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Abstract: Transient or permanent interruption of cerebral blood flow by occlusion of
a cerebral artery gives rise to an ischaemic stroke leading to irreversible damage or
dysfunction to the cells within the affected tissue along with permanent or reversible
neurological deficit. Extensive research has identified excitotoxicity, oxidative stress,
inflammation and cell death as key contributory pathways underlying lesion progression.
The cornerstone of treatment for acute ischaemic stroke remains reperfusion therapy with
recombinant tissue plasminogen activator (rt-PA). The downstream sequelae of events
resulting from spontaneous or pharmacological reperfusion lead to an imbalance in the
production of harmful reactive oxygen species (ROS) over endogenous anti-oxidant
protection strategies. As such, anti-oxidant therapy has long been investigated as a means
to reduce the extent of injury resulting from ischaemic stroke with varying degrees of
success. Here we discuss the production and source of these ROS and the various strategies
employed to modulate levels. These strategies broadly attempt to inhibit ROS production
or increase scavenging or degradation of ROS. While early clinical studies have failed to
translate success from bench to bedside, the combination of anti-oxidants with existing
thrombolytics or novel neuroprotectants may represent an avenue worthy of clinical
investigation. Clearly, there is a pressing need to identify new therapeutic alternatives for
the vast majority of patients who are not eligible to receive rt-PA for this debilitating and
devastating disease.
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1. Introduction

In addition to being the second leading cause of death worldwide [1], stroke is also the leading
cause of acquired adult disability [2]. Stroke therefore has a very large socioeconomic impact with one
third of all stroke patients requiring permanent residential care, costing the NHS in the UK £3.8 billion
per annum [3]. The only approved pharmacological intervention for stroke 1is intravenous
administration of the thrombolytic, recombinant tissue plasminogen activator (rtPA), within 4.5 h of
the onset of ischaemia [4]. This short therapeutic window results in only 2%—-5% of all stroke patients
receiving this intervention with successful reperfusion of the brain occurring in only 50% of that
cohort [5], as such this is a disease with largely unmet clinical needs. Ischaemic stroke (as opposed to
haemorrhagic stroke) results from an atherothrombotic or embolic blockage to a cerebral artery and
accounts for ~80% of all stroke cases. Finding a new pharmacological treatment for stroke is
incredibly complex for a number of reasons. The brain is a highly metabolically active organ that relies
on constant oxygen and glucose supply from the circulation. The brain accounts for 2% of the total
body but requires 20% O, and 2% of the entire body’s glucose consumption, although it performs
no mechanical work or external secretory activity [6]. Storage of energy and metabolites within the
brain is extremely low and as such the brain is exceptionally sensitive to interruptions in blood
flow [7]. Although the brain is protected from systemic toxins under normal physiological conditions
by the blood-brain barrier (BBB), this is broken down during cerebral ischaemia allowing infiltration
of inflammatory mediators and other potentially toxic molecules. Following the onset of ischaemia
numerous pathways contribute to brain injury, there is extensive crosstalk between these deleterious
pathways with them also, in the main, existing as positive feedback loops serving to amplify insult.
In what is the most significant challenge of stroke treatment, the majority of damage occurs within
minutes and the acute hours following cerebral ischaemia and as such, stroke treatment at present
remains mainly preventative. Here, we will discuss the source and consequence of reactive oxygen
species (ROS) imbalance following cerebral ischaemia/reperfusion before considering anti-oxidant
strategies attempted clinically based on the pre-clinical evidence for each. What is clear is that while
the contributory role of ROS in stroke cannot be disputed, the relative merit of anti-oxidant therapy
alone has yet to be established and combined therapy may be where agents modulating the balance of
ROS prove beneficial.

2. Sources of Reactive Oxygen Species (ROS)

Oxidative stress as a result of excess production of ROS and/or impaired metabolism is a fundamental
mechanism of cell damage following cerebral ischaemia, where ROS refers to molecular oxygen
(*O; ) or its derivatives. Although oxidative stress has been implicated in numerous pathologies
including cancer, atherosclerosis and neurodegenerative diseases, the brain is particularly sensitive to
oxidative damage (reviewed in [8]). There are several reasons for this; the high consumption of oxygen
under basal conditions, high concentrations of peroxidisable lipids, and high levels of iron that
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act as a pro-oxidant during stress. The primary sources of ROS in the brain are the mitochondrial
respiratory chain (MRC), NAPDH oxidases, and xanthine oxidase [9-11] (Figure 1). Under normal
cellular conditions, mitochondria produce superoxide as a by-product of their primary function—ATP
generation by oxidative phosphorylation through the MRC. Superoxide produced in this way
gets converted to hydrogen peroxide (H,O;) by superoxide dismutase (SOD) before leaving the
mitochondria to act as an intracellular messenger, functioning in neuronal signalling in both the
peripheral nervous system (PNS) and the central nervous system (CNS) [12]. In the ischaemic cell,
O, levels are depleted before glucose, favouring a switch to the glycolytic pathway of anaerobic
ATP production [13]. The switch to glycolysis in the O,-depleted cell results in lactate acid and H"
build-up in the mitochondria and the subsequent reversal of the H' uniporter on the mitochondrial
membrane which causes excess cytosolic H' accumulation and acidosis [14]. Acidosis contributes
to oxidative stress by providing H' for the conversion of *O, into H,O, or the more reactive
hydroxyl radical (*OH). In addition, in the O,-depleted cell the potent protein and lipid oxidant
peroxynitrite (ONOO ) is formed by the reaction of nitric oxide (NO) and *O, , rapidly exhausting
the NO bioavailability. Activation of NMDA receptors (NMDARs) by glutamate also increases
intracellular NO and subsequent ONOO production in the ATP depleted post-synaptic cell. Neuronal
nitric oxide synthase (nNOS) is physically anchored to NMDARSs and following activation and influx
of Ca*", Ca®" binds calmodulin and rapidly activates nNOS generating NO [15]. NO reacts with
superoxide anions (*O, ), produced by anaerobic metabolism of the energy-depleted mitochondria,
forming ONOO . ONOO mediates apoptosis through classic oxidative stress pathways described in
a later section of this review (Section 3.1). In what is a well-documented paradigm of stroke,
reperfusion of the previously ischaemic brain has severely deleterious cellular effects, including a large
increase in ROS production [16,17]. The recovery of the MRC following return of cerebral blood flow
causes a spike in the production of mitochondrial ROS. The reversal of complex I of the MRC and the
subsequent overproduction of *O, 1is believed to be a significant contributor [18]. More recent
studies have further demonstrated the importance of complex I, the entry point for electrons
from NADH in the MRC, following ischaemic injury [19,20]. Pretreatment of neonatal mice with
pyridaben to inhibit complex I resulted in reduced infarct volume determined 7 days after cerebral
hypoxic-ischaemic injury [19]. Similarly, inhibition of complex I reactivation by S-nitrosation of
a cysteine residue decreased ROS production, oxidative damage and tissue necrosis following
cardiac ischaemia/reperfusion [20].

