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and its metabolite 2-ketoglutarate levels in healthy volunteers

AKkiva Leibowitz'**, Yael Klin?*, Benjamin F. Gruenbaum', Shaun E. Gruenbaum’, Ruslan Kuts', Michael
Dubilet', Sharon Ohayon', Matthew Boyko', Eyal Sheiner, Yoram Shapira’, and Alexander Zlotnik'

'Department of Anesthesiology and Critical Care, Soroka University Medical Center, Ben Gurion University of the Negev,
Beer Sheva, Israel, *Email: akival@bgu.ac.il; > Department of Neurobiology, Weizmann Institute of Science, Rehovot,
Israel; *Department of Anesthesiology, Yale University School of Medicine, New Haven, CT, USA; “‘Department of
Obstetrics and Gynecology, Soroka University Medical Center, Ben Gurion University of the Negev, Beer Sheva, Israel
#Both Authors contributed equally to this work

Excessive concentrations of L-glutamate (glutamate) have been found to posses neurotoxic properties. This study investigates
how stress induced by strong physical exercise effects blood glutamate, 2-ketoglutarate, Alanine aminotransferase (ALT) and
Aspartate Aminotransferase (AST) levels. The relationship between muscle damage caused by strong physical exercise and
blood glutamate levels was also examined. Twenty-two healthy volunteers engaged in intense veloergometry (“spinning”)
for a duration of 60 minutes. Two 10 minute peaks of extremely intense exercise were performed at 10 minutes and 50
minutes after the start of exercise. After 60 minutes of exercise, volunteers were monitored for an additional 180 minutes in
resting conditions. Blood samples for determination of glutamate and 2-ketoglutarate levels were collected prior to exercise
and then every 30 min for entire experiment. Blood samples were also taken at those time points to measure glutamate,
2-ketoglutarate, AST, ALT, creatine phosphokinase (CPK), myoglobin, lactate and venous blood gas levels. Blood glutamate
levels were significantly elevated throughout the exercise session (P<0.001) and then returned to baseline levels at the
cessation of exercise. 2-ketoglutarate, a product of glutamate metabolism, reached significantly elevated levels at 30 minutes
(P<0.01) from the start of exercise and remained elevated up to 240 minutes post exercise initiation (P<0.001). AST and
ALT levels were elevated at 60 minutes when compared to baseline. AST levels remained elevated at 240 minutes, unlike
ALT levels which returned to baseline values at 240 minutes. Strong physical exercise leads to a significant elevation in
blood glutamate, most likely as a result of skeletal muscle damage. 2-ketoglutarate was also found to be elevated for long
periods of time, reflecting an ongoing process of glutamate breakdown. Elevated concentrations of AST and ALT in plasma
reflect the importance of these enzymes in the maintenance of stable blood glutamate concentrations.
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INTRODUCTION et al. 2002, Vesce et al. 2007). The presence of gluta-
mate in brain ECF following ischemic insult has been

Several acute and chronic brain insults have been  shown to correlate with poor neurological outcomes, in

associated with high L-glutamate (glutamate) concen-
trations in brain extracellular fluid (ECF) and cerebro-
spinal fluid (CSF) such as stroke, traumatic brain
injury (TBI), subarachnoid hemorrhage (SAH) and
meningitis (Castillo et al. 1996, 1997, Davalos et al.
1997, Johnston et al. 2001, Serena et al. 2001, Castillo
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both animal models (Palmer et al. 1993, Camacho and
Massieu 2006) and in human clinical studies (Baker et
al. 1993, Zauner et al. 1996, Bullock et al. 1998, Koura
et al. 1998, Yamamoto et al. 1999, Zhang et al. 2001,
Rose et al. 2002, Richards et al. 2003).

Two major pathways for the removal of excess glu-
tamate from brain interstitial fluids have been
described. The more commonly described mechanism
involves the uptake of glutamate by excitatory amino
acid transporters found on neuronal and glial cells
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(Danbolt 2001, Cohen-Kashi-Malina et al. 2012).
However, excess glutamate is also removed by the dif-
fusion of glutamate from brain ECF to blood, follow-
ing a brain to blood glutamate gradient (Berl et al.
1961). Transporters for glutamate have been identified
on the antiluminal side of endothelial cells in brain
capillaries. These transporters are thought to assist in
the uptake of glutamate into the capillary cells, hence
building a favorable gradient for the diffusion of gluta-
mate from capillaries into the blood (O’Kane et al.
1999).

