Brain Sci. 2013, 3, 540-560; doi:10.3390/brainsci3020540
OPEN ACCESS

brain sciences
ISSN 2076-3425
www.mdpi.com/journal/brainsci/
Review

Stroke Neuroprotection: Targeting Mitochondria
Lora Talley Watts 1,2,3,*, Reginald Lloyd 3, Richard Justin Garling 4 and Timothy Duong 3
1

2

3

4

Department of Cellular and Structural Biology, University of Texas Health Science Center San
Antonio, San Antonio, TX 78229, USA
Department of Neurology, University of Texas Health Science Center San Antonio, San Antonio,
TX 78229, USA
Research Imaging Institute, University of Texas Health Science Center San Antonio, 7703 Floyd
Curl Drive, San Antonio, TX 78229, USA; E-Mails: lloydr@uthscsa.edu (R.L.);
duongt@uthscsa.edu (T.D.)
School of Medicine, University of Texas Health Science Center San Antonio, 7703 Floyd Curl
Drive, San Antonio, TX 78229, USA; E-Mail: garling@livemail.uthscsa.edu

* Author to whom correspondence should be addressed; E-Mail: wattsl@uthscsa.edu;
Tel.: +1-210-567-8186 (ext. 123); Fax: +1-210-567-8152.
Received: 8 March 2013; in revised form: 8 April 2013 / Accepted: 9 April 2013 /
Published: 19 April 2013

Abstract: Stroke is the fourth leading cause of death and the leading cause of long-term
disability in the United States. Blood flow deficit results in an expanding infarct core with
a time-sensitive peri-infarct penumbra that is considered salvageable and is the primary
target for treatment strategies. The only current FDA-approved drug for treating ischemic
stroke is recombinant tissue plasminogen activator (rt-PA). However, this treatment is
limited to within 4.5 h of stroke onset in a small subset of patients. The goal of this review
is to focus on mitochondrial-dependent therapeutic agents that could provide neuroprotection
following stroke. Dysfunctional mitochondria are linked to neurodegeneration in many
disease processes including stroke. The mechanisms reviewed include: (1) increasing ATP
production by purinergic receptor stimulation, (2) decreasing the production of ROS by
superoxide dismutase, or (3) increasing antioxidant defenses by methylene blue, and their
benefits in providing neuroprotection following a stroke.
Keywords: stroke; purinergic receptor; methylene blue; mitochondria; neuroprotection;
superoxide dismutase
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1. Stroke: A Brief Overview
Stroke is an increasingly prevalent clinical condition, especially with a gradually aging population.
Nearly 800,000 strokes occur in the United States each year, ranking it as the fourth leading cause of
death behind heart disease, cancer and chronic lower respiratory disease [1]. A stroke is clinically
defined as the sudden loss of oxygen to brain tissue in a localized area due to inadequate blood flow.
The American Heart Association (AHA) classifies stroke into three categories: ischemic (clots),
hemorrhagic (bleed), and transient ischemic attack (TIA: mini stroke). The majority of reported strokes
are ischemic strokes accounting for approximately 85% of all strokes, while non-traumatic hemorrhage
account for up to 15% [2].
Ischemic stroke results from the blockade of an artery to the brain from in situ thrombosis or an
embolus from another artery or the heart. Ischemic stroke results in macrophage infiltration, blood
brain barrier breakdown and cellular dysregulation and infarction, followed by formation of
edema [3–6]. In later stages, neurodegeneration and gliosis occur. Hemorrhagic stroke occurs due to a
weakened blood vessel rupturing due to aneurysm or arteriovenous malformations, which results in
bleeding into the surrounding brain tissue and subsequent tissue compression. TIA, as the name
suggests, is a stroke caused by transient blockage usually less than 24 h (typically <5 min) of a vessel,
and is often considered a warning stroke (by the AHA). TIAs are typically not associated with damage
due to the short duration of the blockage. Blood flow deficit inhibits the delivery of oxygen, glucose
and other nutrients from the blood, resulting in an expanding infarct core with a time-sensitive,
salvageable peri-infarct penumbra that is the primary target for treatment strategies [7–9]. Penumbral
tissue is potentially salvageable because this region still exhibits partial blood flow, oxygenation and
metabolic activity [10]. Cellular integrity and function are still preserved to varying degrees within this
area [11]. Due to the brain’s limited capacity to store glucose and the limited ability to utilize
anaerobic metabolism, rapid neurodegeneration ensues. The amount of damage to the brain is
determined by a number of factors including the location and duration of blockage, state of the
circulatory system, collateral flow within the affected region, and the presence of other disease states
[12–14]. A primary goal of developing therapeutic interventions in acute ischemic stroke is to preserve
the ischemic, but still viable, cerebral tissue.
2. Pathological Mechanisms Associated with Stroke
Impaired circulation within the brain is a complex multi-causal process. There are multiple
mechanisms of injury at play following a stroke and changes as the lesion progresses. Some of these
mechanisms include: glutamate excitotoxicity, activation of destructive enzymes (lipases,
endonucleases, and proteases), inflammation, ion homoeostasis failure, and apoptosis [15–24]. The
occlusion of a blood vessel causes rapid neuronal death in the area immediately surrounding the
occluded vessel and is considered the core where irreversible damage occurs. The area immediately
surrounding the core is considered the penumbra, where collateral blood flow can maintain cellular
function by providing glucose and oxygen and is considered the salvageable tissue zone. Within the
penumbra, neurons are functionally impaired but can remain viable for an extended period of time
compared to the core, but will succumb to the injury if blood flow is not replenished resulting in an
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increasing lesion volume as shown in Figure 1A. The activation of the apoptotic cascade begins
rapidly (within hours) and culminates in progressive cell death from the ischemic core towards the
penumbra (Figure 1B). Therefore, many therapeutic strategies aim at preventing the cells within the
penumbra from dying, thereby decreasing the overall lesion volume.
Figure 1. (A) Representative Apparent Diffusion Coefficient and Cerebral Blood Flow
maps 3 and 24 h post-Middle Cerebral Artery Occlusion. Regions of interest are outlined
on the cerebral blood flow map as core (green) and mismatch (blue) with the remaining
regions considered healthy. (B) Within the selected regions of interest images were
collected within the three hour defined regions as core, penumbra and mismatch and are
represented by the square boxes of caspase-3, Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) and Fluro Jade immunostaining. The data demonstrate an
increase in caspase-3 expression within the core and penumbra areas compared to healthy
tissue and a increase in expression of cell death markers TUNEL and Fluro Jade staining
compared to control in the three hour post MCAO animals. By 24 h post-MCAO there is
still an increase in caspase, TUNEL and Fluro Jade staining compared to control, however
we see less Fluro Jade staining at 24 h compared to the 3 h animals suggesting a loss
of tissue.