In addition to mitochondrial ROS production, nicotinamide adenine dinucleotide phosphate-oxidases
(NOXs) are a significant source of ROS production following cerebral ischaemia and specifically
during reperfusion injury [21]. The NOX family has seven members (NOX1, NOX2, NOX3, NOX4,
NOXS, DUOXI1, and DUOX2) with the isoforms NOX2, NOX3 and NOX4 predominantly expressed
in the CNS. Under normal physiological conditions NOX enzymes function as membrane bound
enzymes which generate ROS for biological functions such as blood pressure regulation, microbial
killing and otoconia formation [22]. The catalysis of *O, occurs by one electron reduction of O, using
NADPH as an electron donor: 20, + NADPH — 20, NAPD + H'. Under pathological conditions
however, NOXs are significant contributors to pathological damage by oxidative stress from O,
overproduction and ROS imbalance. Although all seven NOX isoforms catalyse the reduction of
molecular oxygen their mechanism of activation differs between isoforms. NOX2 is activated and
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simulated by phosphorylation-activated p47phox and by p67phox, in conjunction with activated Rac.
NOX3 is activated by NOXO1 but is insensitive to additional stimulation by NOXA1 or activated
Rac [23]. Activation of NOX4 has not been fully elucidated however it is thought to be controlled by

transcriptional factors [24].

Figure 1. Sources of reactive oxygen species (ROS) and consequences of imbalance.
Several sources of ROS exist endogenously which are balanced by natural anti-oxidant
systems. In times of excess ROS production, such as following cerebral
ischaemia/reperfusion, the balance of oxidants exceeds anti-oxidant protection. Excess
ROS, in turn, result in apoptosis, inflammation, DNA damage, lipid peroxidation and
protein denaturation—all of which contribute to and amplify signals leading to damage
following stroke.
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Xanthine oxidase (XO) functions to catalyse the oxidation of hypoxanthine to xanthine and oxidation
of xanthine to uric acid. Under normoxic conditions XO exists as in interchangeable form of xanthine
hydrogenase (XDH) [25]. During ischaemia cellular adenosine triphosphate (ATP) is catabolised to
hypoxanthine which accumulates in the ischaemic tissue, and XDH is cleaved to the active XO. During
the reperfusion phase, XO can then oxidise the reaction of hypoxanthine to xanthine and xanthine to

uric acid, producing *O, and H,O; [26].
3. Consequences of ROS Imbalance

The results of ROS imbalance are considerable and affect many processes within the brain
parenchyma and all cells of the neurovascular unit (Figure 1). These events should not be considered
as distinct from one another as considerable crosstalk and amplification occurs.
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3.1. Apoptosis

ROS have a number of direct detrimental effects which result in cell damage and tissue destruction,
such as: lipid peroxidation, protein denaturing, disruption of DNA and multiple cell signalling effects
resulting in initiation of apoptosis [27-29]. Lipid peroxidation is the main mechanism by which ROS
cause damage within the brain. Initiation of lipid peroxidation results in a positive-feedback loop of
damage. The *OH initiates removal of one H™ from a polyunsaturated fatty acid resulting in formation
of a lipid radical that reacts readily with O, to form a lipid peroxyl radical and another lipid radical.
The lipid radical by-product will further react with oxygen causing a positive feedback reaction.
As an example of the positive-feedback loop of lipid peroxidation: excess ROS can activate
phospholipase A, (PLA;) which in turn releases and activates arachidonic acid (AA) and a by-product
of the activation of AA is ROS. ROS act directly on lipids to ultimately produce aldehydes, dienals
or alkanes, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). The latter, 4-HNE
induces apoptosis following cerebral ischaemia in neurons [30] and has been shown to be upregulated
in a time-dependent manner in the ipsilateral striatum following focal ischaemia in rats [31].
Direct oxidative damage of DNA by ROS differs to endonuclease-mediated DNA fragmentation
in that it occurs at earlier time-points following cerebral ischaemia and is potentially reversible.
Oxidative damage to DNA occurs from direct attack of ROS on DNA, resulting in primarily DNA base
damage and single-strand breaks (SSBs), observed in rodent models of cerebral ischaemia [32-34].
Although oxidative damage is potentially reversible, in cerebral ischaemia the multiple mechanisms
that induce ROS ultimately generate fatal DNA damage to neuronal cells due to the ROS/antioxidant
imbalance [33,35].

