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Abstract

It is well known that abnormally elevated glutamate levels in the brain are associated with
secondary brain injury following acute and chronic brain insults. As such, a tight regulation of
brain glutamate concentrations is of utmost importance in preventing the neurodegenerative
effects of excess glutamate. There has been much effort in recent years to better understand the
mechanisms by which glutamate is reduced in the brain to non-toxic concentrations, and in how to
safely accelerate these mechanisms. Blood glutamate scavengers such as oxaloacetate, pyruvate,
glutamate—oxaloacetate transaminase, and glutamate-pyruvate transaminase have been shown to
reduce blood glutamate concentrations, thereby increasing the driving force of the brain to blood
glutamate efflux and subsequently reducing brain glutamate levels. In the past decade, blood
glutamate scavengers have gained increasing international interest, and its uses have been applied
to a wide range of experimental contexts in animal models of traumatic brain injury, ischemic
stroke, subarachnoid hemorrhage, epilepsy, migraine, and malignant gliomas. Although glutamate
scavengers have not yet been used in humans, there is increasing evidence that their use may
provide effective and exciting new therapeutic modalities. Here, we review the laboratory
evidence for the use of blood glutamate scavengers. Other experimental neuro-protective
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treatments thought to scavenge blood glutamate, including estrogen and progesterone, beta-
adrenergic activation, hypothermia, insulin and glucagon, and hemodialysis and peritoneal dialysis
are also discussed. The evidence reviewed here will hopefully pave the way for future clinical
trials.

Keywords
Blood glutamate scavenging; Neuroprotection

Introduction

Glutamate is a non-essential amino acid and the most abundant excitatory neurotransmitter
in the brain, accounting for approximately 60 % of all neuromediators’ activity. Glutamate is
known to be neurotoxic at elevated concentrations (Zauner et al. 1996), and plays an
important role in secondary brain injury following acute (Zauner et al. 1996; Castillo et al.
1996; Johnston et al. 2001) and chronic (Ferrarese et al. 2001; Shaw et al. 1995; Spranger et
al. 1996) brain insults. Therefore, it is of vital importance that glutamate concentrations be
tightly regulated in the brain to balance glutamate’s important life-sustaining effects with its
deleterious effects. In recent years, there has been great interest in understanding the
mechanisms by which glutamate exerts its neurotoxic effects, as well the brain’s innate
mechanisms of protecting against the harmful effects of excess glutamate (Leibowitz et al.
2012; Lau and Tymianski 2010). Special attention has been paid to better understand the
homeostatic mechanisms that maintain low concentrations of glutamate in the brain’s
extracellular fluids (1-10 uM) relative to the plasma (40-60 uM) (Rodriguez-Rodriguez et
al. 2013; Mangia et al. 2012).

Moreover, there has been great interest in studying potential treatment modalities that may
reduce the secondary brain damage associated with excess glutamate concentrations that
follow an acute brain insult (Zlotnik et al. 2007). Historically, there has been much interest
in studying the neuroprotective effects N-methyl-D-aspartate (NMDA) receptor antagonists
(Ikonomidou and Turski 2002). Although administration of NMDA receptor antagonists has
been neuroprotective in animal models of stroke and TBI (McCulloch 1992; Lee et al.
1999), clinical trials have either failed to demonstrate a therapeutic effect in humans or have
worsened outcomes (Ikonomidou and Turski 2002; Muir 2006). It is thought that NMDA
receptor blockade may interfere with processes in normal NMDA receptor signaling and
maintenance of neuronal integrity, as well as with glutamate-facilitated neuronal repair after
injury (Ikonomidou and Turski 2002; Zlotnik et al. 2009).

Another potential therapeutic modality that has shown great promise in reducing brain
glutamate concentrations is the peripheral administration of pyruvate and oxaloacetate,
termed “blood glutamate scavengers” (Gottlieb et al. 2003). Blood glutamate scavengers
have received increased attention in recent years, and have now been extensively studied in
animals across a wide range of contexts (Zlotnik et al. 2007, 2012; Boyko et al. 2011, 2012).
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Mechanisms of glutamate homeostasis

Glutamate in the brain is primarily maintained intracellular. Despite its presence in high
concentrations in the brain (5-15 mmol per kg), only a tiny fraction of glutamate exists in
the extracellular space (Schousboe 1981). Whereas intracellular glutamate is not thought to
be neurotoxic, extracellular glutamate (particularly at abnormally high concentrations) is
known to exert neurotoxic effects (Teichberg 2011). Depending on the brain’s energy needs
and supply, glutamate is continuously released from cells and eliminated from the
extracellular space (Danbolt 2001). Although the concentration of extracellular glutamate
determines its capacity to stimulate glutamate receptors, extracellular glutamate
concentrations are tightly maintained at low concentrations (Zlotnik et al. 2008).