3. Current Therapeutic Approaches for Treatment of Stroke
The central nervous system (CNS) is particularly vulnerable to insults that result in cell death or
damage, in part, because cells of the CNS have limited capacity for repair. As a result, stroke can result
in debilitating and largely irreversible degradation of a patient’s cognitive and sensorimotor functions.
The reestablishment of blood flow is imperative to minimize the damage caused by a stroke. Although
there has been remarkable progress in our understanding of the pathophysiology of ischemic stroke,
the only approved acute treatment is the use of recombinant tissue plasminogen activators (rt-PA)
(Alteplase). Tissue plasminogen activator is a serine protease that is involved in the breakdown of
blood clots by catalyzing the conversion of plasminogen to plasmin. However, rt-PA must be given
within 4.5 h of symptom onset due to the high risk of hemorrhagic transformation, a restriction that
results in only 3%–8% of all patients eligible to receive this therapy [25–27]. Additionally,
thrombolytics can cause intracranial hemorrhage, which often results in death [28–30]. Therefore,
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there is an urgent need to find new therapies to extend the treatment window for patients suffering
from ischemic stroke.
4. Mitochondrial Dysfunction in Stroke
Mitochondria have the primary function of providing cellular chemical energy in the form of ATP
by oxidative phosphorylation via the electron transport chain, and as such they have been termed the
cells “powerhouse”. Glucose is a major energy substrate for cells of the CNS (astrocytes and neurons)
under physiological conditions [31–33]. Glucose taken up from the blood is metabolized through two
major pathways: glycolysis and oxidative phosphorylation. Glycolysis, which occurs in cytosol, is the
metabolism of glucose to pyruvate and lactate, and has a low-energy yield. In contrast, oxidative
phosphorylation is the major pathway of ATP synthesis. It is driven by energy derived from electron
transport in the mitochondria and is responsible for ~92% of total ATP production. In addition to ATP
production, mitochondria are also involved in the regulation of cellular metabolism, calcium
homeostasis, oxidative phosphorylation, generation of reactive oxygen species (ROS) and apoptosis
(programmed cell death) (reviewed in [34]).
ROS is a collective term used to describe a number of species that contain one or more unpaired
electrons. Some of these species produced within a cell include superoxide, hydrogen peroxide,
peroxyls, and hydroxyl radicals, among others. Under normal conditions the production of ROS is held
in check primarily by antioxidant enzymes, however when a cell becomes stressed the production of
ROS can exceed the antioxidant capacity and result in oxidative stress-related cell death. Oxidative
stress is defined as an imbalance between the production of ROS and antioxidant defenses [35].
Mitochondrial respiratory chain complexes I and complex III are considered to be the major sites of
cellular superoxide production [36–38] as ROS are produced as a byproduct of normal cellular
metabolism of oxygen. The ROS produced during normal mitochondrial respiration are considered to
be an important source for oxidative damage [39,40]. Cellular stress increases the level of ROS
produced and can overwhelm the cells natural defenses resulting in increased oxidative stress and
subsequent activation of cell death pathways. Mitochondrial dysfunction clearly plays a key role in a
variety of forms of cell death, including ischemia [41,42], excitotoxic neurodegeneration [43],
oxidant-induced stress [44] and apoptosis [45–48].
Mitochondrial destabilization resulting in dysfunctional mitochondria causes the activation of cell
death pathways. This process is primarily thought to occur through mitochondrial membrane
permeabilization. The permeabilization of the mitochondrial membrane allows for the release of
mitochondrial proteins into the cytosol causing the initiation of caspase-dependent (through
cytochrome c release) and -independent (through calpain- or poly(ADP-ribose) polymerase-1 mediated
apoptosis inducing factor release) apoptotic pathways. For example, cytochrome c release induces the
caspase cascade resulting in damage to proteins and DNA culminating in cell death. There have been a
number of studies targeting these pathways; however many of these studies have only examined acute
time periods (i.e., assessment only up to one week post infarct). This limited time window of
neuroprotection has yet to be established, but may be due to increased oxidative stress or other
mitochondrial-independent mechanisms.
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It is well known that oxidative stress is a leading cause of oxidative damage in ischemic brain
injuries such as stroke. This is especially true during reperfusion after cerebral ischemia. Increased
levels of ROS have also been documented in aged neuronal cells [49–51]. The rate of oxidative
metabolism in penumbral tissue has been suggested as the best predictor for eventual survival after
stroke [52]. Cells have developed strong anti-oxidant defenses to scavenge ROS and minimize their
destructive nature. There are numerous cellular mechanisms that provide protection from the damaging
nature of ROS. These include superoxide dismutases (SODs), glutathione, vitamin A, C and E, catalase
and other peroxidases.
ROS can induce apoptosis by depleting glutathione (GSH) or by changing cellular redox
potentials [53]. Decreased GSH have also been observed in a number of senescent organisms including
humans [54]. However, little is known about the cumulative effects of damage on astrocytes, whose
primary function is to protect and support neuronal activity. It seems likely that a degradation of their
supportive and neuroprotective functions would by itself contribute to cellular damage [55,56].
Over the last fifty years, there has been an explosion in the literature of multiple pathways
associated with neurodegeneration with respect to disease states such as stroke, traumatic brain injury,
ALS, Parkinson’s and Alzheimer’s disease, among others. It is becoming increasing clear that there is
no single mechanism that underlies any pathology. However, we can predict that a majority of these
pathways are linked to energy production, either directly or indirectly. Therefore, targeting one or
more of three pathways may provide protection from ischemia by (1) increasing ATP production,
(2) decreasing the production of ROS, and/or (3) increasing antioxidant defenses and will likely
benefit key pathways involved in neuroprotection. The goal of this review is to focus on
mitochondrial-dependent therapeutic agents that could target each of these mechanisms to provide
neuroprotection following stroke.
5. Increasing ATP Production with Purinergic Receptor Stimulation
As mentioned in an earlier section, focal cerebral ischemia manifests as a non-salvageable ischemic
core immediately surrounding the blocked artery, caused by no blood flow, with an intermediate
salvageable area, the penumbra, characterized by reduced blood flow. Initially, the neurons in the
penumbra maintain their integrity by maintaining ATP levels near normal. However, if perfusion is not
returned, these neurons lose their ability to generate ATP [57–59]. One mechanism to maintain cellular
ATP levels is through the stimulation of exogenous purinergic receptors. Purinergic receptors are
membrane-bound receptors expressed on almost all mammalian cells and are classified as either
P2X-receptors (ligand-gated ion channels) or P2Y-receptors (G-protein-coupled receptors) [60,61].
Cellular damage induces a rapid efflux of ATP into the extracellular space, and may provide a
mechanism to induce a cellular response to injury. Following hypoxia or focal ischemia, extracellular
adenosine is rapidly accumulated and has been shown to reduce cerebral ischemic damage, supporting
a role for purines as neuroprotective agents [62–66]. Ischemia, hypoxia and epilepsy also induce
neuronal hyperexcitability and are thought to underlie associated neurodegeneration through excessive
glutamate release and alterations in calcium homeostasis that can be mitigated by agonists of
purinergic receptors [64]. Adenosine-based nucleotides mediate a wide variety of physiologic actions
including regulation of platelet aggregation, muscle contraction, neurotransmission and epithelial cell
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communication and migration, many of which are mediated by metabotropic P2Y-receptors [67].
Metabotropic receptors are typically defined as receptors, when upon ligand binding activates a
G-protein, which then activates a secondary messenger. The secondary messenger may then act to bind
and open an ion channel or activate another intermediate molecule.
P2Y-receptors consist of eight mammalian subtypes (P2Y1,2,3,6,11,12,13,14). A majority of the
P2Y-receptors signal through coupling to Gq/11, with only the P2Y12, P2Y13 and P2Y14 signaling
through Gi/o. Activation of P2Y-receptors initiates a number of signaling cascades including
phospholipases (PLCβ, PLD, PLA2), adenylyl cyclase (AC) and mitogen-activated protein kinases
(MAPK/MEK kinase). Purinergic receptor (P2Y1R) activation provides a mechanism whereby local
extracellular signals can rapidly elevate intracellular calcium levels through increased production of
inositol triphosphate (IP3) [68,69]. IP3-mediated calcium release increases mitochondrial calcium and
consequently, increases respiration and ATP production [70–73] (Figure 2).
Figure 2. Neuroprotection can be enhanced by stimulating Calcium-dependent astrocyte
mitochondrial metabolism. The binding of 2-methylthioadenosine diphosphate trisodium
salt (2meSADP) to the purinergic receptor (P2Y1R) activates the Inositol triphosphate (IP3)
cascade resulting in release of calcium (Ca2+) from endoplasmic stores. The result is
increased adenosine triphosphate (ATP) production within the mitochondria which
provides for increased cellular demands following injury.