Several studies have reinforced the notion that blood
glutamate levels have an important impact on brain
glutamate levels and influence clinical outcomes.
Scavenging blood glutamate by converting glutamate
into its inactive metabolite, 2-ketoglutarate, has been
shown to increase the flow of glutamate from CSF and
ECF into blood and improve neurological outcomes
after TBI in rats (Zlotnik et al. 2007, 2008, 2009,
2012a,b). Pyruvate and oxaloacetate are co-substrates
for the blood resident enzymes Alanine aminotrans-
ferase (ALT) and Aspartate transaminase (AST),
respectively, which convert glutamate into 2-ketoglu-
tarate (Gottlieb et al. 2003). Moreover, intravenous
injection of glutamate into blood has been shown to
decrease the driving force of glutamate out of the
brain, and correlates with a poor neurological outcome
following TBI in rats (Zlotnik et al. 2007, 2008, 2009,
Teichberg et al. 2009).

Previous studies have shown that there is a rapid
decline in blood glutamate levels following closed
head injury (CHI) in rats (Zlotnik et al. 2007, 2010,
Helms et al. 2012). This phenomenon has been shown
to be partially attributed to a stress response, via a
glutamate-reducing effect of the activation of P2
adrenergic receptors (Zlotnik et al. 2010). In this way
the body attempts to facilitate the clearance of excess
glutamate from brain ECF in order to promote a better
neurological outcome. Animal stress models have con-
sistently demonstrated a rapid elevation of cellular
enzymes AST, ALT, creatine phosphokinase (CPK)
and lactate dehydrogenase (LDH) following adrener-
gic stress, correlating with the rise in plasma cate-
cholamine levels (Mukherjee and Ghosh 1987, Sen et
al. 1992, Arakawa et al. 1997). When pharmacologic
sympathectomy is preformed, the enzyme surge is
depressed, while selectively blocking alpha receptors
shows a near normal response. These findings suggest
that the elevation in enzymes seen in stress may be

attributable to beta-adrenergic activation. In accord
with findings in lab animals, human studies of stress
reveal an elevation of AST and ALT following stress
and anaerobic metabolism, such as in adolescent ath-
letes and soldiers under physical stress (Kayashima et
al. 1995, Fu et al. 2002). While the rise in transami-
nases after marathon stress may be attributable to
adrenergic stimulation, other processes, such as mus-
cle breakdown may contribute as well. In a study per-
formed in marathon runners, AST, CPK and myo-
globin rise significantly at 4 hours post marathon. At
24 hours post marathon, AST remains elevated com-
pared to baseline, but is significantly lower compared
to 4 hours. This phenomena may be attributable both
to muscle breakdown or to adrenergic stimulation due
to the intense exercise (Kratz et al. 2002).

Several studies have implicated that athletic activity,
particularly soccer and US footbal may be associated
with development of sporadic amyotrophic lateral scle-
rosis (ALS) (Chio et al. 2009, Sutedja et al. 2009, Stern
et al. 2011). While the percise mechanism leading to
ALS is not completly clear, elvated glutamate concen-
trations may be involved by elevation of D-serine and
directly activating NMDA receptors (Paul and de
Belleroche 2012)

Another possible mechanism involved in blood glu-
tamate homeostasis includes shifting of glutamate in
and out of peripheral tissues serving as glutamate
depots. Recently, using a radiolabeling technique we
have found that glutamate redistributes rapidly in an
exponential fashion, accumulating most significantly
in skeletal muscle which contributes 59% of the total
body capacity (Klin et al. 2010). Conversely, different
types of stress in humans, including physical stress
and elevation of stress hormones, have been shown to
deplete muscle glutamate content, causing a transient
modest rise in plasma glutamate and a subsequent
rapid decrease (Hammarqvist et al. 2001, Blomstrand
and Essen-Gustavsson 2009).

The purpose of this study was to investigate the
effects of stress in healthy human volunteers on blood
glutamate homeostasis and to elucidate the physiologic
mechanisms involved in the elimination of excessive
glutamate from plasma. Taking into account two coun-
teracting mechanisms involved: (1) release of gluta-
mate from depots into blood; (2) glutamate reducing
effects of stress, we hypothesized that along the course
of exercise these processes will act to either increase or
reduce blood glutamate concentrations. Specifically,



we examined how stress induced by strong physical
exercise effects blood glutamate, 2-ketoglutarate, AST
and ALT levels. The relationship between muscle dam-
age caused by strong physical exercise and blood glu-
tamate levels was also examined.

