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Stroke is the second highest reason of death in the world and the leading cause of disability. The ischemic stroke makes up the majority of stroke cases that occur due to the blockage of blood vessels. Therapeutic applications for ischemic stroke include thrombolytic treatments that are in limited usage and only applicable to less than 10% of the total stroke patients, but there are promising new approaches. The main cause of ischemic neuronal death is glutamate excitotoxicity. There have been multiple studies focusing on neuroprotection via reduction of glutamate both in ischemic stroke and other neurodegenerative diseases that ultimately failed due to the obstacles in delivery. At that point, systemic glutamate grabbing, or scavenging is an ingenious way of decreasing glutamate levels upon ischemic stroke. The main advantage of this new therapeutic method is the scavengers working in the circulating blood so that there is no interference with the natural brain neurophysiology. In this review, we explain the molecular mechanisms of ischemic stroke, provide brief information about existing drugs and approaches, and present novel systemic glutamate scavenging methods. This review hopefully will elucidate the potential usage of the introduced therapeutic approaches in stroke patients.
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INTRODUCTION
Stroke is the second leading cause of death after ischemic heart disease and the third cause of disability affecting more than six million lives per year, according to the latest report of the World Health Organization (WHO) (WHO, 2020). Stroke patients are broadly divided into ischemic and haemorrhagic stroke types while the majority has been driven by ischemia. The summation of damage done by both stroke types affect the life of 13,7 million people and cause 5,5 million deaths every year (Global GBD 2016 Stroke Collaborators, 2019). Considering the continuous increase in the human population as well as skyrocketing numbers in obesity and hypertension patients, it is likely to face severe circumstances in the upcoming years.
Ischemic Stroke
The word ischemia is originated from two Greek words: ischō, meaning holding back and haima, meaning blood; expressing the phrase of stopping blood (Verdouw et al., 1998). As the name indicates, ischemic stroke simply occurs due to the interruption of blood supply to the brain. The human brain requires constant blood flow providing oxygen and nutrients as well as eliminating carbon dioxide and cell debris. When there is a disruption in the blood supply, the brain cells lose their only energy source glucose and eventually die because of the energy shortage combined with toxic waste that is accumulated in the cells. The ischemic brain could be classified into two regions based on the stroke’s severity: the core zone which lost 90% of blood flow and shows the most severe effects, and the penumbra or peri-infarct region which surrounds the core zone (Appireddy et al., 2015). Even though the core zone experiences partial cell death as ischemia happens, the circulation in that region partially continues by the collateral arteries and the damage is reversible if the blood flow could be restored within a couple of hours (Heiss and Rosner, 1983). Consequently, the penumbra or peri-infarct region has been the primary target of pharmacological approaches with the hope to rescue invaluable neuronal cells from death (Castillo et al., 2016).
It is momentous to emphasize that more focused attempts for the prevention and treatment of ischemic stroke are desperately required. Modern treatment methods are simply dependent on re-sustaining blood flow as soon as possible and ensuring reperfusion in the affected area. Current clinical therapies offer only two efficient methods: intravenous administration of tissue plasminogen activator (tPA) and mechanical thrombectomy (Bhaskar et al., 2018). Globally, tPA application is the most widely accepted and implemented treatment method for ischemic stroke, although it is only effective when quickly applied in the time window of 4.5 h following the initiation of stroke (Yoo et al., 2011), and in some cases it can go up to 6 h (Snelling et al., 2019). In addition to the narrow time window, there is a certain risk of reperfusion damage that makes the treatment capacity of tPA limited on most patients (Kurth et al., 2007). If the size of the clot occluding the vein is large than the tPA treatment limits or the time window is outlasted, MT surgery is the alternative treatment in which a microcatheter is used to directly remove the clot, although it is a risk involved solution that is far from being perfect (Dong et al., 2020). Despite the fact that there are hundreds of treatment attempts for thrombectomy, they ultimately failed to translate to the clinics (Matei et al., 2021). Considering all modern applications, it is safe to say there is a desperate need for pharmacological therapeutics and drugs that could solve the urgent need of ischemic stroke patients.
