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Summary

Background & aims: Patients with chronic obstructive pulmonary disease (COPD) often suffer
from skeletal muscle weakness due to muscle wasting and altered muscle metabolism. De-
creased muscle glutamate concentration in COPD is consistently reported and is associated
with decreased muscle glutathione concentration and early lactic acidosis. We hypothesized
that an increased availability of glutamate via glutamate ingestion increases muscle glutamate
concentration leading to acute improvements in skeletal muscle energy metabolism and
function.
Methods: Two experiments were conducted. In experiment 1, in two groups of 6 male COPD
patients (FEV1: 44.8� 3.4%pred) and 6 healthy controls, blood samples and muscle biopsies
were taken at 0 and 80 min after repeated glutamate (30 mg/kg BW) or control ingestion
(1.25 ml/kg BW), and after 20 min cycling at 50% peak workload. In experiment 2, in 10 COPD
patients (FEV1: 36.1� 2.5%pred), the effect of the two drinks was tested on cycle endurance
time and contractile quadriceps fatigue measured by magnetic stimulation before and after
cycling at 75% peak workload.
hydrogenase; CS, Citrate synthase; PFK, Phosphofructo kinase; GSH, reduced glutathione; GSSG, ox-
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Results: Glutamate ingestion increased plasma (p < 0.01) but not muscle glutamate concen-
tration. Muscle total and reduced glutathione and plasma lactate concentration were not af-
fected by glutamate ingestion. Glutamate ingestion did not influence contractile muscle
fatigue and endurance time.
Conclusion: Continuous oral glutamate ingestion for 80 min did not lead to an acute effect on
skeletal muscle substrate metabolism and muscle performance in COPD patients and in age-
matched healthy controls.
ª 2008 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights
reserved.
Introduction

Chronic obstructive pulmonary disease (COPD) is a serious
and common disease and a high burden for health care.
Dominant symptoms are dyspnea and exercise intolerance
progressively disabling patients and leading to a poor
quality of life.1 In addition to the lung function impairment,
quadriceps muscle weakness is an important determinant
of exercise intolerance2 due to muscle wasting and altered
muscle metabolism. A reduced aerobic capacity has consis-
tently been reported in patients with moderate to severe
COPD reflected by a shift from type I to type IIx fibers3

and reduced activity of oxidative enzymes.4

In addition, a decreased skeletal muscle glutamate
concentration has repeatedly been reported in patients
with COPD.5,6 In this patient group, low resting muscle glu-
tamate levels were associated with decreased muscle glu-
tathione levels,7 and with early lactic acidosis during
maximal cycle ergometry.8 Glutamate is largely taken up
by muscle at rest9 and even to a higher extent during exer-
cise.10 Moreover, during the first minutes of exercise, mus-
cle glutamate concentration decreases,11 suggesting that
glutamate acts as an important intermediate in substrate
metabolism during exercise.

It was elegantly demonstrated that some COPD patients
develop contractile quadriceps fatigue during exercise,
defined as a reversible post-exercise fall in quadriceps
muscle strength measured by magnetic stimulation.12 In
contrast to the non-fatiguers, cycle endurance time did
not improve after nebulization of a bronchodilator.13 Fur-
thermore, the fatiguers were characterized by increased
lactate dehydrogenase activities and higher exercise-in-
duced plasma lactate levels compared to the non-fatiguers,
despite similar fiber type distribution and oxidative enzyme
activities.14 These findings suggest that glycolytic metabo-
lism is enhanced in this subgroup of COPD patients due to
less substrate availability rather than to morphologic
alterations.

In a previous study, we showed that the availability of
glutamate for the skeletal muscle increases after continu-
ous glutamate ingestion for 80 min.15 In addition, although
it is expected that a large amount of the amino acid is ab-
sorbed and metabolized by the splanchnic area,16 Graham
et al. showed that a bolus oral glutamate ingestion was
able to increase skeletal muscle glutamate concentration
in young healthy volunteers.17 Therefore, we hypothesized
that increasing substrate availability in COPD patients by
oral glutamate ingestion increases skeletal muscle gluta-
mate concentration, resulting in sharp improvements in
muscle metabolism and performance.
We conducted two experiments to test our hypothesis.
In the first experiment, we investigated if repeated
glutamate ingestion increases muscle glutamate concen-
tration in patients with COPD and age-matched healthy
volunteers. Moreover, based on the previously reported
associations between muscle glutamate, muscle glutathi-
one and plasma lactate response during exercise, the effect
of repeated glutamate ingestion was evaluated on these
substrates at rest and after submaximal cycle ergometry. In
the second experiment, the acute effect of glutamate
ingestion was evaluated on contractile quadriceps fatigue
and cycle endurance time.