2-Methylthioadenosine diphosphate trisodium salt (2meSADP) is a selective, potent purinergic
agonist for the P2Y1, P2Y12 and P2Y13 receptors with EC50 values of 8.29 and 9.05, 19 nM,
respectively [74]. The chemical structure is found in Figure 3. 2meSADP enhances mitochondrial
metabolism and has been shown to have protective effects in hypotension, bleeding disorders,
thromboembolism and cardiovascular disease [75–78]. Neuroprotection following a stroke can be
enhanced by increasing astrocyte mitochondrial metabolism via P2Y1 receptor activation using the
agonist 2meSADP or MRS 2365 [79,80]. Two studies utilized the Rose Bengal photothrombosis
stroke model to determine the effect of 2meSADP [80,81]. In this model, the photosensitive dye, Rose
Bengal, is administered by tail vein and excited through a thinned cranium with a 562 nm light using a
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confocal microscope. This model causes a permanent clot in the vessels exposed to the laser. Rose
Bengal generates ROS, which activates tissue factor (TF), the initiator of the coagulation cascade, and
consequently triggers an extrinsic coagulation cascade, therefore producing an ischemic lesion that is
pathologically very relevant to clinical stroke [82]. 2meSADP was found to markedly reduced infarct
size in this model in mice and was hypothesized to occur by increasing calcium sensitive mitochondrial
metabolism in astrocytes through G-protein coupled purinergic receptor stimulation [83]. In addition, it
was observed that cytotoxic edema formation was also reversed following 2meSADP administration
suggesting the importance of maintaining mitochondrial metabolism in multiple facets of the
pathological consequences of a stroke. More recently, these findings were extended to demonstrate that
stimulation of P2Y1R with 2meSAP also enhances neuronal survival following a stroke using
transgenic mice expressing yellow fluorescent protein in neurons. Following stoke the morphological
changes associated with neuronal death such as beading and swelling of dendrites were assessed and
found to be reversed with 2meSADP treatment [81]. Mitochondrial membrane potentials were also
found to be diminished following an infarct and were repolarized upon 2meSADP administration [81].
Utilizing a cerebral ischemia/reperfusion model of stroke (MCAO with 60 min reperfusion)
we assessed the ability of 2meSADP to reduce lesion volume. Rats treated with 2meSADP (200 µg
dose) at the time of reperfusion had significantly reduced lesion volumes demonstrated by
2,3,5-triphenyltetrazolium chloride (TTC) staining (common method for visualizing stroke volume)
forty-eight hours after stroke (Figure 4). In summary, 2meSADP treatment (1) reduces neuronal cell
death; (2) reverses ischemia-induced brain damage and swelling; (3) correlates with increased
mitochondrial metabolism and neuroprotection and (4) depends on the expression of the IP3 receptor
on astrocytes.
Figure 3. Chemical structures of Methylene Blue, 2-methylthio-ADP and MRS2365.
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Figure 4. Purinergic receptor stimulation using 2-methylthioadenosine diphosphate
trisodium salt (2meSADP) following middle cerebral artery occlusion (MCAO) rescues
cortical cellular layers. Rats were treated with 100 μM 2meSADP 30 min post MCAO.
Forty-eight hours following treatment the rats were sacrificed and triphenyltetrazolium
chloride (TTC) staining was performed. (A) Histogram demonstrating the reduction in
lesion volume with 2meSADP treatment. (B) Representative images from two different rats
following MCAO with or without 2meSADP treatment. ** indicates p < 0.001 using
student’s t-test.