Cellular Mechanism of Ischemia
The mechanism of ischemic cell death in the brain is well-known at the cellular and molecular levels (Rossi et al., 2007). A clot blocking an artery disrupts the consistent flow of nutrient-rich blood. Inevitably, it causes inadequate glucose and oxygen supply that cannot meet the energy demands of neuronal cells. Since glucose-dependent oxidative phosphorylation sourced by the constant blood flow is the primary energy source of neural cells, inadequacy in the glucose supply causes ATP depletion even in minutes because of the absence of long-term energy reserves in the brain (Doyle et al., 2008). Neuronal cells cannot perform regular metabolic activities without glucose and oxygen, causing inevitable starvation-related cell death (Figure 1). A second emerging problem arises with energy scarcity. The function of ion pumps is essential for the information transfer between the adjacent neurons that maintain the concentration gradient of sodium (Na+), potassium (K+), and calcium (Ca2+) between intracellular and extracellular environments but require ATP to function. The ion pumps are non-functional without energy, making the electrochemical gradient difference unsustainable. In the ATP depletion, the abnormal increase of Na+ influx and K+ efflux to neural cells causes depolarization. Following extracellular K+ concentration increase, L-type voltage-gated channels open and allow the passage of Ca2+ ions resulting in elevated intracellular Ca2+ concentration (Luoma et al., 2011). The Ca2+ cannot be pumped out of the cell by the ion pumps and exchangers without sufficient energy. The level of Ca2+ causes the release of glutamate, which is one of the fundamental reasons for ischemia-induced excitotoxicity in neurons and glial cells. Glutamate is an excitatory amino acid and behaves as a neurotransmitter binding glutamate receptor to transmit signals. Glutamate is released by the activation of its postsynaptic receptors that are ionotropic or metabotropic receptors (mGluRs). Ionotropic receptors consist of three groups which are NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-iso-xazolepropionic acid) or kainate receptors (Atoji and Sarkar, 2019). Metabotropic receptors act through the heterotrimeric guanine nucleotide-binding proteins that convey the signal to its effector channels or intracellular enzymes. The excitotoxic response is primarily regulated by NMDA type glutamate receptors (Gupta et al., 2013; Girling et al., 2018).
[image: Figure 1]FIGURE 1 | Ischemic cascade at a glance. Occlusion of an artery starts a series of responses. Blood clot blocking artery causes reduced blood flow, which leads to lack of oxygen and glucose and ultimately a drastic decrease in energy supply. It leaves neurons in a depolarized state and reduction in glutamate reuptake gives rise to increase in extracellular glutamate levels. The increment in glutamate leads to NMDA receptor activation and neuronal calcium influx, and excessive amount of calcium release ending up with neuronal damage.
The accumulation of glutamate in the extracellular space led to the hyperactivation of glutamate receptors and then to massive Ca2+ influx. If there is sufficient energy supply, ion equilibrium of the cells are maintained by removing some positive ions via ion pumps and then uptake the cell. However, in the case of insufficient energy in the cell, the ion pumps do not function properly, causing an important increase in the intracellular Ca2+. This intracellular Ca2+ increase causes the activation of protein kinases and other downstream Ca2+-dependent enzymes which damage significant molecules and disrupt the cell membrane, resulting in more Ca2+ entry into the cell, release of free radicals from damaged mitochondria, and subsequent cell death (Papazian et al., 2018; Verma et al., 2018; Belov Kirdajova et al., 2020).