There are several mechanisms by which glutamate concentrations are maintained at
physiological concentrations in the brain. Na+-dependent glutamate transporters present on
both nerve terminals and astrocytes are known to bind and uptake excess glutamate after
synaptic or astrocytic release (Danbolt 2001). Na+-dependent glutamate transporters
(EAAT3) on the antiluminal side of brain capillaries are also known to play an important
role in maintaining normal concentrations of glutamate in the extracellular fluid of the brain
(O’Kane et al. 1999), despite the highly unfavorable concentration gradient of the brain’s
extracellular fluid relative to blood plasma concentrations. In recent years, there has been
much interest generated in better understanding this mechanism, and utilizing it for potential
new therapeutic modalities in brain glutamate reduction (Zlotnik et al. 2007).

When the concentration of glutamate is elevated in the brain’s extracellular fluid, glutamate
is transported via the Na+-dependent transporters into the endothelial cell, where it
accumulates. When the concentration of glutamate exceeds that of the blood, glutamate is
transported across the luminal membrane by facilitated diffusion into the blood. In the
blood, glutamate can then be redistributed from the plasma to the peripheral tissues (Marliss
etal. 1971).

The brain to blood efflux of glutamate is a rapid and naturally occurring event. Hosoya
(1999) observed the appearance of radiolabeled glutamate in the blood 20 min after injection
in the CSF. Furthermore, after injection of radiolabeled glutamate in the lateral ventricles of
naive rats’ brains, Gottlieb (2003) observed the immediate presence of un-metabolized
glutamate in the blood that increased with time until reaching a plateau 40 min after
injection.

Blood glutamate scavenging with oxaloacetate and pyruvate

It was demonstrated in rats that the rate of brain to blood efflux could be increased by
creating a larger concentration gradient of glutamate between the brain and blood (Gottlieb
et al. 2003). This was achieved with the use of blood resident glutamate scavenging
enzymes glutamate-pyruvate transaminase (GPT) and glutamate—oxaloacetate transaminase
(GOT). GPT and GOT, in the presence of their co-substrates pyruvate and oxaloacetate,
respectively, convert glutamate to 2-ketoglutarate and its metabolites. After intravenous
injection of pyruvate or oxaloacetate, the rate of brain to blood glutamate efflux was shown
to increase. This supports the premise that brain extracellular glutamate levels can be
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controlled in part by manipulating blood glutamate concentrations. The use of blood
glutamate scavengers effectively resulted in the elimination of excess glutamate in the brain
ventricles and CSF (Gottlieb et al. 2003), as well as from the brain parenchyma (Teichberg
et al. 2009), as evidenced with the use of dual-probe microdialysis experiments. Likewise,
peripheral injections of GOT and GPT in naive rats, as a single treatment modality and in
combination with its co-substrates oxaloacetate and pyruvate, respectively, have been shown
to result in a reduction in blood glutamate (Zlotnik et al. 2007; Boyko et al. 20123, b).

Evidence with blood glutamate scavengers shows potential for the development of novel,
effective, and safe therapeutic agents that may be effective across a wide range of clinical
contexts. Whereas NMDA receptor antagonists were ineffective or potentially harmful,
blood glutamate scavengers do not act on glutamate receptors nor do they interfere with
normal cellular signaling processes. Their action is only in the blood, and they accelerate a
physiological mechanism of removing glutamate only from areas in which glutamate is
pathologically elevated (Gottlieb et al. 2003). Furthermore, glutamate scavenging is a self-
limiting process, and slows down and eventually stops as concentrations of glutamate in the
brain are decreased (Zlotnik et al. 2009). In animal models, blood glutamate scavengers
have been successfully utilized in many different experimental contexts, especially TBI and
stroke, with promising results.

Traumatic brain injury

Following TBI, brain ECF and CSF concentrations of glutamate are known to increase in
humans (Rose et al. 2002; Baker et al. 1993; Bullock et al. 1998) and rats (Palmer et al.
1993; Richards et al. 2003). In neurons, mitochondrial GOT has also been shown to decrease
following blast exposure, which may result in mitochondrial dysfunction and decreased
mitochondrial energy metabolism (Arun 2013).