As aforementioned, a primary site for ROS generation following cerebral ischaemia is the
mitochondria, where they exert their most detrimental role in initiation of cell death via cytochrome C
(CytC) release [36,37]. Mitochondrial CytC release is in part controlled by the Bcl-2 family of proteins
which are vitally involved in neuronal survival and programmed cell death. This gene family contains
both pro-apoptotic and anti-apoptotic proteins and the anti-apoptotic members of the Bcl-2 family act
by inhibiting the pro-apoptotic members. High [Ca*']; caused by excitotoxicty activates release of
pro-apoptotic mediators from the mitochondria through activation of calpains [38] causing
mitochondrial transition pore (MTP) opening. ROS can also mediate mitochondrial permeabilisation
through activation of cytosolic phospholipase A, (cPLA;). Activated cPLA, triggers AA release by
freeing it from an inhibiting phospholipid molecule through an enzymatic process. Activated AA has
been shown to directly act on the MTP on mitochondria [39]. Release of pro-apoptotic CytC from
the mitochondria results in initiation of the mitochondrial caspase-dependant intrinsic pathway of
cell death. Following release, CytC forms a complex with cytosolic adapter protein (APAF-1) and
caspase-9, known as the apoptosome, to mediate the activation of pro-caspase-9 in the presence of
deoxy-ATP (dATP). Activated caspase-9 cleaves and activates caspase-3, which initiates apoptosis
through DNA fragmentation by releasing the endonuclease caspase-activated DNase (CAD) from
inhibition by cleaving its inhibitor ICAD [40,41]. CAD is a deoxyribose- and double-strand-specific
enzyme [42] which preferentially cleaves the internucleosomal linker regions in chromatin [43].

ROS also mediate apoptosis through a direct interaction with nuclear factor kB (NF-kB) and
subsequent activation of the MAPK/JNK pathway of cell death. NF-kB is known to be activated by
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the redox state of the cell in a number of disease pathologies and activation can be inhibited
through use of antioxidants [44]. Additional downstream gene targets of NF-kB also include,
NOS [45], cyclooxygenase-2 (COX-2) [46], matrix metalloproteinase-9 (MMP-9) [47], intracellular
adhesion molecules (ICAMs) and cytokines [48] which are involved in a number of detrimental
pathways of cerebral ischaemia such as, apoptosis, BBB breakdown, and inflammation. JNK
activates mitochondrial-mediated apoptosis by direct action on Bcl-2 [49]. Following translocation to
the nucleus, JNK activates the transcription factor c-Jun and ATF-2, leading to the formation of
Jun-ATF-2 complex activator protein-1 (AP-1). The AP-1 pathway is involved in regulation of
pro-apoptotic genes such as TNF-a, Fas-L and Bak [50]. ROS also increase JNK activation through
their direct interaction with the upstream mediator of JNK, ASK1 [51]. Under normal conditions,
ASK1 remains inactive through binding with thioredoxin (Trx), a ubiquitously expressed protein with
a reduction/oxidation active site sequence.

3.2. Blood-Brain Barrier (BBB) Disruption

The BBB is a highly selective permeability barrier that separates the circulating blood from
the brain extracellular fluid (BECF) in the CNS. Capillary endothelial cells, connected by tight
junctions and surrounded by the basal lamina and astrocytic end feet, form the BBB [52]. The BBB
allows the selective passage of H,O, some gases, and lipid soluble molecules by passive diffusion,
and selective transport of molecules such as glucose and amino acids that are crucial to neuronal
function whilst protecting the brain by prevention of passage of potential neurotoxins [53].

Following cerebral ischaemia + reperfusion, generation of ROS (by previously described mechanisms)
results in the breakdown of the BBB. Proteases, partly responsible for the breakdown of the BBB
by digestion of the basil lamina, are generated within the ischaemic cells of the vasculature and are
also released by adhered leukocytes within the lumen [54]. Matrix metalloproteinases (MMPs)
expressed in microvascular endothelial cells are a family of proteolytic enzymes, of this family
MMP-2 and -9 play key roles in the degradation of the vascular matrix as they digest type IV collagen
and laminin, major components of vascular basement membranes [55]. ROS generated within
the endothelium during ischaemia cause MMP activation, both directly through oxidation or
nitrosylation of MMPs or indirectly through action on the redox-sensitive element of transcription
factors (such as NF-«B and AP-1) that are known to be an integral part of the binding sites for
MMP transcription [56]. In addition to basal lamina breakdown, expression of the tight and
adherent junction proteins responsible for the tight cell-to-cell interactions in the cerebral
microvasculature are downregulated following ischaemia by changes in both intra- and extracellular
Ca®" ion concentrations, [57-59]. Low [Ca®']; results in removal of calcium from binding sites on
E-cadherin extracellular domains of adherent junctions, causing a conformational change which
interrupts cell-to-cell adhesion inducing BBB breakdown [60]. Within the perivascular space
degranulated mast cells release vasoactive mediators such as histamine and proteases, promoting
breakdown of the basal lamina from the side of the brain parenchyma. Stress-activated macrophages in
the perivascular space release proinflammatory mediators which promote further expression of
adhesion molecules on endothelial cells, resulting in more leukocyte adhesion, protease release
and subsequent infiltration through the now permeable BBB [61-63].
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3.3. Immune Response

During cerebral ischaemia the inflammatory process is initiated within the occluded vessel.
Within the neurovascular unit, the onset of ischaemia results in an initial production of ROS which
activates platelets and endothelial cells [64,65]. Within minutes following the onset of ischaemia,
pro-inflammatory signals are rapidly generated by translocation of adhesion molecule p-selectin to
the membrane of the ROS-activated platelets and endothelial cells within the neurovascular unit [66].
Within endothelial cells, the decrease in NO bioavailability (as discussed earlier in this review)
results in vasoconstriction, further reducing blood flow to the ischaemic territory and contributing to
platelet-leukocyte aggregation. In addition to endothelial derived NO mediated vasoconstriction,
oxidative stress within the contractile cells of the capillaries (the pericytes) results in further
constriction of the microvasculature [67]. Thrombin generated by ROS-activated platelets causes
conversion of fibrinogen to fibrin, the resultant build up of fibrin traps platelets and leukocytes
forming clots leading to further microvascular occlusions, and exacerbating the ischaemic insult [68].

