] and translocates AIF
to the nucleus [34] as well as facilitating the accessibility of
nuclear chromatin to endonucleases [35]. Activation of PARP
after cleavage by caspase-3 leads to DNA damage. Subsequently,
tumour suppressor transcription factor, p53, stops the cell
cycle and prompts programmed cell death by up-regulation of
pro-apoptotic protein expression, and down regulation of anti-
apoptotic protein leading to subsequently cell death [36].

Mitochondrial targeted antioxidant

Mitochondria are the primary source of intracellular reactive
oxygen species (ROS) and are mainly susceptible to oxidative
stress. Oxidative damage to mitochondria has been shown to
impair mitochondrial function and lead to cell death via apoptosis
and necrosis. There is evidence that antioxidant treatments can
ameliorate or delay disease progression in animal models of
neurodegenerative diseases. Naturally occurring antioxidants
SKQ1, CoQ10, MitoQ and MB have shown protective effects in
the ischemic brain. The nature of these antioxidants and their
protective role in ischemic brain are explained below and a
schematic diagram has been shown in Figure 1.

SKQ1

Mitochondria are important in the aging process, and one of
the ways in which they interact with surrounding cell biology
by ROS. The lipophilic cation SkQ1 is a mitochondrial targeted
antioxidant, which accumulates inside the mitochondria, as
these organelles form the only negatively charged compartment
in the cell. High membrane potential of the inner mitochondrial
membrane together with membrane potential (inside negative)
of the plasma membrane and the strong hydrophobicity of SkQ1
results in the accumulation of SkQ1 in the inner leaflet of the
inner mitochondrial membrane [37]. Oxidized SkQ1 formed after
the scavenging of ROS is rapidly reduced by the mitochondrial
respiratory chain, resulting in regeneration of reduced form
of SkQl. It has been observed that SkQl diminished the
mitochondrial fragmentation (fission) after cerebral ischemia and
prevent progression of the apoptotic cascade [38].

CoQ10

CoQ10 s fat soluble quinine with 10 five-carbon isoprenoid units,
acts as an anti oxidant, protecting the cells against oxidative
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Figure 1 This diagram shows the effects of cerebral ischemia injuries on mitochondrial dysfunction, oxidative stress, release of
pro-apoptotic factor and proinflammatory cytokines, and the eventually neuronal death. The neuroprotective effects
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damage. CoQ10 is a component of the mitochondrial electron
transport chain, transfering electron in the respiratory chain and
playing a role in membrane stabilization [39]. CoQ10 is normally
involved in a series of enzymatically catalyzed sequential
reactions necessary to carry out oxidative phosphorylation via
the electron transport chain (ETC). It collects reducing electrons
from flavoprotein. Oxidative phosphorylation is a fundamental
process used in the production of energy to maintain the brain
function through the production of ATP [40,41]. CoQl10 has
been reported to decrease brain lactate levels and lessen the
diameter of ischemic lesions in animal models [42,43]. CoQ10
improves neurological outcomes and prevents neuronal damage
by reducing the production of free radicals and preventing lipid
peroxidation, a major cause of damage by free oxygen radicals. In
addition, transient cerebral ischemia leads to decrease in tissue
levels of CoQ10 [44]. Moreover, it has also been reported that
CoQ10 lessens the diameter of ischemic lesions in animal models
[45-47].

Mito Q

Mitochondria are vulnerable to oxidative damage and are
also a major source of superoxide free radicals. Consequently,
mitochondria accumulate oxidative damage that could contribute

3

to mitochondrial dysfunction and cell death in cerebral ischemia.
MitoQ is a lipophilic triphenylphosphonium (TPP) cation which
helps it to pass easily through the phospholipid bilayer of
mitochondria [48,49]. Within mitochondria, MitoQ is reduced by
the respiratory chain reaction to its active form ubiquinol which
is an effective antioxidant that prevents lipid peroxidation and
mitochondrial damage [50]. MitoQ has been tested in a number
of animal models of disease: supplementation of rats with MitoQ
decreased heart dysfunction, cell death and mitochondrial
damage subsequent to ischemia reperfusion in isolated heart
[51,52]. It also protected endothelial cell function and damage
to mitochondrial enzymes in a rat model of oxidative stress [53].
It has been found that MitoQ prevents ischemia reperfusion
induced injury after the release of cytochrome c and caspase
activation leading to massive tissue damage and cell death [54].

Methylene blue

Cerebral ischemia is a main cause of mortality and disability
worldwide. The treatment of cerebral ischemia is controlled by a
therapeutic window consisting of a few hours, and efficient drugs
for the treatment of ischemia are extremely limited. MB has been
proved to perform various biological functions and has been used
for various medical applications [55]. MB crosses the blood—brain
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barrier and accumulates in the mitochondrial matrix [56,57]. MB
has auto-oxidizing property and acts as an electron cycler which
allows MB to pass on electrons to the mitochondrial electron
transport chain (in the absence of oxygen), thereby enhancing
ATP production, cytochrome c oxidase activity and helping in
cell survival via bypassing complex I-lll activity to generate ATP
[58,59]. MB reduces reactive oxygen species production from the
mitochondrial electron transport chain species [60,61] which has
the potential to minimize ischemic and reperfusion injury.

Mito PBN

Alpha-phenyl-tert-butyl-nitrone (PBN) is a potent free radical
scavenger believed to have protective actions in ischemia-
reperfusion injury of brain by forming adducts of oxygen
free radicals including OH radical [62,63]. It significantly
reduces the cerebral infarction, neurological deficit, inducible
cytochrome (cyclooxygenase-2) levels and activity, inducible
nitric oxide synthase, inhibits mechanisms involved in nuclear
factor-kB transduction, induces heme oxygenase-1, promotes
mitochondrial function, enhances cholinergic function via
acetyl cholinesterase inhibition, and inhibits calcium channels in
ischemic brain [64-67].

Conclusion and Future Direction

Mitochondrial targeted antioxidants are one of the most
important therapies for providing neuroprotection in cerebral
ischemia. A large body of evidence supports the essential role
of mitochondrial oxidative stress in ischemic brain injuries and
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despite the unsatisfactory results of non-targeted antioxidants in
clinical trials, there is promising evidence in favor of beneficial
effects of mitochondrial targeted antioxidants in ischemic brain
injuries. These antioxidants SKQ1, CoQ10, MitoQ and MB reduce
the mitochondrial oxidative stress either by direct antioxidant or
indirectly through protection of mitochondrial structure and its
function. Experimental studies will be needed to establish the
significant impact of these treatments in both animal and clinical
models of cerebral stroke.

It may be possible to combine these antioxidants with other
therapeutic agents, to extend the therapeutic window of the drugs
or of the effects of the mitochondrial targeted antioxidant itself.
The use of mitochondrial targeted antioxidant in combination
with other therapeutic agents may lead to the re-examination of
the many neuroprotective drugs that failed at the clinical level,
as many drugs may not have been studied in the most effective
possible manner. However, it is clear that more research is still
needed to understand their biological significance as well as how
they can be effectively applied in additional clinical conditions.
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