Materials and methods

Study population

All patients recruited in experiment 1 (n Z 12) and 2
(n Z 16) had COPD according to GOLD guidelines18 defined
as measured forced expiratory volume in 1 second (FEV1)
<70% of reference FEV1. Exclusion criteria for all subjects
were malignancy, cardiac failure, distal arteriopathy, re-
cent surgery, severe endocrine, hepatic or renal disorder.
Also, patients who were using systemic corticosteroids
within 3 months prior to the study were excluded as it has
been shown that systemic corticosteroids may affect mus-
cle protein metabolism.19 The medical ethical committee
of the University Hospital Maastricht approved both exper-
iments and all subjects obtained written informed consent.

Test drink

All subjects ingested the glutamate (Ajinomoto�, Japan)
drink in accordance with our previous conducted protocol
of 30 mg glutamate ingestion per kg body weight (BW) every
20 min for 80 min, which was shown showed to be able to
increase glutamate delivery to muscle.17 The control drink
was an equal amount of only water (1.25 ml water per kg
BW every 20 min). The drinks were flavored with sweetener
and served at 55 �C to assure complete dissolution. As the
same ingestion protocol was used in other metabolic stud-
ies including stable isotopes, the ingestion was continued
for 80 min (5 ingestions).

Characterization of the study group

Body composition
In all subjects, body weight and height were measured by
using an electronic beam scale with digital readout to the



Figure 1 Schematic overview of the study design of experi-
ments 1 and 2. (A) After overnight fast and 1 h rest, the sub-
jects started to ingest the test drink. Eighty minutes after
the first ingestion, submaximal cycle ergometry was performed
on 50% of subject‘s peak workload for 20 min. Blood samples
and muscle biopsies were taken just before the ingestion pe-
riod, and just before and after the ergometry. (B) On two dif-
ferent test days, subjects ingested the glutamate or the
control drink every 20 min for 80 min. Subsequently, the sub-
jects performed a submaximal cycle ergometer test of 75% of
their peak workload until voluntary exhaustion. Subject’s
quadriceps twitch force (TwQ) was measured just before and
after the exercise test using a magnetic stimulator.
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nearest 0.1 kg (model 708; Seca, Hamburg, Germany) and
to the nearest 0.1 cm (model 220, Seca) respectively.
Whole-body fat-free mass (FFM) was measured in each sub-
ject using bio-electrical impedance analyses (BIA) (Xitron
4000B, Xitron Technologies, San Diego, CA). FFM of the
COPD patients was calculated using a regression equation
developed for COPD patients,20 whereas FFM of the healthy
controls was calculated using a specific regression equation
for elderly men as described by Dey et al.21

Pulmonary function tests
All subjects underwent spirometry for determination of
FEV1 and forced vital capacity (FVC) with the highest value
from at least three technically acceptable maneuvers being
used. Diffusion capacity for carbon monoxide (DLCO) was
measured using the single-breath method (Masterlab; Jae-
ger, Wurzburg, Germany). All values obtained were related
to a reference value and expressed as percentages of the
predicted value.22

Incremental cycle ergometry
In order to determine each subject’s peak workload, all
subjects performed a symptom limited incremental cycle
ergometer test under supervision of a physician. After 1 min
of unloaded cycling power, power was increased by 10 W
every minute for the COPD patients. For control subjects,
the load was increased by 15e25 W every minute, so that
the duration of the exercise test was comparable for the
two groups. None of the subjects knew the exercise load
and all were encouraged to cycle at 60 rrevs/min until ex-
haustion. Peak workload was monitored at the end of the
exercise.

Study design

Experiment 1
Two groups of 6 male COPD patients (FEV1: 44.8�
3.4%pred) and 6 age- and sex-matched healthy control
subjects, recruited by a local magazine, ingested the gluta-
mate drink or the control drink after overnight fast. The
ingestion of the drinks was single-blinded and administered
in randomized fashion. In the morning after 1 h of rest, all
subjects started to ingest the test drink for 80 min (Fig. 1A).
Subsequently, submaximal cycle ergometry was performed
on 50% of subject’s peak workload for 20 min. Blood sam-
ples and muscle biopsies were taken just before the inges-
tion period, and just before and after the ergometry to
analyze plasma glutamate and lactate concentrations,
and skeletal muscle glutamate and glutathione concentra-
tions, respectively. Muscle biopsies were taken from the
lateral part of the quadriceps femoris by using the nee-
dle-biopsy technique23 after administration of local anes-
thetic while the subjects lay in a supine position. The first
biopsy was taken in the non-dominant leg; the second in
the other leg, and the third biopsy was taken in the same
incision as the second biopsy.