METHODS

This experiment has been conducted according to
recommendations by the Helsinki committee and was
approved by the Ethics Committee of Ben Gurion
University of the Negev, Beer Sheva, Israel. Written
informed consent was obtained from each participant
before beginning the experiment.

Exercise protocol

Twenty-two healthy male volunteers engaged in
intense veloergometry (“spinning”) for the duration of
60 minutes. The exercise session was led and super-
vised by a certified spinning instructor. Two 10 minute
peaks of extremely intense exercise were performed at
10 minutes and 50 minutes after the start of exercise.
After 60 minutes of exercise, volunteers were moni-
tored for an additional 180 min in resting conditions.
Subjects were allowed to drink water throughout the
protocol.

Physiological monitoring

Volunteers were intermittently monitored for heart
rate and noninvasive blood pressure every 30 min
throughout the entire experiment. These values were
used as markers of intensity and stress. Temperature
was measured before exercise and at 30, 60, 120 and
240 minutes after the start of exercise.

Blood analysis

All volunteers had an 18G IV catheter inserted to
either their right or left antecubital vein. Blood was
drawn prior to exercise initiation (designated as base-
line values) as well as every 30 minutes throughout
the experiment for determination of glutamate, 2-ke-
toglutarate and glucose. Blood for arterial blood gas
analysis was collected into heparinized 2 cc syringes
at 0, 60 and 240 minutes and was immediately ana-
lyzed in the biochemical laboratory of Soroka Medical
Center. Blood samples for the determination of
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Myoglobin and CPK were collected at 0, 60 and 240
minutes and measured as a surrogate indicator of
muscle damage in the biochemical laboratory of
Soroka Medical Center (Olympus AU 2700). Lactate
levels served as a marker of efficiency of physical
exercise and anaerobic metabolism. Blood glucose
level was determined immediately after collecting
each blood sample with a “glucocheck” blood glucose
monitoring device (Accutrend Sensor Roche, USA).
AST and ALT levels were determined in the biochem-
ical laboratory of Soroka Medical Center via a fluo-
rescent method, based on conversion of glutamate into
alanine and aspartate in the presence of AST and ALT
respectively (Olympus AU 2700) at 0, 60 and 240 min-
utes. Glutamate and 2-ketoglutarate were analyzed
according to the following protocol. Whole blood (200
ul aliquot) was deproteinized by adding an equal vol-
ume of ice-cold 1M perchloric acid (PCA) and then
centrifuging at 10 000x g for 10 minutes at 4°C. The
pellet was discarded and supernatant collected, adjust-
ed to pH 7.2 with 2M K,CO, and, if needed, stored at
—80°C for later analysis. Glutamate concentration was
measured using the fluorometric method of Graham
and Aprison (Graham and Aprison 1966). A 20 pl
aliquot from the PCA supernatant was added to 480 pl
of a 0.3 M glycine, 0.25 M hydrazine hydrate buffer
adjusted to pH 8.6 with 1M H,SO, and containing 15
U of glutamate dehydrogenase in 0.2 mM NAD. After
incubation for 30—45 minutes at room temperature,
the fluorescence was measured at 460 nm with excita-
tion at 350 nm. A glutamate standard curve was estab-
lished with concentrations ranging from 0—400 uM at
6 different points. All determinations were done at
least in duplicates.

Statistical analysis

Statistical analysis was performed using SPSS 17
software. Data are presented as mean + SEM. It was
hypothesized that the glutamate, AST, ALT, concen-
trations in blood would initially rise, and at some point
decline back toward baseline. AST and ALT were
expected to correlate with the concentrations of blood
glutamate. Blood pressure, pulse and temperature
were assumed to change over the course of exercise as
well. Parametric data were assessed using a repeated
measures analysis of variance with Bonferroni post
hoc testing and a paired ¢-test was used when appli-
cable.
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RESULTS

We found glutamate 2-ketoglutarate, AST and ALT
to be normally distributed in our study group.

Participants

22 male volunteers participated in the study. The
average age was 31.5 £ 6 years. BMI was 23.2 + 3.4,
None of the volunteers had any significant chronic
disease, and none adhered to a strict or extreme diet.

Blood glutamate concentration

Blood glutamate levels were significantly elevated
30 minutes after the initiation of exercise (193 + 21
uM/L vs. 232 + 25 uM/L, P<0.001), remained elevated
throughout the exercise session and returned to base-
line in the time interval between 90 and 120 minutes
after the start of exercise (corresponding to 30—60
minutes after exercise cessation). Blood glutamate lev-
els are presented in Figure 1. Elevation of blood gluta-
mate levels correlated with the timing of intense exer-
cise and diminished rapidly upon cessation of exer-
cise.