The uptake of excessive glutamate by astrocytes also causes constant activation of Ca2+ channels that give rise to a pathological increase in intracellular Ca2+ concentration. Toxic elements such as reactive oxygen species (ROS) and a group of Ca2+-dependent degradative enzymes such as ATPases, endonucleases, proteases, and phospholipases are released from the neural cells (Sattler et al., 1999). Overall, the sequence of events results in the release of mitochondrial apoptotic signals and initiation of the caspase-dependent cell death (Belov Kirdajova et al., 2020) (Figure 2). The removal of excitatory neurotransmitters released to the synaptic cleft is also an energy-dependent action. Therefore, there is a huge increase in neurotransmitter concentrations, especially glutamate, in the ischemia, which acts as a mediator of neuronal degeneration.
[image: Figure 2]FIGURE 2 | Ischemia in cellular unit. Anoxic depolarization and decreased activity of glutamate uptake gives rise to enhanced glutamate levels, leading to calcium influx via NMDA receptors. Excessive glutamate released from presynapse of the neuron also leads to Na+-dependent excitatory amino acid transporters (EAATs) in astrocytes (EAAT1/2) as well as neurons (EAAT3). Insufficient energy and lack of ion pump functioning cause massive increase in the intracellular Ca2+, activating protein kinases and some other downstream Ca2+-dependent enzymes, damaging the cell membrane, resulting in more Ca2+entry into the cell, release of free radicals as well as reactive oxygen species (ROS) that gives rise to cell death in the end.
Glutamate and its Excitotoxicity
Glutamate is one of the most abundant amino acids in the human body participating in multiple metabolic pathways, and it is the most indispensable regulator in the central nervous system playing a vital role in regulating neural communication, plasticity, learning, memory, and more. Considering its broad range of metabolic activities and regulatory capacity, it is no wonder that glutamate-including pathways are highly regulated. The neurotransmitter function of glutamate requires its presence in the extracellular fluid part of the brain. Neuronal cells are sensitive to the changes in the extracellular glutamate level, where sustaining the balance is vital; therefore, the extracellular glutamate is regulated by release and restrain cycles. If the balance in the glutamate level is disturbed and the extracellular glutamate concentration increases in an uncontrollable manner, neuronal cells die inevitably because of the cumulative toxic effects (Zauner et al., 1996). This phenomenon is described as glutamate excitotoxicity and is known as a primary damaging mechanism that causes the cell death occured in stroke (Danbolt, 2001).
There are several mechanisms that supply glutamate to the extracellular fluid. The synaptic glutamate released from the presynapse is the main source of extracellular glutamate (Danbolt, 2001). The transfer of information at synapse requires receptor activation on postsynaptic side by sensing glutamate. As the postsynaptic receptors are outwardly located on the cell membrane, glutamate should be released from the presynapse to the extracellular fluid via exocytosis of the synaptic vesicles. Besides, there are several non-vesicular mechanisms that supply glutamate to the extracellular fluid via anion channels and reversed operation of glutamate transporting proteins (Rossi et al., 2000). Once released, the extra glutamate should be eliminated rapidly to sustain the balance. There is no mechanism to remove extracellular glutamate besides cellular reuptake by astrocytes, neurons and endothelial cells. The cellular reuptake is strictly controlled by Na+-dependent excitatory amino acid transporter family members, also known as excitatory amino acid transporters (EAATs) (Danbolt 2001; Grewer and Rauen, 2005; Tzingounis and Wadiche, 2007; Vandenberg and Ryan, 2013).
EAATs, which are a part of the solute carrier 1 (SLC1) family that uptake glutamate inside to the cell against the concentration gradient. There are five distinct types of these glutamate transporters. EAAT1 is predominantly expressed in the neocortex and cerebellum, specifically in astrocytes, whereas EAAT2 is the primary glutamate transporter found in the forebrain, widely expressed in astrocytes (Danbolt et al., 1990; Pines et al., 1992; Storck et al., 1992). Given that EAAT1 and EAAT2 have a broad expression in astrocytes, EAAT3 is mostly expressed in neurons (Rothstein et al., 1994; Mennerick et al., 1998). EAAT4 is also shown to be expressed in neurons, however the expression is limited to Purkinje cells. EAAT5 is on the other hand, only expressed at photoreceptor and bipolar cell terminals in the retina (Danbolt, 2001). In addition to that, EAATs also exist in endothelial cells (Campos et al., 2011b). All types of EAATs that are having similar mechanism act on clearing glutamate from the synaptic cleft (Magi et al., 2019).