Despite its apparent beneficial effects, a potential problem with 2meSADP treatment is its ability to
induce platelet aggregation, and inhibit cAMP accumulation in platelets in vitro [84–87]. The ability of
2meSADP to induce platelet aggregation has been demonstrated to occur through the simultaneous
activation of both P2Y1 and P2Y12 receptors, both of which are expressed on platelets. The activation
of the P2Y1 receptor stimulates a G(alpha)q activation of phospholipase C causing hydrolysis of
PtdIns(4,5)P2 to diacylglycerol (DAG) and IP3. DAG and IP3 then activate protein kinase C (PKC)
increasing mobilization of calcium from intracellular stores. However, blocking the P2Y12 receptor
prevents the aggregation of platelets [87,88]. While 2meSADP may induce platelet aggregation, there
are additional agonists that specifically target the P2Y1 receptor such as MRS2365. MRS2365 is a
highly selective P2Y1 receptor agonist with an EC50 value of 0.4 nM. MRS2365 has been
demonstrated to have no activity at P2Y12 receptors and very low activity at P2Y13 receptors [89–91].
P2X receptors are ligand-gated ion channels that are considered nonselective cations channels
responsible for excitatory postsynaptic responses. There are currently seven mammalian P2X receptor
subtypes (P2X1–7). These receptors are widely distributed in both the central and peripheral nervous
system and play key roles in regulation of renal blood flow, inflammatory responses and vascular
endothelium physiology. The P2X receptors have most commonly been associated with mechanosensation,
as well as chronic and neuropathic pain. The P2X2, P2X4 and P2X6 receptors are localized in many
tissues however are most abundant in neurons. There is increasing evidence that P2X receptors may
also play a role in modulation of cellular responses to injury such as ischemia. For example, it has been
demonstrated that P2X2 and P2X4 receptors are elevated following ischemia, which are known to
induce cell death pathways. However, non-specific antagonist treatment with sumarin prevented cell
death following ischemic injury [92]. In addition, both the P2X4 and P2X7 receptors, typically found
on microglia and also upregulated b oxygen glucose deprivation and may be involved in cortical
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damage. These results suggest that P2X receptor may also be involved in mechanisms underlying cell
death following mitochondiral metabolism impairment. Additionally the use of antagonists may
provide effective neuroprotective functions following conditions in which mitochondria is impaired.
In summary, the evidence suggests that following focal ischemia and hypoxia there is a rapid
accumulation of extracellular ATP, suggesting an endogenous neuroprotective function of purines.
Enhancing the concentration of ATP by purinergic stimulation may provide enhanced protection
against cytotoxic edema formation and the induction of cell death pathways commonly associated with
stroke. Unfortunately while the field of purniergic pharmacology has grown rapidly, efforts to develop
therapeutics based on modulting these receptors for diseases of the CNS has been slow. We are
optomistic that the development of novel ligands may aide in the potential to target the CNS following
stroke and other neurodegerative disease states.
6. Decreasing Superoxide Production with Methylene Blue
Methylene Blue (MB), an FDA approved agent, has been used over the last 130 years for a number
of applications ranging from textiles to, more recently, the treatment of neurodegenerative diseases in
models of early stage Alzheimer’s disease and Parkinson’s disease [93]. MB, discovered and
synthesized in the late 1800s by Heinrich Caro, is a cationic thiazine that contains a tri-heterocyclic
thiazine ring structure (S(C6H4)2NH4) (see Figure 3 for structure) similar to many antipsychotic and
antihistamine compounds; differing only by varying side chains [94]. The pharmacological use of
methylene blue began in 1890s when Nobel laureate Paul Ehrlich discovered its usefulness in treating
malaria. MB has since been used as a neuroprotective agent in drug-induced encephalopathy, dementia
and manic-depressive psychosis [95–97] and been used to treat methemoglobinemia, and cyanide
poisoning [98]. MB is believed to exert its neuroprotective effects through its pharmacological
properties of being a potent antioxidant as well as a metabolic enhancer [98]. What makes MB an
exciting intervention in neuro-related diseases is its rapid accumulation within the CNS, likely due to
its high lipophilicity. MB has been shown to reach concentrations 10 times higher in the brain,
compared to the circulation one hour after systemic administration [99]. It has recently been shown to
reduce neurobehavioral impairment in animal models of Parkinson’s Disease [93] and cognitive
decline in Alzheimer’s [100]. Furthermore, MB exhibits promising cardio- and neuroprotective
properties in experimental cardiac arrest [101,102] and is effective in attenuating ischemia-reperfusion
(I/R) syndrome [103] and increasing short-term survival after resuscitation from cardiac arrest [104].
As described in a previous section, there is a small time frame after stroke to save the neurons
residing in the penumbra that rely on ATP production for survival. Ordinarily, mitochondria produce
both ATP and ROS. However, mitochondria have a limited ability to counteract ROS produced in the
cell during oxidative phosphorylation. Stroke results in deficits in perfusion and thus increased
production of ROS. The increased production of ROS in turn inundates the innate ability of
mitochondria to counteract ROS, which leads to neuronal death. MB has been demonstrated to
improve mitochondrial function and acts as an alternative electron carrier by shuttling electrons
between NADH and cytochrome c which allows a mechanism for by passing complex I and III
inhibition and reducing electron leakage (Figure 5). This in turn decreases ROS production thus
decreasing oxidative damage. Wen et al. [105] demonstrated that in vitro in neuronal cultures, MB
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improves mitochondrial function. Specifically, MB was found to increase oxygen consumption rate
even in the presence of inhibitors of complex I (rotenone), III (antimycin A) and V (oligomycin). In
addition, ATP production was increased in neurons with MB treatment. Wen et al. [105] also found
MB to be protective in a transient cerebral ischemia model using the intraluminal filament MCAO
model in rats. Mitochondrial failure was observed as reduced activity of complex I, III and IV, 24 h
post cerebral ischemia/reperfusion injury. This decrease in activities of complexes I, II and IV was
attenuated with 500 µg/kg dose of MB and was hypothesized to be caused by bypassing complex I and
III blockage by shuttling electrons from NADH to cytochrome c thereby minimizing electron leakage
and results in a smaller lesion volume. Additional in vitro studied using HT22 cells (neuronal cell line)
have demonstrated that MB increases complex I-III activity, cellular oxygen consumption, and glucose
uptake [106]. Furthermore, in vivo measurements of global glucose uptake, CMRO2, global and
regional cerebral blood flow were found to be increase with MB treatment [106]. Hypoxic conditions
typically result in decreased glucose uptake and decreased cerebral blood flow. MB treatment
preserved both glucose uptake and cerebral blood flow compared to normoxic rats when exposed to
hypoxic conditions (10% O2) [106]. In addition, more recently, our laboratory tested MB’s
neuroprotective effects using non-invasive magnetic resonance imaging (MRI) to longitudinally
evaluate ischemic evolution in a 60-min transient cerebral ischemia model in rats [107]. Comparisons
were made with functional changes using neurological assessments including the 6-point neurological
score. The results demonstrated that MB significantly reduces infarct size and behavioral deficits in
this experimental model. Moreover, MB markedly salvaged more initial core and penumbral tissues in
the cortical regions of the lesion than the vehicle control [107]. Together, these data justify the further
exploration of the use of MB as an intervention in early-stages of stroke as it has been shown to inhibit
excessive ROS production and maintain mitochondrial function during stress.
Figure 5. Within the inner mitochondrial membrane the oxidative phosphorylation
pathway machinery is demonstrated (complex I–V) providing for the production of ATP.
Methylene Blue (MB) provides an alternative mechanism of shuttling electrons by
bypassing complex I–III, which allows for the continued production of ATP essential for
cellular function while decreasing the number of ROS produced.
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Interestingly, MB has differential effects depending on the dose utilized, with low doses of MB
(~1 mg/kg) providing improved conditions in certain disorders while high doses (5–10 mg/kg) cause a
worsening of conditions. A prime example of this is the effect of MB on memory enhancement. Low
doses of MB have been shown to enhance memory, while high doses have been demonstrated to cause
memory impairment [93,100]. An excellent review of the hormetic effects of MB is provided by
Rojas et al. [93].
7. Alternatives to Endogenous MnSOD: MnSOD Mimetics
One vital hallmark of stroke is the production of ROS as described in an earlier section. At basal
levels, these species play crucial roles in cell adhesion, growth and differentiation, and in immune
responses [108]. This delicate balance between ROS production and their scavenging is maintained by
several known mechanisms. Among these are the actions of antioxidant enzymes including superoxide
dismutase. Superoxide dismutases (SOD) are a class of enzymes that catalyze the conversion of
superoxide to oxygen and hydrogen peroxide and are considered a primary antioxidant defense in cells
exposed to ROS. There are three forms of superoxide dismutases: copper-zinc SOD (SOD1, located in
the cytoplasm), manganese SOD (SOD2, located in the mitochondria), and SOD3 (located extracellularly).
SOD2, specifically, plays a crucial role in mitochondrial ROS homeostasis. Located directly at the site
of mitochondrial ROS production, SOD2 catalyzes the breakdown of the superoxide radical in the
mitochondrial matrix [109]. However, under the pathological conditions of stroke, markedly increased
rates of ROS production lead to a host of issues, such as damage to proteins, lipids, and DNA [110].
Superoxide production is linked to several enzymes within the electron transport chain. NADH
ubiquinone oxireductase (complex I), and ubiquinol-cytochrome c oxireductase (complex III) produce
a disproportionate amount of superoxide radicals (Figure 6). A detailed review of mitochondrial ROS
production can be found in a review written by Holley et al. [109].
Figure 6. SOD2 plays a critical role in mitochondrial ROS homeostasis. The production of
ROS from primarily complex I and III in the oxidative phosphorylation pathway is tightly
regulated through antioxidant enzymes with SOD2 playing a major role within the
mitochondria converting superoxide radicals to hydrogen peroxide, a less reactive
oxygen species.
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Generation of reactive oxidative species (ROS) is an inevitable result of aerobic cellular respiration.
While low levels of ROS plays a vital role in processes such as cell adhesion, growth, apoptosis, and
immune response, abnormally high levels present during pathological conditions cause damage to vital
cellular components [111]. Several endogenous antioxidants, specifically superoxide dismutases
(SODs), serve to catalyze the dismutation of superoxide, a radical responsible for damage caused by
ischemic oxidative bursts [112]. Several SOD enzymes have been implicated in the reduction of
injuries caused by ischemia. Within the CNS, SOD2 is believed to play a major role in counteracting
ROS mediated injuries following cerebral ischemia. In addition, deficiencies and overexpression of
SOD enzymes give credence to their important role in neuroprotection. For example, SOD2
deficiencies have previously been linked to the exacerbation of cerebral infarcts, whereas overexpression
of SOD2 in transgenic mice proved to be neuroprotective [113].
There are, however, several properties of the enzyme SOD2 that limit its therapeutic use. Low oral
activity, solution instability, brief half-life in vivo, and a high molecular weight make the use of SOD2
as a therapeautic agent difficult. Furthermore, oxidation modifications, such as nitration of SOD2 by
peryoxynitrate, reduce the concentration of functional enzyme within the mitochondria. Therefore, the
efficacy of compounds that mimic SOD activity (SOD mimetics) are currently under evaluation. SOD
mimetics possess several qualities that allow for effective use as a therapeutic alternative to SOD.
First, they are low molecular weight nonpeptides, which allows for predictable pharmacokinetics and
relative ease of diffusion and cell permeability. The molecules are by nature nonimmunogenic, unlike
non-human derived SOD. Furthermore, they scavenge superoxide anions with an efficiency similar to
that of SOD, and are not deactivated (nitrated) by the toxic anion, peroxynitrate [114].
There are three main classes of SOD mimetics, Mn(III) porphyrins,Mn(II) pentaazomacrocyclic and
Mn(III) salen complexes [115]. The metal complexes in these molecules mimic the active site of
endogenous antioxidant enzymes, and the redox potential of magnesium plays a vital role in their
relative activities [116]. Mn(III) porphyrins are composed of four modified pyrrole subunits, which
form a heterocyclic macrocycle surrounding a magnesium ion [113] By varying the R groups attached
to the porphyrins, both positively and negatively charged species can be synthesized [117]. Because
the SOD activity of negatively charged Mn(III) porphyrins is still debated, only positively charged
porphyrins are discussed in this review [115]. The neuroprotective effects of one such porphyrin,
manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin (MnTm4PyP) has been recently tested using
both in vivo and in vitro methods. MnTm4Pyp, specifically, exhibited dose dependent reduction of
superoxide radical, cytochrome c, and cleaved caspase-3 in MCAO mice [112]. Furthermore, in vitro
analysis of primary cortical neurons exposed to hydrogen peroxide and SOD2 mimetics revealed
reduced levels of superoxide and the maintenance of basal intracellular cytosolic Ca2+ levels, as
compared to controls [117]. The second class of SOD mimetics, Mn(II) pentaazomacrocyclics,
have also shown extensive stability and neuroprotection in vivo. Experiments assessing the
pentaazomacrocyclic, M40403’s efficacy as an antioxidant have shown that it is highly selective for
the precursor superoxide radical and does not readily react with other ROS such as hydrogen peroxide,
peroxynitrite, and hypochlorous acid. Experiments have shown, however, that the uptake of M40403
into energized mitochondria is negligible. MitoSOD, created by attaching a TPP lipophilic cation to
M40403, dramatically improved membrane potential driven uptake of the antioxidant. MitoSOD also
exhibited partial protection from intramitochondrial aconitase inactivation by a redox cycler, paraquat.
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M40403 alone showed no protection, which is possible further proof of differences in mitochondrial
uptake. Ultimately, the rate constant of MitoSOD mediated catalysis of superoxide proved smaller than
that of endogenous MnSOD. However, because of the high level of accumulation of MitoSOD in the
mitochondria, the overall superoxide defense of MitoSOD surpasses that of endogenous SOD [118].
The final SOD mimetics discussed belong to the Mn(III) salen class. Two representatives of the salen
complexes, EUK-8 and EUK-134, have shown some promise in reducing both oxidative and
nitrosative stresses. Though previously called into question, a recent study has validated the SOD
mimetic capabilities of this mimetic class. The same study has also shown that EUK-113, another salen
representative, has more than twice the SOD activity of drugs of the same class [115]. An extensive
comparison of other SOD mimetics was also conducted [115].
8. Conclusion
Current stroke treatments seek to maximize the recovery of neural tissue in proximity to the nutrient
deficient core region. It is fairly well established that the maintenance of energy production has a
positive impact on reducing damage caused by a stroke and will likely benefit functional recovery.
Mitochondria are essential organelles in cell survival, thus, are an important target for therapy. Cells in
the penumbra degrade in a time dependent manner when deprived of crucial oxygen and nutrients. For
this reason, up-regulation of ATP synthesis by 2meSADP, MRS2365 or methylene blue treatment
could play a crucial role in salvaging penumbral tissue. MB’s widely accepted use and ability to reduce
the generation of damaging free radicals by decreasing the activity of the aforementioned radical
producing complexes in the mitochondria make it a prime candidate for neuroprotection. Purinergic
stimulation and methylene blue treatments may offer novel therapeutic regimens in combination or
alone to improve patient care following a stroke. In addition, the use of SOD mimetics has also shown
promise in maintaining basal cytosolic calcium levels and catalyzing the breakdown of superoxide.
Further experimental studies will be needed to determine the significant impact of each of these
treatments in both animal and clinical models of stroke. Future study will aim at using multimodal
MRI techniques [119–128] and image analysis techniques [129–131] to characterize ischemic tissue
(i.e., salvageable versus non- salvageable tissue), evaluate these neuroprotective drugs on different
ischemic tissue types, and optimize dosing and treatment time window in a longitudinal fashion.
Acknowledgments
We would like to thank Arunabh Bhattacharya for providing thoughtful critical review of
this manuscript.
Conflict of Interest
The authors declare no conflict of interest.