Blood 2-ketoglutarate levels

2-ketoglutarate, an end product of glutamate metab-
olism, reached significantly elevated levels at 30 min-
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Fig. 1. Blood glutamate levels at different time points
throughout the exercise session. At 30 and 60 minutes after
the start of exercise, glutamate levels were significantly
elevated (*P<0.001). Blood glutamate returned to baseline
levels by 90 minutes after exercise initiation. Data is pre-
sented as mean + SEM.

utes (P<0.01) from the start of exercise. Levels gradu-
ally increased and remained elevated up to 240 min-
utes after exercise initiation (corresponding to 180
minutes post-exercise cessation) (P<0.001). 2-ketoglu-
tarate levels are presented in Figure 2. In comparison
to the elevation of glutamate, the elevation in 2-ketogl-
utarate was longer-lasting, reflecting the continuous
breakdown of glutamate and the conversion into its
inactive metabolite 2-ketoglutarate throughout the
duration of glutamate leak from muscle tissue.

Blood AST and ALT

Blood resident enzymes AST and ALT, in conjunc-
tion with their co-substrates oxaloacetate and pyru-
vate, are involved in the metabolism of glutamate into
2-ketoglutarate. Therefore, an increase in blood gluta-
mate concentration followed by a subsequent decline
in blood glutamate concentration is expected to corre-
late with high levels of AST and ALT, with the co-ex-
isting formation of 2-ketoglutarate as a result of gluta-
mate breakdown.

AST and ALT concentrations were assessed at 0, 60,
240 minutes from the start of exercise and are pre-
sented in Table I. AST and ALT levels were elevated at
60 minutes when compared to baseline. AST levels
remained elevated at 240 minutes, unlike ALT levels
which returned to baseline values at 240 minutes. The
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Fig. 2. Blood 2-ketoglutarate levels at different time points
throughout the exercise session. 2-ketoglutarate levels
reached significantly elevated levels at 30 min and 90 min
(*P<0.01) from the start of exercise. Levels gradually
increased and reached significantly elevated levels at
150 min from the start of exercise and remained elevated up
to 240 min post exercise initiation (**P<0.001). Data is
presented as mean £ SEM.



elevation in ALT and AST coincides with the peak in
blood glutamate levels, establishing their role in gluta-
mate metabolism.

Blood glucose

Blood glucose levels remained constant and no sig-
nificant changes were noted throughout the exercise.
Data not shown.

Lactate

Elevated lactate levels reflect anaerobic metabo-
lism in muscle tissue, which in turn represents
muscle stress and damage. Lactate increased signifi-
cantly by 60 minutes, returning to baseline by 240
minutes (Table II).

Venous blood gasses

PvCO,, pH, PvO,, and HCO, were analyzed at
baseline, as well as 60 and 240 minutes after the
start of exercise (Table II). As expected, the intense
physical activity caused subjects to hyperventilate,
demonstrated by an increase in PvO, compared to
baseline (45 £ 15.3 mmHg vs. 72 £ 15.2 mmHg,
P<0.001), and a decrease in PvCO, (46 £ 7 mmHg
vs. 32 £ 5 mmHg, P<0.001). Compared to baseline,
pH at 60 minutes decreased (7.36 &+ 0.037 vs. 7.33 +
0.041, P<0.001) despite hyperventilation, as a result
of increased anaerobic metabolism and lactate pro-
duction.
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Table I

Blood concentrations of enzymes AST and ALT over the
course of the exercise session

=0 min =60 min =240 min
AST (IU/L) 22 +2 25 £ 2% 24 + 2%
ALT (IU/L) 16+2 19 + 2% 17 +£2

Both AST and ALT are significantly elevated at 60
minutes compared to baseline (*P<0.05). AST remains
elevated at 240 minutes (*P<0.05) while ALT returned to
baseline levels at 240 minutes. Data is presented as mean
+ SEM.

Myoglobin and CPK

Myoglobin and CPK were used as markers of mus-
cle damage, which may explain glutamate leakage
from muscle tissue. CPK and Myoglobin values both
increased by 90 minutes and remained elevated by 240
minutes (Table III).