Extracellular glutamate levels are strictly controlled via EAATs. EAATs that are found in astrocytes that bind and sequester the neurotransmitter for processing and recycling, promote the glutamate reuptake from synaptic junctions after neuronal excitation. As an alternative, glutamate can be transferred from the extracellular space via sodium-dependent transport on the antiluminal surface of brain capillary endothelial cells when the extracellular concentration is increased (Leibowitz et al., 2012). If the accumulation of glutamate concentration in the endothelial cells surpasses the plasma level, glutamate is transported from the luminal side into the bloodstream by facilitated diffusion. In this way, although there are adverse concentration gradients from central nervous system (CNS) to plasma, the endothelial regulation of CNS glutamate concentration can happen. After EAATs uptake glutamate from the synaptic cleft, it is converted in astrocytes to glutamine via glutamine synthetase or to α-ketoglutarate, which is involved in the tricarboxylic citric acid cycle (TCA) via glutamate dehydrogenase.
TCA cycle, also called as Krebs cycle or citric acid cycle (CAC) is a second stage of cellular respiration, in which cells decompose organic molecules in the presence of oxygen and produce energy to be able to survive. This event takes place in mitochondria in almost all living organisms including most of the bacteria. The TCA cycle starts with the catalyze of α-ketoglutarate to succinyl CoA via α-ketoglutarate dehydrogenase (KGDH). Multiple steps in the tricarboxylic acid (TCA) cycle convert the carbon skeleton to malate, which is ultimately turned to pyruvate by malic enzyme (ME). As an alternative, pyruvate kinase (PK) and phosphoenolpyruvate carboxykinase (PEPCK) work together to convert oxaloacetate (OAA) to pyruvate. For the complete oxidation of glutamate, ME or PEPCK with PK must operate in the direction of pyruvate. Pyruvate dehydrogenase (PDH) re-enters the TCA cycle, and the carbon skeleton derived from glutamate can be entirely oxidized to CO2 in the TCA cycle through this pathway (Schousboe et al., 2014; Cooper and Jeitner, 2016) (Figure 3).
[image: Figure 3]FIGURE 3 | Scheme of the glutamate uptake and the TCA cycle. TCA cycle is a second stage of cellular respiration taking place in mitochondria, in which cells decompose organic molecules in the presence of oxygen and produce energy. The cycle starts with the catalyze of α-ketoglutarate to succinyl CoA via α-ketoglutarate dehydrogenase (KGDH), followed by several steps in the TCA cycle converting the carbon skeleton to malate, which is ultimately turned to pyruvate by malic enzyme (ME). As an alternative, pyruvate kinase (PK) and phosphoenolpyruvate carboxykinase (PEPCK) work and convert oxaloacetate (OAA) to pyruvate. Pyruvate dehydrogenase (PDH) also re-enters the TCA cycle, and the carbon skeleton derived from glutamate could be oxidized to CO2.
Current Therapeutic Approaches in Ischemic Stroke
The treatment approach of stroke depends on the underlying cause of the disease because of the contradictory therapeutic requirements of hemorrhagic and ischemic types. While the hemorrhagic type requires immediate termination of bleeding, the ischemic type needs quick restoration of blood flow. The contrast between the motivations of treatment approaches makes the medical examination highly critical where misjudgment could worsen the existing damage on the brain. Once ischemia is identified, the medications aim the reperfusion of the affected area by either thrombolytic agents or mechanical thrombectomy (Dong et al., 2020) (Figure 4). Although there are several thrombolytic agents in the stage of clinical trials including alteplase, streptokinase and tenecteplase; only alteplase was approved by FDA. While streptokinase is eliminated because of the unacceptably high rates of hemorrhage, tenecteplase still requires further studies to verify benefits on ischemic stroke patients (Bhaskar et al., 2018).