Peripheral administration of oxaloacetate (Zlotnik et al. 2007, 2009, 2012) or pyruvate
(Zlotnik et al. 2008, 2012) 60 min after TBI in rats results in a significant reduction in blood
glutamate concentrations and concomitant improvement in neurological outcome. Zlotnik
(2007) demonstrated that the blood glutamate-reducing effects of oxaloacetate and pyruvate
are dose-dependent, and that the administration of very low doses (5 mM) of oxaloacetate or
pyruvate did not result in a reduction of blood glutamate. However, when low doses of
oxaloacetate or pyruvate were administered with GOT or GPT, respectively, the blood
glutamate-lowering effects were restored. Seeing as GOT and GPT are too large to penetrate
the blood brain barrier, this finding suggests that the therapeutic effects of oxalo-acetate and
pyruvate were mediated by blood glutamate scavenging and not by direct effects in the
brain.

Oxaloacetate and pyruvate administration resulted in an increased number of surviving
neurons in five different regions of the hippocampus, with preserved cellularity, 30 days
after TBI (Zlotnik et al. 2012a). Co-administration of oxaloacetate with maleate, a GOT-
blocker, was shown to prevent this glutamate reduction and improvement in neurological
outcome. This provides strong evidence that the neuroprotective properties of oxaloacetate
are primarily the result of blood glutamate scavenging, and not by some other mechanism
(Zlotnik et al. 2009).
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It is well established that during brain ischemia, glutamate plays an important role in
mediating neuronal damage (Lipton 1999), and higher glutamate concentrations in the blood
and CSF are associated with an increased neurological deterioration after stroke in humans
(Castillo et al. 1996, 1997) and rats (Castellanos et al. 2008). Furthermore, in patients with
ischemic stroke, Campos (2011) reported an association between higher concentrations of
GOT and GPT in the blood and good outcomes (GOT having a stronger association than
GPT levels). In fact, patients presenting with lower GOT levels and higher blood glutamate
levels were independently associated with a worsened neurological outcome at 3 months and
a higher infarct volume (Campos et al. 20123, b), which emphasizes the role that GOT plays
in blood glutamate regulation.

In animal models of stroke, blood glutamate scavenging has provided promise as a
potentially useful therapeutic intervention (Campos et al. 2012a, b). Immediately after
subjecting rats to photothrombotic lesion and in incomplete forebrain ischemia model,
peripheral oxalo-acetate administration (1.2 mg/100 g over 30 min) resulted in decreased
brain and blood glutamate, reduction in infarct size, and prevented the decreased amplitude
of evoked potentials (Nagy et al. 2009). Oxaloacetate further prevented the long-term
potentiation impairment in the rat CA1 hippocampal region induced by 2-vessel occlusion
(Marosi et al. 2009). After middle cerebral artery occlusion (MCAO) in rats, Campos et al.
(2011) further demonstrated that peripheral infusion of oxaloacetate 60 min following
MCAO (250 mg/kg over 30 min) resulted in a reduction in blood and cerebral glutamate
levels, with subsequent reduction in infarct size, smaller edema volume, and lower
sensorimotor deficits compared with controls. Similarly, infusion of peripheral pyruvate
(with or without GPT) 60 min after MCAO resulted in reduced blood glutamate
concentrations, smaller volume of infarction, reduced brain edema, improved neurological
outcome, and reduced mortality compared with controls (Boyko et al. 2011).

Subarachnoid hemorrhage (SAH)

Epilepsy

Recent evidence suggests that glutamate scavengers also may be therapeutically useful in
the treatment of SAH. In a rat model of SAH, oxaloacetate and pyruvate (250 and 125
mg/kg) were infused for 30, 60 min after induction of SAH (Boyko et al. 20123, b). Infusion
of the scavengers was associated with a significant reduction in blood and CSF glutamate.
Furthermore, there was an improvement in neurological outcome 24 h after SAH
demonstrated by blood brain barrier disruption, neurological severity score, and brain edema
(Boyko et al. 20123, b).

There is much evidence that abnormally elevated glutamate is present in the brain of patients
with medically refractory temporal lobe epilepsy (Lee et al. 2007; Eid et al. 2008a). As such,
treatment with glutamate scavengers may provide a novel therapeutic modality in the
treatment of such medically refractory seizures. Rats administered a single injection of
peripheral oxaloacetate and pyruvate 30 min after being subjected to pilocarpine-induced
status epilepticus (SE) resulted in complete prevention of SE-induced neuronal loss in the
CAL region of the hippocampus with a significant reduction in apoptosis (Carvalho et al.