Arterial blood pressure and heart rate

Mean arterial blood pressure increased transient-
ly, peaking at 30 minutes (baseline vs. 30 minutes
96 + 3 vs. 106 = 5 mmHg, P<0.01), and started to
consistently decline at 90 minutes after initiation of
exercise (P<0.001), reaching lower than baseline
levels. Heart rate was increased at 30, 90, 120

Table II

Venous blood gasses at baseline, 60 and 240 minutes after the start of exercise

=0 min =60 min =240 min
pH 7.36 £0.01 7.33£0.01* 7.35+0.01
PvCO, (mmHg) 46 +1.58 32 4+ 1.2%* 45 +£1.42
PvO, (mmHg) 45 +3.36 72 4 3.34%* 38+3.54
HCO, (meq/L) 24.3+£0.25 19.1 £ 0.69%* 23.1 +£0.32%
Lactate (mg/dl) 1.4 +0.09 7.9 £ 0.82%* 1.78 £ 0.3

All values show significant changes between baseline resting values and those obtained immediately at termination of
exercise. Aside from HCO,, all measured parameters return to their resting values at 240 minutes. Data is presented as

mean + SEM. *P<0.05; **P<0.001.
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Table 111

Myoglobin and CPK values throughout the exercise
session

muscle, as levels returned to baseline values soon after
the cessation of physical exercise. This finding reflects
the importance of the body to maintain blood gluta-
mate concentrations within normal physiological rang-
es. 2-ketoglutarate was also found to be elevated for

=0min =60 min  =240min |55 periods of time, reflecting an ongoing process of

CPK (U/L) 98+ 8 130+ 15% 185+ 30%** glutamate breakdqwn. Lastly, elevated goncentrations
. of AST and ALT in plasma reflect the importance of
Myoglobin (ug/L) 372 49+ 4 86 + 22* these enzymes in the maintenance of stable blood glu-

These markers of muscle damage rise significantly by
90 minutes and remain elevated by 240 minutes. Data is
presented as mean £ SEM. *P<0.05; **P<0.01.

(P<0.001) and 150 (P<0.01) and returned to base-
line levels at 180 minutes after the start of exercise.
Heart rate was measured to be elevated again at 240
minutes (P<0.01). Values for the mean arterial
blood pressure and heart rate during the exercise
session are seen in Table I'V.

Body temperature

Core body temperature remained unchanged
throughout the length of the experiment. Data not
shown.

DISCUSSION

The principal finding in this study was that strong
physical exercise led to a significant elevation in blood
glutamate, most likely as a result of skeletal muscle
damage. However, participants were capable of main-
taining a stable blood glutamate concentration despite
a continuous leak of fresh glutamate from the injured

tamate concentrations.

Elevated glutamate levels in brain ECF and CSF has
been associated with a wide variety acute and chronic
brain disease states, including stroke and TBI (Castillo
et al. 1996, 1997, 2002, Davalos et al. 1997, Johnston et
al. 2001, Serena et al. 2001, Vesce et al. 2007).
Moreover, there is a tight correlation between the ele-
vated levels of glutamate and a poor neurological out-
come (Zauner et al. 1996, Koura et al. 1998, Zhang et
al. 2001, Zlotnik et al. 2012b), suggesting that the
removal of excess glutamate may possibly improve the
neurological outcome after CHI. According to find-
ings of this study, one may specualte that repeated
athletic activty, leading to frequent rises in blood glu-
tamate, may have a role in the poorer neurological
outcomes found in profesional athletes found in some
studies. Athletic activity, particularly soccer and US
footbal may be associated with development of spo-
radic amyotrophic lateral sclerosis (ALS) a conditoin
associated with deterioration of upper and lower motor
neurons (Chio et al. 2009, Sutedja et al. 2009, Stern et
al. 2011). While the percise mechanism leading to ALS
is not completly clear, elvated glutamate concentra-
tions may be involved in the process by elevation of
D-serine and directly activating NMDA receptors
(Paul and de Belleroche 2012). Recently, evidence has

Table IV

Mean arterial blood pressure (MABP) and heart rate (HR), measured at different time points throughout the exercise

session

0 30 60 90 120 150 180 210 240
MABP 93+3 111+ 6* 107 +£3* 86+3** 82+£2%* R4 £2%* R5+3** 83 £2%* R+ 2*
HR 71+£3 168 + 4%* 163 £ 6** 88 4+ 3** 8] £3** 77 4 3% 76 £3 74 + 4 78 £ 4%

Mean arterial blood pressure increased transiently, peaking at 30 minutes (*P<0.01), and started to consistently decline
at 90 minutes (**P<0.001) after initiation of exercise, reaching lower than baseline levels. Heart rate was increased at 30,
90, 120 (**P<0.001) and 150 (*P<0.01) and returned to baseline levels at 180 minutes after the start of exercise. Heart
rate was measured to be elevated again at 240 minutes (*P<0.01). Data is presented as mean = SEM.