In the brain parenchyma microglia, as the innate immune cells of the CNS, are the source of
production and release of inflammatory mediators. In the minutes following cerebral ischaemia, there
is increased accumulation of ATP or UTP in the extracellular space of the brain parenchyma as a result
of excitotoxicity, oedema and subsequent neuronal membrane breakdown [69]. Increased extracellular
ATP activates the P2X7 receptors of the microglia, leading to release of pro-inflammatory mediators,
such as cytokines, ROS and NO [70].

Under normal conditions, cell-to-cell interaction between neurons and microglia maintains the
polarisation and quiescence of the microglia. For example, the membrane protein CD200 expressed
on neurons interacts with the CD200R on microglia and enforces the resting phenotype [71]. During
ischaemia, expression of this protein is reduced leading to activation of the microglia. In a similar
fashion, the cell-surface bound neuronal chemokine, CX3CLI1, acts on the microglial CX3CLI
receptor promoting quiescence during normal respiration [72]. Thus, during cerebral ischaemia loss of
these interactions by matrix breakdown, releases microglia from suppression and promotes the
inflammatory response.

In the later stages following cerebral ischaemia molecular signals are released from the intracellular
compartment of dead/dying cells and are produced from the digestion of matrix proteins, known as
danger-associated molecular pattern molecules (DAMPs) [73]. DAMPs act on the Toll-like receptors
and scavenger receptors of the microglia, perivascular macrophages and brain endothelial cells to
stimulate further release of pro-inflammatory mediators such as IL-6 and TNF through NF-xB
activation [74]. In addition to this, DAMPs prime dendritic cells for antigen presentation; this
interaction demonstrates the main cross over between innate and adaptive immunity following
cerebral ischaemia. Although the immune response following stroke is classically thought of in
the direction of infiltration from the circulation to the brain parenchyma, it is likely that in the
highly vascularised brain the inflammatory mediators released from the brain parenchyma would
feed back onto the perivascular unit and the vasculature, reinforcing infiltration of the circulating
inflammatory mediators.
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4. Antioxidant Strategies

In normal brain tissue, ROS are continuously produced during physiological processes but are
balanced by endogenous antioxidant defence mechanisms. After cerebral ischaemic injury, free radical
production is greatly increased and causes redox disequilibrium in the natural endogenous antioxidant
system; detoxification mechanisms are inactivated and oxidants are overproduced. An increase in
ROS levels after cerebral ischaemia results in overt oxidative stress and subsequent neuronal
injury [75] making free radicals a valid therapeutic target, and much research has focused on assessing
the therapeutic effects of antioxidants. There are three main strategies by which antioxidants work;
(1) inhibition of free radical production; (ii) scavenging of free radical production; or (iii) increasing
free radical degradation [76]. Antioxidant strategies can either focus on the upregulation of
endogenous antioxidants or on the delivery of exogenous antioxidants.

4.1. Inhibition of Free Radical Production

In this approach, the source of disease promoting ROS generation is targeted by specific inhibitors
of ROS generating enzymes. One main source of ROS production in cerebral ischaemia/reperfusion
injury is the NADPH oxidases (NOXs). Inhibition of NADPH oxidase complexes with the
pharmacological agent apocynin prior to reperfusion has demonstrated an attenuation in cerebral
ischaemia in rat models of experimental stroke [77,78] highlighting the contributory role of NOX
in brain injury. There are seven homologues of NOX, with NOX2 and NOX4 both shown to be
upregulated following I/R injury [79,80]. NOX2 is known to facilitate the production of superoxide,
whilst NOX4 produces hydrogen peroxide [81]. NOX2 knockout (KO) mice were found to have
decreased lesion volume and improved neurological outcome at 24 h and 72 h post-ischaemic injury
with an observed decrease in products of oxidative stress compared to their wild-type (WT)
controls [21,82,83]. NOX4 deficient mice have shown protective effects in both transient and
permanent models of occlusion at 24 h post-stroke [84]. Furthermore, pharmacological inhibition of
TLR4-NOX4 signalling led to reduced expression of NOX4 and a subsequent decrease in volume and
area of cerebral infarction of 40% [85]. There are conflicting reports regarding the role of NOXI in
experimental stroke. Studies have shown NOXI1 to have a protective role in ischaemic injury in
experimental stroke with NOX1 KO mice displaying a four-fold greater cortical infarct volume than
WT mice [86]. Similarly, no protection (although no worsening) from experimental stroke was
described following tMCAO in NOX1 KO mice in a further study [84]. In contrast, Kahles et al.
(2010) demonstrated a 55% attenuation in lesion size after 1 h of ischaemia in NOX1 KO mice and a
corresponding improvement in neurological improvement compared to WT mice [87]. Interestingly, no
difference in lesion volume between WT and NOX1 KO mice was observed when occlusion time was
lengthened to 2 h and beyond [87]. Taken together, these data suggest a functional importance for the
NOXs in I/R injury and as such represent a novel therapeutic target, especially as apart from their role
in ROS production, they have no other essential function [88]. NOX inhibitors are known to be
non-specific and not isoform selective; whilst this may not ultimately be important for the treatment of
stroke, the development of selective NOX inhibitors would help to validate the role of the various
NOX isoforms in stroke [89].
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Xanthine Oxidase (XO) is another enzyme that is involved in redox signalling pathways and is
an important source of ROS in the setting of brain injury. Inhibition of XO is a potential therapeutic
approach for the treatment of cerebral ischaemia that has received little attention. Allopurinol is
a commonly used XO inhibitor that not only reduces levels of uric acid, but also reduces the level of
superoxide anion formation. Initial trials with this drug are promising; patients treated with allopurinol
showed an improvement in vascular [90] and beneficial effects on inflammatory indices compared to
placebo [91]. However, in a randomised double-blind trial to investigate the effects of allopurinol in
patients with recent subcortical stroke, no improvement in cerebrovascular function was observed [92].