J Neural Transm. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boyko et al.

Page 6

2011). Despite evidence for neuroprotection, a reduction in seizure severity was not
observed in that study. Glutamate scavenging may in part explain the anticonvulsant effects
of the ketogenic diet (Yudkoff et al. 2004, 2007), but this has yet to be systematically
studied.

Migraine headache

Glioma

Recent evidence has demonstrated that glutamate may play an important role in the
development of migraine symptoms (Ramadan 2003). Campos (2013) recently showed that
migraine patients had lower peripheral GOT activity and higher levels of peripheral
glutamate compared with controls. This has led some authors to suggest that new therapeutic
modalities in migraine prophylaxis may involve blood glutamate reduction (Ferrari et al.
2009). Thus far, however, there are no experimental studies that demonstrate the use of
blood glutamate scavengers in the treatment or prophylaxis of migraine headaches.

Studies in the last few years have suggested that glutamate plays an important role in the
growth and invasiveness of malignant gliomas, and may play an important role in the
development of seizures that often accompany gliomas (de Groot and Sontheimer 2011;
Sontheimer 2003, 2004; Ye and Sontheimer 1999). Interestingly, a recent study
demonstrated that rats and mice subjected to oxaloacetate treatment (0.2 M solution in water
7 days after tumor cell implantation) displayed a smaller tumor volume, reduced tumor
invasiveness, and prolonged survival (Ruban et al. 2012). This study, the first implicating
the use of glutamate scavengers in invasive cancer, opens the doors for a new and exciting
approach to adjuvants in the treatment of gliomas.

Organophosphate intoxication

Recent studies have suggested that glutamate may play an important role in the development
of organophosphate-induced seizures and secondary brain damage (Ruban 2013). 10 min
after paraoxon exposure, Ruban and colleagues (2013) infused oxaloacetate and GOT (3.95
mg/ 3 ml and 45 ug, respectively over 30 min) in rats. The infusion of blood glutamate
scavengers significantly reduced neuronal damage and prevented the peripheral
benzodiazepine receptor density elevation. This study showed promise that glutamate
scavengers may be useful in the treatment of secondary brain damage in the setting of
organophosphate toxicity.

Limitations of glutamate scavengers

In clinical practice, glutamate scavengers may have some important limitations. Studies with
rat models of TBI, stroke, and SAH have demonstrated that the therapeutic window of
glutamate scavengers is very short (Zlotnik et al. 2007, 2008; Boyko et al. 2011, 2012). For
example, glutamate scavengers are effective in improving neurological outcomes after TBI
when administered 30 and 60 min after TBI, but were ineffective when administered after
120 min (Zlotnik et al. 2007, 2008). The short therapeutic window of glutamate scavengers
may be due to the fact that within a few minutes of an acute brain injury, glutamate levels
sharply increase and slowly return to baseline by 120 min (Zlotnik et al. 2007). In contrast to
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rats, however, the increased glutamate in humans following TBI and stroke is known to last
for a much longer time period (Castillo et al. 1996; Baker et al. 1993). Therefore, it is
conceivable (although not known for sure) that glutamate scavengers may be effective in
humans if administered later in the time course following an acute brain insult (Boyko et al.
2012).

There are no safety studies that have been performed with oxaloacetate or pyruvate in
humans, which has limited clinical investigations. The growing evidence for the efficacy of
blood glutamate scavengers in animal studies emphasizes the need for such clinical studies.
Because blood glutamate scavengers are thought to only work in the blood, and increase the
brain to blood glutamate efflux only in areas where glutamate is pathologically elevated
(Gottlieb et al. 2003), it is unlikely that they will produced unwanted side effects (Teichberg
2011). Plasma glutamate concentrations are known to vary by as much as 50 % during the
circadian cycle (Tsai and Huang 2000), and GOT is known to increase by several 100-fold
naturally without any transient or permanent pathological consequences. It should be noted,
however that the effective dose of oxaloacetate may not be tolerated in humans, because
large amounts of NaOH would be likely be needed to neutralize the acidity of oxaloacetate
(Teichberg 2011).