[image: Figure 4]FIGURE 4 | The current flow of therapeutic approaches in ischemic stroke. After initiation of the stroke, if the time limit is under 4.5 h and if tPA is eligible, the tPA treatment is applied. If the clot is still not fully removed and if the time did not exceed 8 h, Mechanical thrombectomy could be applied.
Alteplase (Tissue Plasminogen Activator, tPA)
By the day, tissue plasminogen activator (tPA or alteplase) is the only approved drug by the FDA and the golden standard of ischemic stroke treatment. tPA is a member of plasminogen activators that hydrolyze de arginine-valine peptide bond to activate plasminogen as plasmin (Lijnen and Collen, 1988). When given intravenously (IV), the tPA therapy can lyse the ischemia reasoning clot if it is performed within 3 h starting from the initiation of symptoms (National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995; Kwiatkowski et al., 1999; Bansal et al., 2013). If tPA treatment is applied directly to the affected area, therapy is generally accepted as successful up to the 4.5 h (Hacke et al., 2008). Although tPA therapy is the sharpest tool in the box, it is far from being perfect because thrombolytic therapy is still associated with bleeding that could be catastrophic (Goldstein et al., 2010). Therefore, there is a desperate and urgent need of new therapies in ischemic stroke.
Mechanical Thrombectomy
Mechanical thrombectomy is a minimally invasive procedure that includes removal of the clot from the artery of the patient by using a microcatheter. The size of the clot can differ depending on the patient, and if it too big or tPA treatment time is surpassed, MT surgery is the only treatment that could be applied if the onset is before 8 h (Jovin et al., 2015). It has been observed that MT treatment supplied two times more survival rate and less disability in patients diagnosed with ischemic stroke (Smith et al., 2008). MT and pre-treatment with intravenous tPA treatment could be another therapeutic option. However, this therapy is also disadvantageous since handling the clot within the vessel could be risky in terms of mechanical injuries (Bhaskar et al., 2018).
Peritoneal Dialysis
There is another strategy called as peritoneal dialysis have been developed in order to decrease blood glutamate levels by directing glutamate from brain to blood. The transient increase in glutamate is aimed to decrease via this dialysis method simply by exchanging fluids and dissolved substances between the blood and the dialysate across the peritoneum (Godino et al., 2013). It has been also demonstrated that this strategy significantly decrease glutamate levels in patients (Rogachev et al., 2013). This novel therapy can be an effective strategy for stroke patients, however it is not commonly used as a stroke therapy yet and clinical trials are needed to see the efficiancy in ischemic stroke patients.
Stroke Prevention
Despite the fact that prevention of stroke is not a treatment itself, it is commonly used and quite effective therapeutic intervention method against stroke. Anticoagulants, antiplatelet therapy, statin treatment, drugs that are regulating blood pressure are currently used stroke prevention methods, and it has been foreseen that up to 80% of recurrent stroke cases can be averted by the usage of these methods. Therefore, mass stroke prevention strategy could be a very useful complementary strategy to decrease the increasing trend of global burden of stroke as well as subsequent disability (Sherzai and Elkind, 2015).