4.2. Free Radical Scavengers

Compounds capable of scavenging free radicals have been developed for the treatment of cerebral
ischaemic stroke although translation from pre-clinical to clinical trials has largely been disappointing.
One of these compounds is Tirilazad mesylate (U-74006F), an inhibitor of lipid peroxidation that was
studied extensively in pre-clinical models in the mid-1990s and was shown to reduce infarct size in
rats following transient focal ischaemia but not permanent occlusion [93,94]. A meta-analysis of
the previously published data was released in 2007 [95], where an overall improvement in both lesion
size and neurological recovery was reported. Across 19 publications, tirilazad was demonstrated to
reduce lesion size by an average of 29% and improve neurological score by 48% [95]. Maximum
efficiency of tirilazad treatment was observed when administered prior to focal ischaemia, with
a decreasing efficiency in action with administration time from ischaemic onset thereafter. The largest
clinical trial of tirilazad comprised 660 patients, in which tirilazad was administered within 6 h of
the onset of cerebral ischaemia [96]. Primary outcome of disability measured by the Glasgow Outcome
Scale and Barthel index at 3 months showed no change between groups at an independent interim
analysis of 556 patients, and the trial was subsequently terminated. It was later determined that women
metabolise tirilazad up to 60% more efficiently than men, and therefore had perhaps not been
administered a high enough dose to mediate neuroprotection, reducing the efficacy across the whole
trial [97]. These studies highlight the need to more tightly regulate the consistency of methodologies
from pre-clinical to clinical studies.

NXY-059 is another example of a drug that showed promising results pre-clinically but failed to
show clinical efficacy. A number of pre-clinical studies confirmed the neuroprotective action of the
spin trap, NXY-059, in infarct reduction and neurological recovery across a variety of stroke models in
both rodents [98—100] and non-human primates [101,102]. Spin-trapping is a technique that allows
scavenging of free radicals. It involves the addition of a free radical, to a nitrone spin trap resulting in
the formation of a spin adduct, without the formation of further free radicals and as such can
terminate radical chain reactions. Following extensive and successful pre-clinical studies, NXY-059
was studied in two large randomised and double-blinded trials. The initial trial (SAINT I) involved
1722 patients [103], and the following year SAINT II enrolled 3306 subjects [104]. In both trials,
patients were assigned to receive either a 72 h infusion of NXY-059 or placebo, starting within 6 h
of the onset of cerebral ischaemia. SAINT I showed a significant improvement in NXY-059 treated
patients assessed by the modified Rankin score, but not by the NIHSS scale or Barthel index.
However, the subsequent SAINT II trial published entirely negative results in primary and secondary
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endpoints. The difference in the outcomes of these trials have been attributed to statistical weakness
of the SAINT I trial [105,106] and the poor BBB permeability of NXY-059 [107].

Edaravone is a free radical scavenger that has been approved for use in Japan since 2001 [108]
and is widely in use in clinics in Japan for the treatment of cerebral infarctions [109]. It is known to
scavenge peroxyl, hydroxyl and superoxide radicals [110]. Although free radicals are known to be
a major contributor to lesion progression, the effectiveness of edaravone is still unclear. Pre-clinical
studies show promising results with decreased infarct sizes in rodent models [111-114]. In human
clinical trials, the results are less clear however. In a multicentre, randomized, placebo-controlled
double-blind study on acute ischaemic stroke patients, significant clinical improvements in all patients
receiving edaravone and at all time points were described [115]. Conversely, in patients with
cardioembolic stroke treatment with edaravone showed minimal improvements [116]. In a further
study to assess the effects of edaravone in both acute and chronic stages of cerebral ischaemia, infarct
size was significantly reduced in small-vessel occlusion stroke patients within one year; however
associated observed neurological improvements were not significantly sustained at one year [117].
Drug dose and therapeutic window for treatment is not consistent between all these trials and so
a trial that addresses these issues is warranted to fully assess the efficacy profile of edaravone in
stroke patients [109].

4.3. Free Radical Degradation

Strategies aimed at reducing oxidative stress by increasing levels of the antioxidant SOD in
experimental models of stroke have demonstrated the integral role of ROS in lesion progression.
SOD catalyses the conversion of O, to less reactive H,O, and O,. Catalase (CAT) and glutathione
peroxidase (GPx) help to eliminate the by-product of H,O,, thus increasing the overall efficacy of
SOD [118]. Overexpression of CAT by adenoviral vectors [119] and transduction with PEP-1-CAT
fusion protein [120] have both demonstrated neuroprotection in neuronal cells in vitro against I/R
injury. Furthermore, catalase overexpression was shown to be protective when delivered prior to
ischaemic injury in rats; however protection was lost when delivery was after the ischaemic
insult [121]. Transgenic mice overexpressing GPx showed significant reduction in infarct volume
compared to non-transgenic mice following I/R damage [122,123] whilst Gpx-1 knockout (KO) mice
demonstrated a three-fold increase in infarct volume [124].