Other factors affecting blood glutamate concentrations

Healthy humans

Blood glutamate concentrations are thought to play an important role in brain glutamate
homeostasis, and as discussed above, the rate of the brain to blood glutamate efflux is
primarily determined by the relative ratio of brain to blood glutamate concentrations. In
healthy humans, women have been shown to have lower blood glutamate, GOT, and GPT
concentrations compared with men (Zlotnik et al. 2011a), which has been attributed to
higher levels of estrogen and progesterone in women. Age and consumptions of liquids
(including coffee, a known stimulator of the sympathetic nervous system) were not shown to
have any significant impact on blood glutamate levels (Zlotnik et al. 2011b). Consumption
of food without monosodium glutamate (MSG) does not result in an increased plasma
glutamate concentration (Zlotnik et al. 2011a; Stegink et al. 1985), possibly due to the rapid
metabolism of glutamate in humans (Tsai and Huang 2000). The consumption of food with
MSG, however, has been shown to result in an increased plasma glutamate concentrations
between 2 and 4 h after consumption (Stegink et al. 1983).

Estrogen and progesterone

Estrogen and progesterone are known to have neuroprotective effects in a wide range of
neurodegenerative conditions (Slooter et al. 1999; Behl 2002; Tang et al. 1996) in humans.
In healthy humans, there is evidence that blood glutamate concentrations inversely correlate
with estrogen and progesterone. Zlotnik (2011) demonstrated that during the menstrual
cycle, blood glutamate levels decrease as estrogen and progesterone levels increase.
Furthermore, the same group (Tsesis 2013) demonstrated an inverse correlation between
blood glutamate levels and levels of plasma estrogen and progesterone throughout normal
pregnancy.
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Experimental animal studies have demonstrated a significant improvement in neurological
outcomes after stroke and TBI in rats pretreated or treated with either estrogen or
progesterone (Yang 2000; Wang et al. 1999; Dubal et al. 1998, 1999). Furthermore, estrogen
has been shown to delay the onset of kainic acid-induced seizures and reduce seizure-related
mortality in rats (Veliskova et al. 2000). While several potential mechanisms for estrogen
and progesterone’s effects have been proposed, recent evidence suggests that an estrogen
and progesterone-induced reduction in blood glutamate (and subsequent reduction in brain
glutamate) may play an important role. Zlotnik (2012) demonstrated the blood glutamate
scavenging properties of estrogen in the setting of TBI. Following the peripheral
administration of estrogens, a decrease in blood glutamate levels was observed within 60
min of TBI. At 24 h after TBI, rats treated with estrogens had significantly more
neurological recovery compared with the control group.

Stress and beta-adrenergic activation

Spontaneous reductions in blood glutamate levels after TBI were shown in part to be the
result of a stress response and subsequent activation of the sympathetic nervous system
(Zlotnik et al. 2010a, 2011, 2012). In particular, experimental activation of f2-adrenergic
receptors resulted in decreased blood glutamate levels, whereas selective 2-adrenergic
receptor blockade prevented isoproterenol-mediated reductions in blood glutamate levels in
naive rats (Zlotnik et al. 2011a). Similarly, after TBI, pretreatment with metoprolol or
isoproterenol lead to a reduction of blood glutamate levels and improvement in neurological
outcomes in rats (Zlotnik et al. 2012a). However, p1-adrenergic receptor activation resulted
in an increase in blood glutamate levels and prevented the spontaneous neurological
improvement typically observed in rats after TBI. Similarly, B2-adrenergic receptor
blockade before such pretreatment prevented the reduction of blood glutamate levels and
subsequent improvements in neurological outcome (Zlotnik et al. 2012a).

Hypothermia and hyperthermia

Recent evidence suggests that shift in blood glutamate levels that result from changes in
body temperature may play an important role in hypothermia-induced neuroprotection. In
naive rats, induced mild to moderate hypothermia resulted in a reduction in blood glutamate
levels, whereas severe hyperthermia resulted in increases in blood glutamate levels (Boyko
et al. 2013). Experimental studies in rats have further demonstrated that mild hyperthermia
(T 37-40 °C) is associated with a reduction of blood glutamate, likely due to an activation of
the sympathetic nervous system (Zlotnik et al. 2010a). Severe hyperthermia (T 40-42 °C)
was associated with increased blood glutamate concentrations, however, and could not be
blunted with the administration of propranolol or oxaloacetate (Zlotnik et al. 2010a). Boyko
(2013) demonstrated that mild and moderate hypothermia led to a reduction in blood
glutamate in naive rats with a corresponding increase in GOT and GPT levels.