Brain Sci. 2013, 3

553

References
1.

2.
3.
4.

5.
6.

7.
8.
9.
10.
11.

12.
13.

14.

15.
16.
17.

Roger, V.L.; Go, A.S.; Lloyd-Jones, D.M.; Adams, R.J.; Berry, J.D.; Brown, T.M.; Carnethon, M.R.;
Dai, S.; de Simone, G.; Ford, E.S.; et al. Heart disease and stroke statistics—2011 update: A
report from the American Heart Association. Circulation 2011, 123, e18–e209.
Shang, W.; Liu, J. Stroke subtype classification: A comparative study of ASCO and modified
TOAST. J. Neurol. Sci. 2012, 314, 66–70.
Abbott, N.J.; Ronnback, L.; Hansson, E. Astrocyte-endothelial interactions at the blood-brain
barrier. Nat. Rev. Neurosci. 2006, 7, 41–53.
Globus, M.Y.; Busto, R.; Lin, B.; Schnippering, H.; Ginsberg, M.D. Detection of free radical
activity during transient global ischemia and recirculation: Effects of intraischemic brain
temperature modulation. J. Neurochem. 1995, 65, 1250–1256.
Sherman, D.G.; Easton, J.D. Cerebral edema in stroke: A common, often fatal complication.
Postgrad. Med. 1980, 68, 107–113, 116, 119–120.
Brouns, R.; Wauters, A.; de Surgeloose, D.; Marien, P.; de Deyn, P.P. Biochemical markers for
blood-brain barrier dysfunction in acute ischemic stroke correlate with evolution and outcome.
Eur. Neurol. 2011, 65, 23–31.
Hakim, A. The cerebral ischemic penumbra. Can. J. Neurol. Sci. 1987, 14, 557–559.
Schlaug, G.; Benfield, A.; Baird, A.; Siewert, B.; Lövblad, K.; Parker, R.; Edelman, R.; Warach,
S. The ischemic penumbra. Neurology 1999, 53, 1528–1528.
Guadagno, J.V.; Donnan, G.A.; Markus, R.; Gillard, J.H.; Baron, J.C. Imaging the ischaemic
penumbra. Curr. Opin. Neurol. 2004, 17, 61–67.
Soares, B.P.; Chien, J.D.; Wintermark, M. MR and CT Monitoring of Recanalization,
Reperfusion, and Penumbra Salvage. Stroke 2009, 40, S24–S27.
Ferrer, I.; Planas, A.M. Signaling of cell death and cell survival following focal cerebral
ischemia: Life and death struggle in the penumbra. J. Neuropathol. Exp. Neurol. 2003, 62,
329–339.
Wass, C.T.; Lanier, W.L. Glucose modulation of ischemic brain injury: Review and clinical
recommendations. Mayo Clin. Proc. 1996, 71, 801–812.
Bruno, A.; Biller, J.; Adams, H.P., Jr.; Clarke, W.R.; Woolson, R.F.; Williams, L.S.;
Hansen, M.D. Acute blood glucose level and outcome from ischemic stroke. Trial of ORG 10172
in Acute Stroke Treatment (TOAST) Investigators. Neurology 1999, 52, 280–284.
Reith, J.; Jorgensen, H.S.; Pedersen, P.M.; Nakayama, H.; Raaschou, H.O.; Jeppesen, L.L.;
Olsen, T.S. Body temperature in acute stroke: Relation to stroke severity, infarct size, mortality,
and outcome. Lancet 1996, 347, 422–425.
Garcia, J.H.; Lassen, N.A.; Weiller, C.; Sperling, B.; Nakagawara, J. Ischemic stroke and
incomplete infarction. Stroke 1996, 27, 761–765.
Del Zoppo, G.J.; Pessin, M.S.; Mori, E.; Hacke, W. Thrombolytic intervention in acute
thrombotic and embolic stroke. Semin. Neurol. 1991, 11, 368–384.
Siesjo, B.K. Cell damage in the brain: A speculative synthesis. J. Cereb. Blood Flow Metab.
1981, 1, 155–185.

Brain Sci. 2013, 3
18.
19.
20.
21.
22.
23.
24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

554

Siesjo, B.K.; Agardh, C.D.; Bengtsson, F. Free radicals and brain damage. Cerebrovasc. Brain
Metab. Rev. 1989, 1, 165–211.
Rothman, S.M.; Olney, J.W. Glutamate and the pathophysiology of hypoxic—ischemic brain
damage. Ann. Neurol. 1986, 19, 105–111.
Becker, K.J. Inflammation and acute stroke. Curr. Opin. Neurol. 1998, 11, 45–49.
Hademenos, G.J.; Massoud, T.F. Biophysical mechanisms of stroke. Stroke 1997, 28, 2067–
2077.
DeGraba, T.J. The role of inflammation after acute stroke: Utility of pursuing anti-adhesion
molecule therapy. Neurology 1998, 51, S62–S68.
Kroemer, G.; Petit, P.; Zamzami, N.; Vayssiere, J.L.; Mignotte, B. The biochemistry of
programmed cell death. FASEB J. 1995, 9, 1277–1287.
Garcia, J.H.; Liu, K.-F.; Ho, K.-L. Neuronal necrosis after middle cerebral artery occlusion in
Wistar rats progresses at different time intervals in the audoputamen and the cortex. Stroke 1995,
26, 636–643.
Davis, S.M.; Donnan, G.A. 4.5 hours: The new time window for tissue plasminogen activator in
stroke. Stroke 2009, 40, 2266–2267.
Kleindorfer, D.; Kissela, B.; Schneider, A.; Woo, D.; Khoury, J.; Miller, R.; Alwell, K.;
Gebel, J.; Szaflarski, J.; Pancioli, A.; et al. Eligibility for recombinant tissue plasminogen
activator in acute ischemic stroke: A population-based study. Stroke 2004, 35, e27–e29.
Crumrine, R.C.; Marder, V.J.; Taylor, G.M.; Lamanna, J.C.; Tsipis, C.P.; Scuderi, P.;
Petteway, S.R., Jr.; Arora, V. Intra-arterial administration of recombinant tissue-type
plasminogen activator (rt-PA) causes more intracranial bleeding than does intravenous rt-PA in a
transient rat middle cerebral artery occlusion model. Exp. Transl. Stroke Med. 2011, 3, 10.
Hacke, W.; Donnan, G.; Fieschi, C.; Kaste, M.; von Kummer, R.; Broderick, J.P.; Brott, T.;
Frankel, M.; Grotta, J.C.; Haley, E.C., Jr.; et al. Association of outcome with early stroke
treatment: Pooled analysis of ATLANTIS, ECASS, and NINDS rt-PA stroke trials. Lancet 2004,
363, 768–774.
Wahlgren, N.; Ahmed, N.; Davalos, A.; Ford, G.A.; Grond, M.; Hacke, W.; Hennerici, M.G.;
Kaste, M.; Kuelkens, S.; Larrue, V.; et al. Thrombolysis with alteplase for acute ischaemic stroke
in the Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST): An
observational study. Lancet 2007, 369, 275–282.
Suzuki, S.; Saver, J.L.; Scott, P.; Jahan, R.; Duckwiler, G.; Starkman, S.; Su, Y.; Kidwell, C.S.
Access to intra-arterial therapies for acute ischemic stroke: An analysis of the US population.
AJNR Am. J. Neuroradiol. 2004, 25, 1802–1806.
Chih, C.P.; Roberts, E.L. Energy substrates for neurons during neural activity: A critical review
of the astrocyte-neuron lactate shuttle hypothesis. J. Cereb. Blood Flow Metab. 2003, 23,
1263–1281.
Swanson, R.A.; Benington, J. Astrocyte glucose metabolism under normal and pathological
conditions in vitro. Dev. Neurosci. 1996, 18, 515–521.
Swanson, R.A.; Yu, A.C.H.; Sharp, F.R.; Chan, P.H. Regulation of glycogen content in primary
astrocyte culture: Effects of glucose analogues, phenobarbital, and methionine sulfoximine.
J. Neurochem. 1989, 52, 1359–1365.