Of the three SOD enzyme isoforms, SOD1 has been studied most in relation to experimental
models of stroke. Approaches to overexpress SOD1 using transgenic mice [125] and rats [37]
demonstrated reduced apoptosis in transient focal ischaemia stroke models. Conversely, deficient
SODI expression in knockout mice resulted in mortality within 24 h of MCAO in SOD1” mice and
increased infarct volume and oedema in SOD1"" heterozygotes compared to WT controls [126]. Using
gene therapy to overexpress SODI1 locally before and 2 h post-transient MCAO a significant
improvement in neuronal survival was seen [127]. Furthermore, transient MCAOQO in transgenic mice
overexpressing SOD3 resulted in reduced infarct size compared to wild type mice [128]. SOD2 (or
manganese-containing superoxide dismutase, Mn-SOD) is a mitochondrial antioxidant enzyme. Whilst
homozygous SOD2 KO mice (SOD2 ) die within 10 days of birth [129], heterozygotes (SOD2"")
have increased levels of superoxide and show an increase in infarct volume after cerebral ischaemia
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compared to WT [130] suggesting that SOD2 protects against oxidative stress-induced damage.
Transgenic mice overexpressing SOD2 displayed neuroprotective effects following transient focal
ischaemia [131]. SOD2 was revealed to be a gene that is a specific target of STAT3 with the loss of
STAT3 activity by ischemic reperfusion resulting in a reduction of SOD2 expression [132]. Injections
of interleukin-6 (IL-6) before and after middle cerebral artery occlusion in mice restored activity of
STAT3 and additionally restored the transcriptional activity of the Mn-SOD promoter through
recovery of the recruitment of STAT3 to the Mn-SOD promoter; a resulting reduction in infarct
volume was observed [133]. Thus targeting these pathways may have therapeutic potential against
oxidative stress in cerebral infarction.

Ebselen is an inhibitor of glutathione peroxidase-like activity, and also reacts with and subsequently
scavenges ONOO . In pre-clinical rodent models of focal ischaemia pre-treatment with ebselen [134]
or administration at point of reperfusion [135] in transient occlusion models improved ischaemic
damage and neurological deficit, respectively. Post-treatment at 30 min following onset of ischaemia
in a rodent model of permanent occlusion resulted in modest protection [136]. However, a randomised
and blinded trial of 302 ischaemic stroke patients who were administered ebselen at 48 h post
ischaemia for 2 weeks failed to replicate the protective effects seen in the pre-clinical models at
3 months, although improvements in the ebselen treated groups were observed prior to this at
1 month [137].

A novel antioxidant approach is the inhalation of gases during or after ischaemia. The use of inhaled
hydrogen gas to selectively reduce the hydroxyl radical in a transient model of MCAO demonstrated
a marked reduction in infarct volume 1 day post-occlusion and an improvement in neurological scores
assessed after 7 days [138]. Importantly, gas administration during reperfusion was adequate to elicit
the beneficial effect. Normobaric oxygen (NBO) has been shown in several studies to reduce infarct
volume and neurological deficits in rat models of focal ischaemia [139—141] and to extend the time
window of successful reperfusion in rats [142]. Furthermore, combination therapy with NBO and
ethanol was shown to have neuroprotective effects after I/R injury in rats [143,144]. A similar
approach to the treatment of ischaemic injury is the induction of a natural cell protection molecule NO.
NO is a vasoactive molecule that is produced by either endothelial NO synthase (eNOS), inducible
NO synthase (iNOS) or neuronal NO synthase (nNOS) with NO playing a dual contradictory role in
focal cerebral ischaemia [145,146]. NO derived from eNOS has neuroprotective effects [67] and
can terminate chain reactions during lipid peroxidation, whilst NO derived from iNOS acts as
a pro-oxidant and reacts with superoxide O, to form the strongly oxidative/nitrative molecule ONOO
and ultimately exacerbates cell death [147]. In a recent study, it was shown that inhalation of NO
could significantly decrease ischaemic brain damage and improve neurological outcome in rat
neonatal stroke models [148], murine models of cerebral ischaemia and a large animal model of
ischaemic stroke [149]. Gaseous treatment may have several therapeutic advantages including the
ability of gases to rapidly penetrate biomembranes and diffuse into the cytosol, mitochondria and
nucleus [138].

Lubeluzole acts to reduce NO levels and subsequent ONOO production in hypoxic cells through
inhibition of the glutamate-mediated nitric oxide synthase pathway [150]. Proof-of-concept was confirmed
in vitro, lubeluzole protected both hippocampal slices [151] and primary neurons [152] from
both membrane depolarisations and nitric oxide toxicity, respectively. In addition, in a pre-clinical
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model of photochemical parietal sensorimotor cortical stroke in rats, lubeluzole rescued hindlimb
placing when administered 5 min following ischaemic onset in all rats and 60% of rats when
administered at 6 h [153]. In a transient middle cerebral artery occlusion (MCAQO) model lubeluzole
treatment 15 minutes after the onset of stroke rescued infarct by 50% [154]. When treatment of
lubeluzole was administered 3 h following the onset of permanent MCA, infarct was reduced by
33% [154]. Primary clinical safety studies of lubeluzole in 193 patients were terminated early as
a result of a mortality imbalance in the higher dose group (20 mg/day) which was not noted in the
lower dose group (10 mg/day) [155]. The following year a multicentre randomised and double-blinded
trial of 721 patients was carried out in the US and Canada, where patients were randomised to
lubeluzole or placebo administration within 6 h following ischaemic onset. Mortality was not improved
at 12 weeks, improvement was demonstrated in the lubeluzole groups across the NIHSS scale and
Barthel index at the same timepoint [156]. These results were confirmed in a similar study of
comparable candidate number the following year [157]. In light of these positive trials, a large
clinical study of 1786 patients was initiated, however unfortunately no difference was observed
between lubeluzole or placebo groups in either the primary or secondary outcome measures [158].
A meta-analysis of all five clinical trials of lubeluzole reported no improvement of mortality or
dependency between groups, but did report a significant increase in the heart-conduction disorder,
Q-T prolongation, in lubeluzole treated subjects [159].