be found demonstrating that the homeostasis of gluta-
mate in brain fluids is not only due to intraparenchy-
mal glutamate uptake but is also based on a naturally
occurring efflux of excess glutamate from brain inter-
stitial fluids into blood (Teichberg et al. 2009). This
efflux can be significantly accelerated by the adminis-
tration of blood glutamate scavengers such as oxaloac-
etate and pyruvate which, by decreasing blood gluta-
mate levels, increase the driving force for the up-hill
efflux of glutamate from brain fluids into blood
(Gottlieb et al. 2003). Blood glutamate scavenging has
further been shown to provide significant brain neuro-
protection after closed head injury (Zlotnik et al. 2007,
2008, 2009, Leibowitz et al. 2012).

Recently we have found that stress causes a tran-
sient decrease in blood glutamate levels, affording
neuroprotection (Zlotnik et al. 2010a). Stress after
injury is known to activate adaptive responses allow-
ing the body to marshal its forces to confront the threat
and provide protection. One of these responses is the
release of adrenaline. Brain injury is associated with a
significant catecholamine surge and adrenaline levels
have been observed to increase several fold in patients
with closed head injury (Tran et al. 2008). We have
shown in naive rats, that -2 activation by adrenaline
or administration of CRF, causes a significant reduc-
tion in blood glutamate concentration (Zlotnik et al.
2010a). The precise mechanisms by which these effec-
tors affect blood glutamate levels are unclear, but their
effects may be exerted at different sites including glu-
tamate releasing or pumping organs such as the liver
and skeletal muscles, or the activation or enhancement
of naturally occurring scavenging mechanisms. Under
normal conditions, blood glutamate levels are in a
steady state regulated by a glutamate release from the
liver and an uptake mainly in skeletal muscles (Hediger
and Welbourne 1999). A stress-induced inhibition of
the hepatic glutamate release or an activation of the
glutamate transport into muscles, are both possible
mechanisms for a decrease of blood glutamate levels.

Another proposed reaction to stress is the leakage of
cytoplasmic enzymes into the blood by causing cell
injury or increased cell membrane permeability.
Various studies in animals and humans have found
elevation in AST, ALT, CPK, LDH and circulating
catecholamine levels, when subjected to stress (Meltzer
1971, Sen et al. 1992, Apple et al. 1993, Kayashima et
al. 1995). Other studies have found that the enzyme
elevation and catecholamine surge following stress is
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suppressed in animals pretreated with B receptor
antagonists (Arakawa et al. 1997). This is in accord
with our previous findings demonstrating the effect of
B receptor antagonists on the naturally occurring
decrease of blood glutamate levels and its influence on
neurological outcome in rats subjected to stress and
TBI (Zlotnik et al. 2010a, 2011). Basing on the findings
listed above one would expect that a catecholamine
surge as a result of physical exercise should produce a
decrease in blood glutamate. We did not observe such
a reduction. This finding may be easily explained by
the simultaneous large glutamate release from skeletal
muscle and its shift into the bloodstream, which may
mask any subtle glutamate reducing effects of cate-
cholamines. Veloergometry and anaerobic metabolism
are expected to cause muscle damage and a subsequent
leak of cytoplasmic enzymes and amino acids into the
circulating bloodstream. Previously in a rat model, we
found a rapid distribution (minutes) of radiolabeled
glutamate into peripheral tissues, with skeletal muscle
serving as the major depot (59% of excess glutamate)
(Klin et al. 2010). A reverse process of muscle damage
is expected to release glutamate from muscle into the
blood and cause an elevation in blood glutamate levels.
A similar finding was observed in a rat model of
hyperthermia, whereby skeletal muscle damage was
accompanied by significant leak of glutamate from the
skeletal muscle, leading to significant elevations in
blood glutamate concentrations (Zlotnik et al. 2010b).
Elevations in blood glutamate levels may decrease the
brain-to-blood glutamate driving force, thus affecting
neurological outcome when TBI is accompanied by
skeletal-muscular trauma. Studies in athletes and lay-
men submitted to extreme physical exercise found a
pattern of initial elevation of glutamate and alanine
followed by a decrease in blood levels throughout the
recovery process (Blomstrand et al. 1988, Newsholme
and Blomstrand 1996, Yan et al. 2009).