Brain Sci. 2013, 3
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

44.

45.

46.
47.

48.
49.
50.

555

Detmer, S.A.; Chan, D.C. Functions and dysfunctions of mitochondrial dynamics. Nat. Rev. Mol.
Cell Biol. 2007, 8, 870–879.
Sies, H. Oxidative stress: From basic research to clinical application. Am. J. Med. 1991, 91,
31S–38S.
Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483–
495.
Brookes, P.S. Mitochondrial H+ leak and ROS generation: An odd couple. Free Radic. Biol.
Med. 2005, 38, 12–23.
Nohl, H.; Gille, L.; Staniek, K. Intracellular generation of reactive oxygen species by
mitochondria. Biochem. Pharmacol. 2005, 69, 719–723.
Raha, S.; Robinson, B.H. Mitochondria, oxygen free radicals, disease and ageing. Trends
Biochem. Sci. 2000, 25, 502–508.
Raha, S.; Robinson, B.H. Mitochondria, oxygen free radicals, and apoptosis. Am. J. Med. Genet.
2001, 106, 62–70.
Pastorino, J.G.; Snyder, J.W.; Serroni, A.; Hoek, J.B.; Farber, J.L. Cyclosporin and carnitine
prevent the anoxic death of cultured hepatocytes by inhibiting the mitochondrial permeability
transition. J. Biol. Chem. 1993, 268, 13791–13798.
Zahrebelski, G.; Nieminen, A.L.; Al-Ghoul, K.; Qian, T.; Herman, B.; Lemasters, J.J.
Progression of subcellular changes during chemical hypoxia to cultured rat hepatocytes: A laser
scanning confocal microscopic study. Hepatology 1995, 21, 1361–1372.
Beal, M.F.; Brouillet, E.; Jenkins, B.G.; Ferrante, R.J.; Kowall, N.W.; Miller, J.M.; Storey, E.;
Srivastava, R.; Rosen, B.R.; Hyman, B.T. Neurochemical and histologic characterization of
striatal excitotoxic lesions produced by the mitochondrial toxin 3-nitropropionic acid. J. Neurosci.
1993, 13, 4181–4192.
Dawson, T.L.; Gores, G.J.; Nieminen, A.L.; Herman, B.; Lemasters, J.J. Mitochondria as a
source of reactive oxygen species during reductive stress in rat hepatocytes. Am. J. Physiol. 1993,
264, C961–C967.
Newmeyer, D.D.; Farschon, D.M.; Reed, J.C. Cell-free apoptosis in Xenopus egg extracts:
Inhibition by Bcl-2 and requirement for an organelle fraction enriched in mitochondria. Cell
1994, 79, 353–364.
Zamzami, N.; Susin, S.A.; Marchetti, P.; Hirsch, T.; Gomez-Monterrey, I.; Castedo, M.;
Kroemer, G. Mitochondrial control of nuclear apoptosis. J. Exp. Med. 1996, 183, 1533–1544.
Petit, P.X.; Lecoeur, H.; Zorn, E.; Dauguet, C.; Mignotte, B.; Gougeon, M.L. Alterations in
mitochondrial structure and function are early events of dexamethasone-induced thymocyte
apoptosis. J. Cell Biol. 1995, 130, 157–167.
Kroemer, G. Mitochondrial implication in apoptosis. Towards an endosymbiont hypothesis of
apoptosis evolution. Cell Death Differ. 1997, 4, 443–456.
Chan, K.; Han, X.D.; Kan, Y.W. An important function of Nrf2 in combating oxidative stress:
Detoxification of acetaminophen. Proc. Natl. Acad. Sci. USA 2001, 98, 4611–4616.
Sawada, M.; Sester, U.; Carlson, J.C. Superoxide radical formation and associated biochemical
alterations in the plasma membrane of brain, heart, and liver during the lifetime of the rat. J. Cell.
Biochem. 1992, 48, 296–304.

Brain Sci. 2013, 3
51.

52.
53.

54.
55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

67.
68.
69.

556

Antier, D.; Carswell, H.V.; Brosnan, M.J.; Hamilton, C.A.; Macrae, I.M.; Groves, S.; Jardine, E.;
Reid, J.L.; Dominiczak, A.E. Increased levels of superoxide in brains from old female rats. Free
Radic. Res. 2004, 38, 177–183.
Dienel, G.A.; Hertz, L. Astrocytic contributions to bioenergetics of cerebral ischemia. Glia 2005,
50, 362–388.
Bernardi, M.L.; Flechon, J.E.; Delouis, C. Influence of culture system and oxygen tension on the
development of ovine zygotes matured and fertilized in vitro. J. Reprod. Fertil. 1996, 106,
161–167.
Bains, J.S.; Shaw, C.A. Neurodegenerative disorders in humans: The role of glutathione in
oxidative stress-mediated neuronal death. Brain Res. Brain Res. Rev. 1997, 25, 335–358.
Robb, S.J.; Connor, J.R. An in vitro model for analysis of oxidative death in primary mouse
astrocytes. Brain Res. 1998, 788, 125–132.
Amin, N.; Pearce, B. Glutamate toxicity in neuron-enriched and neuron-astrocyte co-cultures:
Effect of the glutamate uptake inhibitor L-trans-pyrrolidine-2,4-dicarboxylate. Neurochem. Int.
1997, 30, 271–276.
Winn, H.R.; Rubio, R.; Berne, R.M. Brain adenosine production in the rat during 60 seconds of
ischemia. Circ. Res. 1979, 45, 486–492.
Schultz, S.G. Pump-leak parallelism in sodium-absorbing epithelia: The role of ATP-regulated
potassium channels. J. Exp. Zool. 1997, 279, 476–483.
Liu, S.; Levine, S.R.; Winn, H.R. Targeting ischemic penumbra: Part I—from pathophysiology
to therapeutic strategy. J. Exp. Stroke Transl. Med. 2010, 3, 47–55.
Abbracchio, M.P.; Burnstock, G. Purinergic signalling: Pathophysiological roles. Jpn. J.
Pharmacol. 1998, 78, 113–145.
Fredholm, B.B. Purinoceptors in the nervous system. Pharmacol. Toxicol. 1995, 76, 228–239.
Kowaluk, E.A.; Bhagwat, S.S.; Jarvis, M.F. Adenosine kinase inhibitors. Curr. Pharm. Des.
1998, 4, 403–416.
Rudolphi, K.A.; Schubert, P.; Parkinson, F.E.; Fredholm, B.B. Neuroprotective role of adenosine
in cerebral ischaemia. Trends Pharmacol. Sci. 1992, 13, 439–445.
Williams, M.; Burnstock, G. Purinergic Neurotransmission and Neuromodulation: A Historical
Perspective; Wiley-Liss: New York, NY, USA, 1997.
Winn, H.R.; Rubio, G.R.; Berne, R.M. The role of adenosine in the regulation of cerebral blood
flow. J. Cereb. Blood Flow Metab. 1981, 1, 239–244.
Zhou, G.; Smith, J.L.; Zalkin, H. Binding of purine nucleotides to two regulatory sites results in
synergistic feedback inhibition of glutamine 5-phosphoribosylpyrophosphate amidotransferase.
J. Biol. Chem. 1994, 269, 6784–6789.
Ralevic, V.; Burnstock, G. Receptors for purines and pyrimidines. Pharmacol. Rev. 1998, 50,
413–492.
Verkhratsky, A.; Kettenmann, H. Calcium signalling in glial cells. Trends Neurosci. 1996, 19,
346–352.
James, G.; Butt, A.M. P2Y and P2X purinoceptor mediated Ca2+ signalling in glial cell pathology
in the central nervous system. Eur. J. Pharmacol. 2002, 447, 247–260.