Neuroprotective Therapies
Significant pharmacological strategies to this neurotoxic event have been improved by researchers thanks to the knowledge of the molecular mechanisms contained in glutamate excitotoxicity after cerebral ischemia. Initially, NMDA receptors (NMDAR) antagonism was investigated as a main focus; since NMDAR is a significant gateway for the numerous other downstream effects of glutamate excitotoxicity. Therefore, it ensured a reasonable target for drug design. Throughout this period, the knowledge of the structure and function of these receptors also increased owing to advances in protein biochemistry and small molecule design (Ogden and Traynelis, 2011). Various classes of NMDAR antagonists that have different sites of action, were improved that are the competitive NMDAR antagonist affecting for glutamate or glycine binding sites, noncompetitive allosteric inhibitors acting on other extracellular sites, and NMDAR channel blockers that influence sites in the receptor channel pore. Although there are promising results in animal research, antagonist drugs like selfotel, gavestinel, and traxoprodil, have not dramatically succeeded in randomized and controlled clinical trials in humans. The failure of these NMDAR-targeting therapies has been explained with many different reasons. Some of them show important dose-limiting side effects and lack adequate brain penetration (Kalia et al., 2008; Grupke et al., 2015; Jia et al., 2015). There are also some unfavorable process profiles such as hallucinations, agitations, catatonia, peripheral sensory loss, nausea, and elevation in blood pressure (Muir, 2006). Furthermore, it is thought that glutamate excitotoxicity leads to harm in a narrow time frame during which the neurotransmitter performs its normal function in the condition of acute processes like stroke or traumatic brain injuries. Thus, unfavorable side effects due to the prolonged receptor blockade and less therapeutic efficacy may occur by using agents acting on NMDAR, which is a fundamental receptor of glutamate. Although there were initial failures, research about NMDAR antagonism has been conducted. Recent experiments focusing on the control of the upstream glutamate concentration and downstream protein signals have begun to expand beyond the NMDAR over the past 2 decades. Novel theraphy approaches related to NMDA receptors including death-signaling pathways have been developed. These downstream pathyways of the receptor are inhibited by using inhibitors without blocking NMDARs such as interfering peptides and pharmacological inhibitors. These agents particularly uncouple the neuronal death signaling from NMDARs and they don’t change neither functional nor survival of the receptors. In contrast to the receptor antagonist therapies, this approach may have less side effects and also has a potential to supply a longer therapeutic effect for stroke (Wu and Tymianski, 2018). Currently, there is increasing interest in blood glutamate scavengers and other agents targeting downstream sites of the receptor to improve effective drug modalities (Ikonomidou and Turski, 2002; Korczyn et al., 2015; Castillo et al., 2016).
GLUTAMATE SCAVENGING IN ISCHEMIC STROKE
Definition and the Mechanism of Scavenging
The word scavenger means the elimination of unwanted substances in order to keep the biological environment stable. Since glutamate is the major element to control in the CNS, regulating glutamate levels by a scavenging mechanism would be a very smart way to preserve homeostasis. The basis of systemic glutamate scavenging is based on a simple reaction, in which a blood-resident enzyme glutamate-oxaloacetate transaminase (GOT), also referred as Aspartate Aminotransferase (AST) converts glutamate into α-ketoglutarate and aspartate in existence of oxaloacetate (Campos et al., 2012) (Figure 5). The GOT enzyme-based reaction is dependent to the pyridoxal-5-phosphate (P5P) cofactor, which is the active type of vitamin B6. It binds covalently to an active-site lysine in a reversible manner and help catalyze the reaction (Westerhuis and Hafkenscheid, 1983; Tutor-Crespo et al., 2004).
[image: Figure 5]FIGURE 5 | Basic mechanism of glutamate scavenging. Glutamate-oxaloacetate Transaminase (GOT) transfers the amino group from glutamate to oxaloacetate while replacing the amino group of glutamate with a carbonyl group and converts glutamate and oxaloacetate to aspartate and α-ketoglutarate.