In Blomstand’s study on human subjects performing
leg-press exercises, glutamate and amino acids were
assessed in plasma and muscle, before, during and
after exercise (Blomstrand and Essen-Gustavsson
2009). Plasma glutamate did not reach a statistically
significantly elevated level during exercise, a signifi-
cant buildup of alanine, marking the degradation of
glutamate, was found in plasma. In the recovery peri-
od, a rapid significant decrease in glutamate was evi-
dent, as demonstrated in our study. The discrepancy
between these two studies may be explained by the
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difference in the exercise protocol, which was much
more intense in our study. These findings imply that
the levels of stress and muscle damage have a major
impact on the elevation of blood glutamate and that
sympathetically mediated mechanisms have a capacity
of rapidly decreasing blood glutamate levels, which is
limited by the amount of glutamate released into circu-
lating blood. Furthermore, Blomstrand and Essen-
Gustavsson (2009) found a reduction in muscle gluta-
mate concentrations following exercise, indicating a
significant depletion of glutamate from within muscle
due to physical exercise. Findings in our study are in
agreement with the described pattern of glutamate: an
initial increase and subsequent rapid decrease as a
reaction to extreme physical exercise. Glutamate was
elevated within 30 minutes until the end of the exer-
cise, thereafter rapidly decreasing towards baseline in
the 3 hours following exercise. The rapid decline in
blood glutamate implies the existence of an autoregu-
latory mechanism of glutamate uptake and metabo-
lism, maintaining blood glutamate levels within a
normal range.

AST and ALT are blood resident enzymes, which
in conjunction with their co-substrates oxaloacetate
and pyruvate, respectively, convert glutamate into
2-ketoglutarate. Therefore, accumulation and eleva-
tion of 2-ketoglutarate together with elevated AST
and ALT levels accompanying or following the eleva-
tion of glutamate indicates the activation of AST-
oxaloacetate or ALT-pyruvate pathway. Along the
course of exercise we found a gradual build-up of
2-ketoglutarate, peaking at 240 minutes with a two-
fold concentration (z,= 402 + 44 uM/I, t,,,= 815 £ 59
uM/L, P<0.001), indicating the continuous metabo-
lism of excess glutamate. The initial elevation of
glutamate, but normal-decreased levels at 90 min-
utes, together with the buildup of 2-ketoglutarate,
indicates that the initial rapid elevation of glutamate
exceeds the elimination capacity. However, following
the initial surge, glutamate breakdown continues in a
rate capable of converting and eliminating excess
glutamate leaking from injured muscle fibers. As
mentioned above, the build-up of 2-ketoglutarate
requires increased activity of AST and ALT. We
found a significant increase in AST and ALT by 60
minutes after exercise initiation following a gradual
decline. AST levels remained elevated at 240 min-
utes. This finding is in accord with previous studies
demonstrating an elevation in these enzymes, follow-

ing different types of stress (Kayashima et al. 1995,
Arakawa et al. 1997). Nevertheless, the elevation in
transaminases may be explained also by exertional
myocyte damage or other physiologic factors such as
moderate dehydration or redistribution into intersti-
tial spaces. This study could not distinguish the
actual reason for this rise, but the close association to
glutamate rise, and the variety of situations other
than exercise in which this rise is seen, support this
as an adaptive response to glutamate. Blocking these
pathways, thus causing the accumulation of gluta-
mate, has been previously shown to deteriorate neu-
rological outcomes following TBI, likely by influenc-
ing the brain-to-blood glutamate gradient (Zlotnik et
al. 2009). Skeletal muscle and splanchnic organs are
rich with glutamate (Marliss et al. 1971) and the
mechanical injury of cell membranes may cause glu-
tamate to leak down its concentrations gradient, from
muscle cells into the blood. The strong increases in
blood levels of CPK and myoglobin as the exercise
protocol progressed, demonstrating injury to the
muscle membranes, were further associated with
increases in glutamate levels in the blood. This may
be of importance in clinical scenarios such a multi-
trauma, crush injuries, compartment syndrome,
severe hyperthermia, heat stroke and rhabdomyolisis
where extensive muscle damage may accompany
brain injury.

In this study we used serum lactate, myoglobin and
CPK which were significantly elevated during the
exercise and throughout the recovery period (at least
240 minutes) as markers of anaerobic metabolism and
muscle damage. Myoglobin and CPK are known to
increase in intense exercise due to muscle damage
(Meltzer 1971, Roti et al. 1981, Ross et al. 1983). This
in turn leads to a significant release of glutamate from
its major depot, causing an elevation in blood gluta-
mate. Based on findings in this study and previous
studies, we suggest that an important mechanism
involved in glutamate regulation is the glutamate —
2-ketoglutarate pathway.