Brain Sci. 2013, 3
70.
71.
72.
73.
74.
75.
76.
77.

78.

79.

80.

81.

82.
83.

84.
85.

86.

557

Denton, R.M.; McCormack, J.G. Physiological role of Ca2+ transport by mitochondria. Nature
1985, 315, 635.
McCormack, J.G.; Halestrap, A.P.; Denton, R.M. Role of calcium ions in regulation of
mammalian intramitochondrial metabolism. Physiol. Rev. 1990, 70, 391–425.
Hajnoczky, G.; Csordas, G.; Krishnamurthy, R.; Szalai, G. Mitochondrial calcium signaling
driven by the IP3 receptor. J. Bioenerg. Biomembr. 2000, 32, 15–25.
Hajnoczky, G.; Robb-Gaspers, L.D.; Seitz, M.B.; Thomas, A.P. Decoding of cytosolic calcium
oscillations in the mitochondria. Cell 1995, 82, 415–424.
Sak, K.; Webb, T.E. A retrospective of recombinant P2Y receptor subtypes and their
pharmacology. Arch. Biochem. Biophys. 2002, 397, 131–136.
Burnstock, G. P2X receptors in sensory neurones. Br. J. Anaesth. 2000, 84, 476–488.
Burnstock, G. Physiology and pathophysiology of purinergic neurotransmission. Physiol. Rev.
2007, 87, 659–797.
Fabre, J.E.; Nguyen, M.; Latour, A.; Keifer, J.A.; Audoly, L.P.; Coffman, T.M.; Koller, B.H.
Decreased platelet aggregation, increased bleeding time and resistance to thromboembolism in
P2Y1-deficient mice. Nat. Med. 1999, 5, 1199–1202.
Leon, C.; Hechler, B.; Freund, M.; Eckly, A.; Vial, C.; Ohlmann, P.; Dierich, A.; LeMeur, M.;
Cazenave, J.P.; Gachet, C. Defective platelet aggregation and increased resistance to thrombosis
in purinergic P2Y1 receptor-null mice. J. Clin. Invest. 1999, 104, 1731–1737.
Wu, O.; Sumii, T.; Asahi, M.; Sasamata, M.; Ostergaard, L.; Rosen, B.R.; Lo, E.H.;
Dijkhuizen, R.M. Infarct prediction and treatment assessment with MRI-based algorithms in
experimental stroke models. J. Cereb. Blood Flow Metab. 2007, 27, 196–204.
Zheng, W.; Watts, L.T.; Holstein, D.M.; Prajapati, S.I.; Keller, C.; Grass, E.H.; Walter, C.A.;
Lechleiter, J.D. Purinergic receptor stimulation reduces cytotoxic edema and brain infarcts in
mouse induced by photothrombosis by energizing glial mitochondria. PLos One 2010, 5, e14401.
Zheng, W.; Talley Watts, L.; Holstein, D.M.; Wewer, J.; Lechleiter, J.D. P2Y1R-initiated,
IP3R-dependent stimulation of astrocyte mitochondrial metabolism reduces and partially reverses
ischemic neuronal damage in mouse. J. Cereb. Blood Flow Metab. 2012, 33, 600–611.
Owens, A.P., III; Mackman, N. Tissue factor and thrombosis: The clot starts here. Thromb.
Haemost. 2010, 104, 432–439.
Wu, J.; Holstein, J.D.; Upadhyay, G.; Lin, D.T.; Conway, S.; Muller, E.; Lechleiter, J.D.
Purinergic receptor-stimulated IP3-mediated Ca2+ release enhances neuroprotection by increasing
astrocyte mitochondrial metabolism during aging. J. Neurosci. 2007, 27, 6510–6520.
Savi, P.; Beauverger, P.; Labouret, C.; Delfaud, M.; Salel, V.; Kaghad, M.; Herbert, J.M. Role of
P2Y1 purinoceptor in ADP-induced platelet activation. FEBS Lett. 1998, 422, 291–295.
Jin, J.; Daniel, J.L.; Kunapuli, S.P. Molecular basis for ADP-induced platelet activation. II. The
P2Y1 receptor mediates ADP-induced intracellular calcium mobilization and shape change in
platelets. J. Biol. Chem. 1998, 273, 2030–2034.
Jin, J.; Kunapuli, S.P. Coactivation of two different G protein-coupled receptors is essential for
ADP-induced platelet aggregation. Proc. Natl. Acad. Sci. USA 1998, 95, 8070–8074.

Brain Sci. 2013, 3
87.

558

Hechler, B.; Leon, C.; Vial, C.; Vigne, P.; Frelin, C.; Cazenave, J.P.; Gachet, C. The P2Y1
receptor is necessary for adenosine 5′-diphosphate-induced platelet aggregation. Blood 1998, 92,
152–159.
88. Jarvis, G.E.; Humphries, R.G.; Robertson, M.J.; Leff, P. ADP can induce aggregation of human
platelets via both P2Y1 and P2T receptors. Br. J. Pharmacol. 2000, 129, 275–282.
89. Chhatriwala, M.; Ravi, R.G.; Patel, R.I.; Boyer, J.L.; Jacobson, K.A.; Harden, T.K. Induction of
novel agonist selectivity for the ADP-activated P2Y1 receptor versus the ADP-activated P2Y12
and P2Y13 receptors by conformational constraint of an ADP analog. J. Pharmacol. Exp. Ther.
2004, 311, 1038–1043.
90. Ravi, R.G.; Kim, H.S.; Servos, J.; Zimmermann, H.; Lee, K.; Maddileti, S.; Boyer, J.L.;
Harden, T.K.; Jacobson, K.A. Adenine nucleotide analogues locked in a Northern methanocarba
conformation: Enhanced stability and potency as P2Y(1) receptor agonists. J. Med. Chem. 2002,
45, 2090–2100.
91. Lu, M.; Zhang, R.L.; Zhang, Z.G.; Yang, J.J.; Chopp, M. Linkage of cell cycle kinetics between
embryonic and adult stroke models: An analytical approach. J. Neurosci. Methods 2007, 161,
323–330.
92. Cavaliere, F.; Florenzano, F.; Amadio, S.; Fusco, F.R.; Viscomi, M.T.; D’Ambrosi, N.; Vacca, F.;
Sancesario, G.; Bernardi, G.; Molinari, M.; Volonte, C. Up-regulation of P2X2, P2X4 receptor
and ischemic cell death: prevention by P2 antagonists. Neuroscience 2003, 120, 85–98.
93. Rojas, J.C.; Bruchey, A.K.; Gonzalez-Lima, F. Neurometabolic mechanisms for memory
enhancement and neuroprotection of methylene blue. Prog. Neurobiol. 2012, 96, 32–45.
94. Guttmann, P.; Ehrlich, P. Über die Wirkung des Methylenblau bei Malaria. Berl. Klin.
Wochenschr. 1891, 28, 953–956.
95. Kupfer, A.; Aeschlimann, C.; Cerny, T. Methylene blue and the neurotoxic mechanisms of
ifosfamide encephalopathy. Eur. J. Clin. Pharmacol. 1996, 50, 249–252.
96. Wainwright, M.; Crossley, K.B. Methylene Blue—A therapeutic dye for all seasons?
J. Chemother. 2002, 14, 431–443.
97. Naylor, G.J.; Martin, B.; Hopwood, S.E.; Watson, Y. A two-year double-blind crossover trial of
the prophylactic effect of methylene blue in manic-depressive psychosis. Biol. Psychiatry 1986,
21, 915–920.
98. Zhang, X.; Rojas, J.C.; Gonzalez-Lima, F. Methylene blue prevents neurodegeneration caused by
rotenone in the retina. Neurotox. Res. 2006, 9, 47–57.
99. Peter, C.; Hongwan, D.; Kupfer, A.; Lauterburg, B.H. Pharmacokinetics and organ distribution
of intravenous and oral methylene blue. Eur. J. Clin. Pharmacol. 2000, 56, 247–250.
100. Oz, M.; Lorke, D.E.; Petroianu, G.A. Methylene blue and Alzheimer’s disease. Biochem.
Pharmacol. 2009, 78, 927–932.
101. Wiklund, L.; Basu, S.; Miclescu, A.; Wiklund, P.; Ronquist, G.; Sharma, H.S. Neuro- and
cardioprotective effects of blockade of nitric oxide action by administration of methylene blue.
Ann. N. Y. Acad. Sci. 2007, 1122, 231–244.
102. Miclescu, A.; Basu, S.; Wiklund, L. Cardio-cerebral and metabolic effects of methylene blue in
hypertonic sodium lactate during experimental cardiopulmonary resuscitation. Resuscitation
2007, 75, 88–97.