4.4. Mitochondrial Targeted Anti-Oxidants

The mitochondrial matrix is an important site of free radical generation [160]. Mitochondria have
been reported to act as major sources of ROS in ischaemia and particularly in reperfusion injury.
Oxidative damage to the mitochondria can result in a decrease in essential ATP production, an increase
in mitochondrial generated ROS production and in the release of pro-apoptotic signals. The MRC,
which is made up of four membrane-bound complexes (I-IV), has been identified as one potential
source of ROS production [161]. Inhibition of the mitochondrial complex I was found to inhibit both
ischaemic and reperfusion-mediated oxidative damage protecting the mouse brain from
hypoxic/ischaemic (HI) injury [19].

A lack of efficacy in the use of antioxidants can in part be explained by a difficulty in achieving
high concentrations in the necessary intracellular location [162]. Mitochondrial targeted antioxidants
could specifically target the interior of the mitochondrion and potentially ameliorate oxidative
damage. Targeting antioxidants to the mitochondria generally involves conjugating an antioxidant to
a lipophilic cation to promote diffusion and accumulation within the mitochondria. A number of
antioxidants have been targeted to the mitochondria in an attempt to improve efficacy. Mitochondrial
targeted vitamin E was shown to protect cerebellar granule cells in vitro from ethanol-induced oxidative
damage [163]. Additionally, supplementation of bovine aortic endothelial cells with mitochondrial
targeted vitamin E mitigates peroxide-mediated oxidative stress and inhibits apotosis [164].

Mitoquinone (mitoQ) is a derivative of ubiquinone and has a high affinity for the mitochondria [165].
MitoQ;o is reduced to ubiquinol and has been found to be an effective antioxidant protecting
mitochondria from oxidative damage and apoptosis caused by H,O, [166]. It has been shown to be
therapeutic in several animal models of disease and in humans (reviewed in [167]). Pretreatment of



Antioxidants 2014, 3 484

rats for 2 weeks prior to ex vivo cardiac ischaemia/reperfusion demonstrated cardiac protection [168].
Furthermore, administration of MitoQ,;o prevented hypertension, cardiac hypertrophy and improved
endothelial function after oral administration in young spontaneously hypertensive stroke prone rats
(SHRSP) [169,170]. Administration of MitoQ;o reduced levels of oxidative stress and cell death in rat
brain induced by chemical treatment with the organophosphate pesticide dichlorvos [171]. However,
in a rat model of neonatal HI no such protection was described for MitoQ [172]. Thus mitochondrial
targeted antioxidants represent an important developing therapeutic strategy in the treatment of stroke.

4.5. Upregulation of Endogenous Antioxidants

Antioxidant vitamins are one of the body’s main natural defence mechanisms against oxidative
stress. Vitamin E and C are two of the most studied natural antioxidants. Dietary vitamin C is mostly
provided through the consumption of fruit and vegetables and has a biological role as a hydrogen
donor to reverse oxidation. One form of vitamin C, ascorbic acid, was found to protect newborn rat
brain from HI injury [173]. In a large animal stroke model, the administration of dehydroascorbic
acid did not significantly decrease infarct volume or improve neurological outcome and the study
was terminated early [174]. In a recent study however, it was found that 4 weeks of pre-treatment of
stroke-prone spontaneously hypertensive rats with vitamins C and E lowered levels of lipid peroxidation
and significantly lowered infarct volume following MCAO [175]. In large human observational
studies, it was determined that an increase in vitamin C plasma levels correlated with a lowered
incidence of stroke [176—178]. However, in randomised control trials, patients receiving antioxidant
vitamin supplementation displayed no difference in incidence of stroke compared to those receiving
placebo [179-181]. Similar results were found for vitamin E supplementation with meta-analysis
of randomised control trials showing no benefit on the incidence of stroke in patients receiving
supplementation compared to those taking placebo [182,183]. These data would suggest that the use of
antioxidant vitamin supplementation in stroke is not therapeutically viable.

Hypoxia-inducible factor 1 (HIF-1) is an important mediator in stroke and is responsible for
the inductions of genes that are involved in the cell’s survival response to hypoxia [184]. The
neuroprotective effects of HIF-1 have been well documented in pre-clinical models. Pre-conditioning
of the brain 24 h prior to ischaemic insult has been shown to reduce infarct volume by up to
30% [185] through the increase in expression of HIF-1 and its target genes [186]. Additionally,
pre-treatment of rats with deferoxamine, a known inducer of HIF-1, demonstrated significant
protection against ischaemic injury [187,188]. This effect may also be attributed to the ability of
deferoxamine to chelate Fe*" and inhibit the formation of the damaging *OH radical through
the Fenton reaction.

The exact function and mechanism of neuroglobin (Ngb), a member of the globin superfamily,
remains elusive but its upregulation has been shown to be neuroprotective in a number of studies of
in vivo brain ischaemia models. Transgenic mice overexpressing Ngb showed neuroprotective effects
in the form of reduced infarct volume and reduced lipid peroxidation levels following both focal [189]
and global ischaemia [190]. Adeno-associated viral mediated Ngb expression also reduced infarct
size and improved neurological outcome 24 h post-stroke in rats [191]. The use of cell-penetrating
peptides to deliver Ngb across the blood brain barrier in mice resulted in significantly reduced lesion
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size and improved neurological recovery when given as a pre-treament [192]. No improvement was
seen when delivered post stroke, however. In a recent combination study to assess the effects of
targeting both oxidative stress and apoptotic pathways using a combination of the antiapoptotic c-Jun
N-terminal kinase (JNK) inhibitor and the antioxidant neuroglobin (Ngb), combined treatment reduced
infarct and improved neurological outcome more than single therapy after in vivo experimental stroke
in hypertensive rats [193]. This demonstrates how targeting multiple physiological pathways can
be beneficial.