In both animal (Berger et al. 2004) and human (Berger et al. 2002) studies of stroke,
hypothermia was observed to result in decreased brain concentrations of glutamate. Using
magnetic resonance imaging (MRI) data, Campos et al. (2012) further demonstrated that rats
subjected to hyperthermia in the acute phase of stroke had larger lesion volumes at day 7
after stroke, whereas hypothermic animals exhibited the smallest lesion volumes. Although
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systemic administration of glutamate reversed the neuro-protective effects of hypothermia,
systemic administration of oxaloacetate prevented the deleterious effects of hyperthermia
(Campos et al. 2012a, b), indicating that the impact of temperature on neurological outcome
in the acute phase of stroke is related to changes in blood glutamate levels. These studies
suggest that the neuroprotective properties of hypothermia may be at least in part due to
blood glutamate scavenging.

Insulin and glucagon

Insulin and glucagon have also been shown to play an important role in regulating blood
glutamate concentrations. In naive rats, infusion of insulin and glucagon resulted in
decreased glutamate levels (Zlotnik et al. 2011a). Whereas the effect of insulin was
immediate and transient, the effect of glucagon was delayed but longer lasting, suggesting
that adequate glucose concentrations are important promoting the activity of glutamate in
pancreatic insulin and glucagon-secreting cells (Zlotnik et al. 2011a). Even more so,
glucagon was shown to improve outcomes after TBI in mice (Fanne et al. 2011a), and both
insulin and glucagon (regardless of glucose concentration) improved post-stroke outcomes
in animal models by reducing glutamate concentrations in the blood and CSF (Fanne et al.
2011b). These data suggest that insulin and glucagon both may play an important role in
scavenging blood glutamate, and this mechanism may be independent of their effect on
modifying blood glucose levels.

Maternal and fetal glutamate

The increased efflux of glutamate from the brain to the blood following reductions of blood
glutamate concentrations may have other implications as well. Interestingly, Zlotnik (2012)
demonstrated a correlation between glutamate concentrations and GOT levels in pregnant
women’s blood and fetal blood, with higher baseline concentrations present in fetal blood.
As such, a reduction of maternal blood glutamate levels may in turn increase the rate of
efflux from fetal blood to maternal blood, thereby reducing fetal brain glutamate levels that
are associated with a worse neurological outcome after fetal asphyxia. Although speculative
at this time, this may provide a novel therapeutic strategy for the in utero treatment of fetal
asphyxia and may improve fetal neurological outcomes (Zlotnik et al. 2012a).

Hemodialysis and peritoneal dialysis

Another interesting and potentially useful method of reducing blood glutamate
concentrations is the use of dialysis to filter the blood and remove excess of glutamate. It
was recently demonstrated that compared with healthy controls, patients with end-stage
renal failure on hemodialysis (HD) had higher concentrations of blood glutamate (Rogachev
et al. 2012). During HD (especially in the first hour), glutamate concentrations decreased
regardless of the size of filter pores, blood flow rate, or gender. Similarly, peritoneal dialysis
(PD) resulted in decreases in blood glutamate (Rogachev et al. 2013; Godino Mdel 2013),
with a corresponding increase of glutamate in the dialysis solution (Rogachev et al. 2013).
In a rat model of stroke, the reduction of blood glutamate levels observed with PD was
associated with a decrease in infarct area (Godino Mdel 2013).
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These studies provide promising evidence that HD and PD may be an effective modality in
reducing blood glutamate concentrations, thereby increasing the brain to blood glutamate
efflux and reducing brain glutamate concentrations. This method is especially promising
because its blood glutamate-reducing effects were long-lasting, compared with the transient
effects observed after administration of blood glutamate scavengers. Furthermore,
extracorporeal methods of blood glutamate reduction are advantageous in that they avoid the
possible toxic effects that may accompany the administration of blood glutamate scavengers.

Conclusion

Experimental evidence with blood glutamate scavengers and other modalities thought to
increase the brain to blood glutamate efflux have shown much promise in the treatment of
acute brain insults. While some authors have postulated that the predicted effective dose of
oxaloacetate in humans may be very large and not tolerated (Teichberg 2011), the
administration of GOT or GPT, either as a single treatment or in combination with low
doses of oxaloacetate or pyruvate, respectively, may provide a safe alternative. Clinical trials
are the much-needed next step to studying the clinical effects of blood glutamate scavengers
in humans. Furthermore, knowledge of the relationship between glutamate, glutamate
scavengers, GOT, and GPT provides important insights they may 1 day be useful in guiding
the clinical diagnosis, prognosis, and treatment regulation of acute brain insults in humans.
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