Brain Sci. 2013, 3

559

103. Kelner, M.J.; Bagnell, R.; Hale, B.; Alexander, N.M. Potential of methylene blue to block
oxygen radical generation in reperfusion injury. Basic Life Sci. 1988, 49, 895–898.
104. Miclescu, A.; Basu, S.; Wiklund, L. Methylene blue added to a hypertonic-hyperoncotic solution
increases short-term survival in experimental cardiac arrest. Crit. Care Med. 2006, 34,
2806–2813.
105. Wen, Y.; Li, W.; Poteet, E.C.; Xie, L.; Tan, C.; Yan, L.J.; Ju, X.; Liu, R.; Qian, H.;
Marvin, M.A.; et al. Alternative mitochondrial electron transfer as a novel strategy for
neuroprotection. J. Biol. Chem. 2011, 286, 16504–16515.
106. Lin, A.L.; Poteet, E.; Du, F.; Gourav, R.C.; Liu, R.; Wen, Y.; Bresnen, A.; Huang, S.; Fox, P.T.;
Yang, S.H.; Duong, T.Q. Methylene blue as a cerebral metabolic and hemodynamic enhancer.
Plos One 2012, 7, e46585.
107. Huang, S.; Du, F.; Shih, Y.I.; Shen Q.; Gonzalez-Lima, F.; Duong, T.Q. Methylene blue
potentiates stimulus-evoked fMRI responses and cerebral oxygen consumption during normoxia
and hypoxia. NeuroImage 2013, 72, 237–242.
108. Devasagayam, T.P.; Tilak, J.C.; Boloor, K.K.; Sane, K.S.; Ghaskadbi, S.S.; Lele, R.D. Free
radicals and antioxidants in human health: Current status and future prospects. J. Assoc.
Physicians India 2004, 52, 794–804.
109. Holley, A.K.; Bakthavatchalu, V.; Velez-Roman, J.M.; St Clair, D.K. Manganese superoxide
dismutase: Guardian of the powerhouse. Int. J. Mol. Sci. 2011, 12, 7114–7162.
110. Niizuma, K.; Endo, H.; Chan, P.H. Oxidative stress and mitochondrial dysfunction as
determinants of ischemic neuronal death and survival. J. Neurochem. 2009, 109 (Suppl. 1),
133–138.
111. Holley, A.K.; Dhar, S.K.; St Clair, D.K. Manganese superoxide dismutase vs. p53: Regulation of
mitochondrial ROS. Mitochondrion 2010, 10, 649–661.
112. Shmonin, A.; Melnikova, E.; Galagudza, M.; Vlasov, T. Characteristics of cerebral ischemia in
major rat stroke models of middle cerebral artery ligation through craniectomy. Int. J. Stroke
2012, doi:10.1111/j.1747-4949.2012.00947.x.
113. Maier, C.M.; Hsieh, L.; Crandall, T.; Narasimhan, P.; Chan, P.H. A new approach for the
investigation of reperfusion-related brain injury. Biochem. Soc. Trans. 2006, 34, 1366–1369.
114. Ivanovi-BurmazoviĆ, I.; FilipoviĆ, M. Reactivity of manganese superoxide dismutase mimics
toward superoxide and nitric oxide: Selectivity versus cross-reactivity. Adv. Inorg. Chem. 2012,
64, 53–95.
115. Friedel, F.C.; Lieb, D.; Ivanović-Burmazović, I. Comparative studies on manganese-based SOD
mimetics, including the phosphate effect, by using global spectral analysis. J. Inorg. Biochem.
2012, 109, 26–32.
116. Park, W.; Lim, D. Synthesis and SOD activity of manganese complexes of pentaaza macrocycles
containing amino- and guanidino-auxiliary. Bull. Korean Chem. Soc. 2001, 32, 3787.
117. Huang, H.F.; Guo, F.; Cao, Y.Z.; Shi, W.; Xia, Q. Neuroprotection by manganese superoxide
dismutase (MnSOD) mimics: Antioxidant effect and oxidative stress regulation in acute
experimental stroke. CNS Neurosci. Ther. 2012, 18, 811–818.

Brain Sci. 2013, 3

560

118. Kelso, G.F.; Maroz, A.; Cocheme, H.M.; Logan, A.; Prime, T.A.; Peskin, A.V.; Winterbourn C.C.;
James, A.M.; Ross, M.F.; Brooker, S.; et al. A Mitochondria-Targeted Macrocyclic Mn(II)
Superoxide Dismutase Mimetic. Chem. Biol. 2012, 19, 1237–1246.
119. Shen, Q.; Fisher, M.; Sotak, C.H.; Duong, T.Q. Effects of reperfusion on ADC and CBF
pixel-by-pixel dynamics in stroke: Characterizing tissue fates using quantitative diffusion and
perfusion imaging. J. Cereb. Blood Flow Metab. 2004, 24, 280–290.
120. Shen, Q.; Huang, S.; Du, F.; Duong, T.Q. Probing ischemic tissue fate with bold fMRI of brief
oxygen challenge. Brain Res. 2011, 1425, 132–141.
121. Shen, Q.; Meng, X.; Fisher, M.; Sotak, C.H.; Duong, T.Q. Pixel-by-pixel spatiotemporal
progression of focal ischemia derived using quantitative perfusion and diffusion imaging.
J. Cereb. Blood Flow Metab. 2003, 23, 1479–1488.
122. Shen, Q.; Ren, H.; Cheng, H.; Fisher, M.; Duong, T.Q. Functional, perfusion and diffusion MRI
of acute focal ischemic brain injury. J. Cereb. Blood Flow Metab. 2005, 25, 1265–1279.
123. Meng, X.; Fisher, M.; Shen, Q.; Sotak, C.H.; Duong, T.Q. Characterizing the diffusion/perfusion
mismatch in experimental focal cerebral ischemia. Ann. Neurol. 2004, 55, 207–212.
124. Hui, E.S.; Du, F.; Huang, S.; Shen, Q.; Duong, T.Q. Spatiotemporal dynamics of diffusional
kurtosis, mean diffusivity and perfusion changes in experimental stroke. Brain Res. 2012, 1451,
100–109.
125. Sicard, K.M.; Henninger, N.; Fisher, M.; Duong, T.Q.; Ferris, C.F. Long-term changes of
functional MRI based brain function, behavioral status, and histopathology after transient focal
cerebral ischemia in rats. Stroke 2006, 37, 2593–2600.
126. Sicard, K.M.; Henninger, N.; Fisher, M.; Duong, T.Q.; Ferris, C.F. Differential recovery of
multimodal mri and behavior after transient focal cerebral ischemia in rats. J. Cereb. Blood Flow
Metab. 2006, 26, 1451–1462.
127. Tanaka, Y.; Ishii, H.; Hiraoka, M.; Miyasaka, N.; Kuroiwa, T.; Hajjar K.A.; Nagaoka, T.;
Duong, T.Q.; Ohno, K.; Yoshida, M. Efficacy of recombinant annexin 2 for fibrinolytic therapy
in a rat embolic stroke model: A magnetic resonance imaging study. Brain Res. 2007, 1165,
135–143.
128. Shen, Q.; Ren, H.; Fisher, M.; Bouley, J.; Duong, T.Q. Dynamic tracking of acute ischemic
tissue fates using improved unsupervised isodata analysis of high-resolution quantitative
perfusion and diffusion data. J. Cereb. Blood Flow Metab. 2004, 24, 887–897.
129. Shen, Q.; Ren, H.; Fisher, M.; Duong, T.Q. Statistical prediction of tissue fate in acute ischemic
brain injury. J. Cereb. Blood Flow Metab. 2005, 25, 1336–1345.
130. Huang, S.; Shen, Q.; Duong, T.Q. Artificial neural network prediction of ischemic tissue fate in
acute stroke imaging. J. Cereb. Blood Flow Metab. 2010, 30, 1661–1670.
131. Huang, S.; Shen, Q.; Duong, T.Q. Quantitative prediction of acute ischemic tissue fate using
support vector machine. Brain Res. 2011, 1405, 77–84.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