The main advantage of glutamate scavengers is that they are doing their job in the blood. Furthermore, this mechanism acts locally in the brain regions that have a high glutamate concentration, whereas other brain regions that have normal glutamate levels have been unaffected, which eliminates secondary effects by decreasing cumulative glutamate levels in the brain. The glutamate concentration in blood plasma is measured as 40–60 μM in healthy adults (Leibowitz et al., 2012; Bai et al., 2017), whereas glutamate levels in cerebrospinal fluid (CSF) or brain intercellular fluids is between 1 and 10 μM (Hawkins, 2009; Teichberg et al., 2009) revealing that the glutamate concentration is much higher in the blood than in the CSF. Due to that difference, there is intraparenchymal-blood glutamate concentration gradient occurring between blood and brain, and it is mainly dependent to the integrity of the BBB as well as endothelial glutamate transporters (EAATs) (Hawkins, 2009; Cohen-Kashi-Malina et al., 2012; Bai and Zhou, 2017). When stroke happens, glutamate concentration in the brain goes up to 10 times above normal that which leads to a higher glutamate concentration is higher in the brain side than the blood (Campos et al., 2012). Another advantage of glutamate scavengers is that the systemic glutamate scavenging process is self-controlled, and automatically stops if that imbalance between brain and blood glutamate levels is reverted to the normal. One of the most important features of this method is, these scavengers do not give any harm, meaning that if there is a stroke risk observed, these agents can be given for prevention of the disease safely. Compared to previously used NMDA receptor antagonists that are not successfully working as well as many side effects since their interference with regular receptor signaling, systemic glutamate scavenging may be the smartest way for future glutamate excitotoxicity treatment (Boyko et al., 2014).
CURRENT GLUTAMATE SCAVENGERS
Glutamate-Oxaloacetate Transaminase and Glutamate-Pyruvate Transaminase
Based on the systemic glutamate scavenging method, it was first demonstrated that, upon glutamate increase in CSF, GOT and glutamate-pyruvate transaminase (GPT) lead to a significant reduction of glutamate in blood, further diminishing the extracellular glutamate amount in brain (Gottlieb et al., 2003). GOT and GPT, together with the addition of their co-substrates pyruvate and oxaloacetate, transform glutamate to α-ketoglutarate and aspartate. This was the starting point for the potential systemic glutamate scavenging method for the eradication of the redundant glutamate in the brain ventricles as well as CSF. Afterwards, there has been a focus on glutamate converting transaminases as a possible therapeutic approach. It has been shown that peripheral administration of GOT and GPT with and without oxaloacetate and pyruvate give rise to a decrease in blood glutamate levels (Zlotnik et al., 2007; Boyko et al., 2012a; Boyko et al., 2012b).
One of the interesting findings has come recently that by doing both transcriptome screening and qPCR, GOT levels are found to be increased in MCAO rat ischemic stroke model (Rink et al., 2010). This study is followed by a unique in vitro study and by using neuronal HT4 cells transfected with GOT siRNA and verifying diminished GOT mRNA level and GOT activity, neuroprotective effect of GOT under hypoglycemic and high extracellular glutamate conditions has been discovered (Rink et al., 2011). Another study elucidated that patients with big infarction have higher glutamate and lower GOT levels in blood due to the capacity of the to metabolize blood glutamate, which makes GOT a potential biomarker showing the severity of the stroke (Campos et al., 2011c). There has also been a comparison of GOT and GPT in ischemic stroke patients, highlighting that the effect of GOT levels are more significantly showing a better outcome than GPT levels (Campos et al., 2011b). Yet, in vitro mechanism of GOT still needs to be understood.
Very recently, neuroprotective outcome of a bioconjugate human recombinant glutamate oxaloacetate transaminase (hrGOT) has been studied and it has been observed that a single administration of hrGOT leads to a drastic decrease of glutamate in bloodstream up to a week. Neuroprotective effect of hrGOT has also been confirmed by decreased infarct volume and improved sensorimotor functions in ischemic rats. Interestingly, the innovative form, the blood brain barrier targeted hrGOT did not show a significant increase in terms of efficiency, stating that glutamate scavenging activity in blood is an effective and powerful technique for stroke neuroprotection (Zaghmi et al., 2020).