4.6. Combination Therapy

No single antioxidant has advanced beyond clinical trials in the UK and the only approved
treatment remains tissue-plasminogen activator (tPA). Few patients receive this treatment, as a result
of its narrow treatment window of 4.5 h post-stroke [194], making stroke a vastly undertreated disease.
A promising strategy in the treatment of stroke is the identification of agents that when used in
combination may have increased efficacy in stroke treatment compared to single-agent therapy. This
approach has proven successful in other pathologies of CVD. As many neuroprotective trials have
failed due to dose-limiting toxicity, combination therapy may decrease the dose required for each agent
so reducing adverse events. It has been shown that combination with activated protein C reduces tPA
associated neurovascular toxicity thus improving efficacy in the treatment of stroke [195]. Although
complicating study design, multimodal therapy would allow the targeting of multiple pathophysiological
mechanisms. Indeed, our own studies in stroke combining stem cell therapy and targeting oxidative
stress and matrix metalloproteinases found that triple therapy was more effective than single or double
combinations [196]. Furthermore, our previously discussed study combining the antioxidant Ngb with
the antiapoptotic JNK inhibitor demonstrated improved outcome following ischaemia with
combination therapy compared to either single therapy alone [193].

Indeed, the majority of pre-clinical studies indicate that treatment with thrombolytics is suboptimal
if not in combination with neuroprotective agents. At least additive but also synergistic effects have
been demonstrated by combination of thrombolytics with neuroprotectants in pre-clinical models
including the free radical spin trap o-Phenyl-tert-butyl-nitrone (PBN) [197]. In this experiment,
tPA-induced haemorrhage volumes were reduced by 40% with alpha-PBN, and infarction and
neurological deficits were also decreased. PBN has also been used in combination with NMDA
receptor antagonist (MK-801) in an in vitro model of OGD and demonstrated substantial synergistic
effects in combination [198]. The use of tPA in combination with the free radical scavenger edaravone
prevented the reduction in levels of protein factors relating to neurorepair and neuroregeneration and
decreased infarct volume when both were delivered during stroke surgery in rats [199]. However,
disappointingly, NBO administration in combination with tPA showed no additional beneficial
neuroprotective effects in a rat model of thromboembolic stroke [200]. The volume of ischaemic brain
damage and swelling in these animals was equivalent to that of control animals and greater than
that of tPA- and NBO- treated animals suggesting this may not be a safe strategy. Synergistic effects
have been observed with two different antioxidants, U-74389G and U-101033E. Sprague-Dawley rats
were subjected to 90 min tMCAO, and treatment was administered 15 min prior to ischaemia, during
ischaemia 15 min prior to reperfusion and 45 min following reperfusion. Synergistic improvement was
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observed in functional recovery but no improvement with combined therapy was noted regarding
lesion size at 7 days [201].

A meta-analysis of combination therapy used in stroke research found that of the 126 treatments
tested, single treatments reduced infarct size by 20% and improved neurological score by 12%
compared with control; whilst a second therapy improved efficacy by an additional 18% and 25%,
respectively [202]. When used in combination with thrombolytics, combined therapies can increase
the therapeutic time window up to 8.8 h in animal models [202]. Combinations of neuroprotective
agents thus represent a relatively new field of stroke therapy, with incredibly large potential.

4.7. Reasons for Failure?

Despite advancement in the understanding of the pathophysiology of stroke and a vast effort in
therapeutic research, many clinical trials have failed regardless of their success at the pre-clinical
stage [203]. The reason behind this is unclear but a number of factors may play a part in this
anomaly, for example factors such as, the animal model, physiological monitoring and outcome
measures; the majority of pre-clinical experiments are carried out on young, male animals without
comorbidities [202]. For this reason, and in order to address these issues, a conference of academics
and industry representatives was convened to suggest a set of guidelines for the evaluation of
pre-clinical therapies known as the Stroke Therapy Academic Industry Roundtable (STAIR) initially in
1999 [204], and reviewed in 2009 [205]. A systematic review by O’Collins et al. in 2006 [206] of
~3500 articles published addressing various neuroprotective strategies between 1957 and 2003 showed
that only five out of 550 of the drugs reported to be effective fully met the standards set by the STAIR
guidelines [206]. One of the main findings within the review was a lack of randomisation and
blinding, resulting in an overestimated efficacy of therapies. In fact, although there has been an overall
trend towards improvement in stroke study design, only 36% of studies report randomisation, 11%
report concealment, 29% report blinded assessment of outcome, and 3% reported use of power
calculations in generation of sample size [207]. To increase the chance of successful translation of
pre-clinical to clinical, it is essential to improve study design and to test across a range of models as
no single model is likely to represent the heterogenic nature of stroke [208].

5. Conclusions

While there is no disputing the deleterious effects and detrimental contribution of ROS to lesion
progression following ischaemic stroke there remains doubt over the clinical efficacy of anti-oxidants
in this setting. Many strategies have proved therapeutic in the pre-clinical setting with translation to the
clinic failing to replicate benefit. Efforts to improve the validity of existing animal models through the
revised STAIR [205], pre-clinical stroke [209] and ARRIVE [210] guidelines along with the potential
implementation of international multicentre pre-clinical stroke studies [211] will, undoubtedly, result
in improved clinical translation for stroke therapeutics. However, many potentially beneficial
antioxidant strategies with proven efficacy from robust animal studies remain worthy of clinical
investigation. Advances in knowledge of the source and nature of these ROS will lead to further
new directions to interrogate. Finally, the potential to combine anti-oxidant protection with existing
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thrombolytics and novel neuroprotectants has yet to be fully established and may represent a powerful
means to improve outcome after this devastating and debilitating ischaemic event.
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