Values of blood pressure and heart rate were sig-
nificantly elevated during the exercise period. The
simultaneous increase in heart rate and mean arterial
blood pressure reflects an increase in cardiac output,
indicating the intensity of exercise as well as activation
of the sympathetic nervous system and a release of
catecholamines. Vasodilatation due to exercise, with
the rapid decrease in heart rate after cessation of exer-



cise, may explain the decrease in mean arterial blood
pressure that was also seen. Core body temperature
remained unchanged throughout the experiment. The
increase of heat production was most likely countered
by the body’s compensatory mechanisms such as
sweating and vasodilatation.

In a recent study on a rat model of hyperthermia,
rats were subjected to different levels of heat stress
(Zlotnik et al. 2010b). The results of this study demon-
strated that mild hyperthermia decreases blood gluta-
mate levels, presumably due to sympathetic activation.
Treatment with propranolol prior to increasing the rats’
body temperature prevented this effect and precluded
the hyperthermia-induced reduction of blood gluta-
mate at 38°C and 39°C. Severe hyperthermia led to an
increase in blood glutamate concentrations which
could not be prevented by treatment with the blood
glutamate scavenger oxaloacetate or pretreatment with
the non-selective B-adrenergic receptor blocker pro-
pranolol.

Some studies find that exercise has beneficial
effects on brain function, by increasing expression
of genes involved in brain function (Tong et al.
2001, Cotman and Berchtold 2002, O’Callaghan et
al. 2007), and enhancing proliferation of neuronal
stem cells and proliferation factors (Wu et al. 2008).
In our study, we did not look at markers of brain
function, but the increase of blood glutamate during
exercise may imply opposite results. Nevertheless,
the tranient nature of this rise, and the rapid elimi-
nation of blood glutamate after exercise may be part
of a complex regulatory mechanism focused at
maintaining normal brian function, offsetting the
efffects of increased glutamate.

One limitation of this study is the absence of
data regarding glutamate levels in muscle tissue. It
would be expected that when focusing on exercise
and muscle, such an evaluation should be per-
formed. Though this would have been interesting,
it is out of the scope of this study. Since it has
already been established that muscle is a major
glutamate depot, we were primarily interested in
the uptake and release of glutamate in and out of
the blood, and the compartment in which circulat-
ing glutamate is presumed to have an impact on
brain glutamate concentrations. Another limitation
is due to the fact that the original flurometric
analysis of glutamate done by Graham and Aprison
(1966) was performed on nerve tissue. Aside from
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studies done by our group (Teichberg et al. 2009,
Klin et al. 2010, Zlotnik et al. 2011, Boyko et al.
2012), several other studies have used flurometric
analysis for determination of blood/plasma gluta-
mate levels (Gottlieb et al. 2003, Mitani et al.
2006). Ferrarese and coworkers (2001) describe a
similar method for determination of increased glu-
tamate in CSF and plasma of patients with HIV
dementia. This method has been challenged by
Graham and Aprison (1966) stating the possible
artifacts which may possibly cause a wrong deter-
mination of plasma and CSF glutamate (Epsey et
al. 2002). While this issue remains debatable, our
study does not intend to determine the absolute
levels of normal and abnormal blood glutamate. We
are rather interested in the changes in blood gluta-
mate and their association with different physiolog-
ical mechanisms. Analysis was done using repeated
measures ANOVA, so any inaccuracy in the mea-
surement should be consistent, thus allowing us to
arrive at similar conclusions. Nutritional status
could influence the glutamate metabolism (Resende
et al. 2011), thus despite the similar diet consumed
by the study subjects, some variability may be
attributed to different nutritional status.

CONCLUSIONS

Insight into the physiology and regulation of
glutamate levels in the blood during stress and
muscle damage may facilitate new efforts to
decrease the elevated glutamate levels in the
brain during acute brain events, such as TBI and
stroke. The blood glutamate scavengers, oxalo-
acetate and pyruvate, have shown great success
in decreasing the blood glutamate levels follow-
ing CHI, thereby preventing secondary brain
injury under normothermic conditions (Gottlieb
et al. 2003, Zlotnik et al. 2007, 2008). Other
treatment modalities, targeted on prevention of
the release of glutamate from muscle tissue, or
enhancement of uptake mechanisms, may prove
to be beneficial as well. Future studies should
further examine the effects of the increased
release of glutamate from muscle and its conse-
quent elevation in blood, as well as whether
induced increases in blood glutamate concentra-
tions may be used to effectively treat muscle
damage.
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