Oxaloacetate
The neuroprotective role of oxaloacetate in ischemia is shown in rats by photothrombotic lesion and revealed that it reduces both blood and brain glutamate levels (Nagy et al., 2009). Interestingly, oxaloacetate injection in complete forebrain ischemia (2VO) model does also provide reestablishment of synaptic plasticity measured by LTP recordings in the CA1 region of hippocampus (Marosi et al., 2009). Further studies are done to be able to show the neuroprotective effect of oxaloacetate on diminishing blood as well as brain glutamate, by transient occlusion of the middle cerebral artery (MCAO) ischemic model, it has been observed that intravenous oxaloacetate administration leads to a significant drop of glutamate levels both in blood and brain. Moreover, it is confirmed by magnetic resonance spectroscopy (MRS) of the brain clearly showing the neuroprotective outcome of oxaloacetate (Campos et al., 2011a). It has also been demonstrated that glutamate levels in brain extracellular fluid (ECF) can be cleared by oxaloacetate (Teichberg et al., 2009). In another study in which maleate, a glutamate-oxaloacetate transaminase-blocker used next to oxaloacetate elucidates that the neuroprotective activity is reversed, proving the systemic glutamate scavenging activity of oxaloacetate (Zlotnik et al., 2009). Neuroprotective effect of oxaloacetate is also confirmed by electrophysiological methods measuring somatosensory evoked responses upon MCAO, and histological methods (Campos et al., 2012; Knapp et al., 2015; Castillo et al., 2016).
Pyruvate
The neuroprotective feature of pyruvate in ischemic stroke has been discovered 2 decades ago (Lee et al., 2001). It is followed by more studies showing the protective effect (Yi et al., 2007), as well as by another pyruvate derivative, ethyl pyruvate has also a role in neuroprotective outcome (Kim et al., 2005). However, the glutamate scavenging role of pyruvate is elucidated later by a rat model with closed head injury (Zlotnik et al., 2008). More studies have been done stating that glutamate–pyruvate transaminase together with pyruvate has a protective effect on ischemic rats after head trauma (Boyko et al., 2011), all in all emphasizing the therapeutic potential of glutamate grabber pyruvate in ischemic stroke (Figure 6).
[image: Figure 6]FIGURE 6 | Scheme of glutamate scavenging. Working mechanism of GOT/GPT, pyruvate and oxaloacetate in the brain. Black dots representing glutamate. GOT, Glutamate-oxaloacetate transaminase; GPT, Glutamate-pyruvate transaminase.
CONCLUSION AND FUTURE PROSPECTS
Ischemic stroke, one of the major reasons of death and disability worldwide, occurs because of the blockage of blood supply to the brain. Glucose and oxygen are limited by the decreased blood flow, causing insufficient energy supply in neurons. Neurons can no longer sustain their transmembrane gradient, leading to depolarization, which induces excitotoxicity via releasing neurotransmitters, especially glutamate. Glutamate excitotoxicity increases the production of harmful substances such as ROS that leads to endothelial apoptosis and blood-brain barrier damage and enhances the cerebral injury. Administration of tPA is still one and only therapy for ischemic stroke and the time frame is really short. Recent studies focusing on the glutamate excitotoxicity generates very promising data and scientists are improving novel therapeutic agents targeting different steps in the pathway. In this review, we sought to describe major strategies that are in development, namely systemic glutamate scavenging, which directly decreases extracellular glutamate in the CNS. In particular, systemic glutamate scavenging has received much attention as a new approach to prevent excitotoxicity. Moreover, they are extremely useful due to the fact that there are no side effects, which allow us to use them immediately if suspected and making therapy available for everybody. Since these different methods target to influence the glutamate-mediated damage at different levels, it may be interesting to explore the use of drug combinations to seek synergies in the future. Those trials will allow us to elucidate the application of this new therapeutic strategy. Last but not least, it is also crucial to understand the molecular mechanism behind the glutamate scavengers as well as permeability on blood brain barrier to be able to broaden the window of the current and future therapeutic options in ischemic stroke.
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