Biochemical analyses
Blood was collected in a heparinized tube, immediately put
on ice and centrifuged (3120� g, 4 �C for 10 min) to obtain
plasma. Subsequently, 250 ml plasma was deproteinized
with 20 mg dry sulfosalicylic acid to analyze plasma gluta-
mate concentration. Another 900 ml plasma was deprotei-
nized with 90 ml trichloroacetic acid to examine plasma
lactate concentration. All blood samples and muscle biop-
sies were frozen in liquid nitrogen and stored at �80 �C un-
til analysis. Before analyses, part of the biopsies was
dissolved in 250 ml sulfosalicylic acid solution and beated
with glass parts. Subsequently, samples were centrifuged
(3120� g, 4 �C for 10 min) and the supernatant was used
for analyses. Plasma and muscle glutamate concentrations
were analyzed by a high-performance liquid chromatogra-
phy (HPLC) system.24 Plasma lactate concentration was an-
alyzed by COBAS Mira S (Roche Diagnostica, Hoffman-La
Roche, Basel, Switzerland). In baseline muscle biopsies, en-
zyme activities and myosin heavy chain (MyHC) isoforms
were analyzed for characterization of the study groups.
All samples were centrifuged (10,000� g, 4 �C for 10 min)
and the supernatant was used for enzyme activity assays.
Citrate synthase (CS), 3-hydroxyacyl-CoA dehydrogenase
(HAD) and phospho-fructo kinase (PFK) were analyzed spec-
trophotometrically (Multiskan Spectrum, Thermo Labsys-
tems, Breda, The Netherlands). The remaining pellet was
resuspended in three volumes of ice-cold extraction buffer
(100 mM Na4O7P2 $ 10H2O, 5 mM EDTA, 1 mM DTT, pH 8.5),
incubated on ice for 30 min, and centrifuged (10,000� g,
4 �C for 10 min). From this, the supernatant was used for
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MyHC isoform analysis as described by Talmadge and Roy.25

Muscle reduced and oxidized glutathione (GSH and GSSG re-
spectively) were measured according to Vandeputte et al.26

Experiment 2
Prior to the test, clinically stable COPD patients (FEV1:
36.1� 2.5%pred) performed cycle ergometry at 75% of their
peak workload until voluntary exhaustion. Subjects’ quadri-
ceps twitch force (TwQ) was measured just before and after
the exercise test using a magnetic stimulator to assess con-
tractile quadriceps muscle fatigue. Quadriceps twitch force
was measured by stimulation of the femoral nerve with
a magnetic stimulator (Magstim 200�; Magstim Co. Ltd.,
Whitland, Dyfed, Wales, UK) using a 45-mm figure-of-eight
coil, described before.13 A series of 22 twitches were ran-
domly obtained at 60%, 80%, 90%, 95% and 100% of power
output to assure supramaximal stimulation. After every
twitch, a resting period of 20 s assured depolarization of
the quadriceps muscle. The average of the outputs at
100% was used as the TwQ. In total, 16 COPD patients
were screened and 10 patients (8 male) who developed
contractile quadriceps muscle fatigue (decrease in quadri-
ceps twitch force of �15%12) were included in experiment
2. The study involved two different test days at least
1 week apart, during which time the glutamate or the
control drink was ingested in randomized and single-
blinded order. After an overnight fast, subjects started to
sip the test drink every 20 min for 80 min (Fig. 1B). Subse-
quently, the subjects performed cycle ergometry of 75%
of their peak workload until voluntary exhaustion. Sub-
jects’ quadriceps twitch force (TwQ) was measured just be-
fore and after the exercise test. Cycle endurance time and
Table 1 Baseline characteristics of the healthy control subject

Experim

Control

Amount 12
Age, years 61.4
Weight, kg 76.5
BMI, kg/m2 25.3
FFMI, kg/m2 18.9
FVC, %pred 117.9
Dlco, %pred 113.4
Wpeak, Watt 201.7
Muscle glutamate concentration, mmol/kg ww 2338.3
Citrate synthetase, U/mg protein 39.1
3-Hydroxy-acyl dehydrogenase, U/mg protein 91.5
Phospho-fructo kinase, U/mg protein 576.1
% MyHC type I fibers 37.6
% MyHC type IIa fibers 49.7
% MyHC type IIx fibers 13.3
TwQ, kg
Quadriceps fatigue, %
Endurance time, min

Abbreviations: BMI, body mass index (weight/length2); FFMI, fat-free m
cycle ergometer test; FVC, forced vital capacity; DLco, diffusion capa
chain; TwQ, quadriceps twitch force.

a Values are mean� SEM.
b Significantly different between the groups in experiment 1: **p <
the exercise-induced fall in TwQ were determined as out-
come measurements.

Statistical analyses

Data were checked for normality and presented as mean -
� SEM. The power of the two studies was calculated to
measure effects in time and not for cross-sectional compar-
isons. In experiment 1, the Student t-test was used to as-
certain whether general characteristics were significantly
different between the COPD patients and control subjects.
Repeated measurements ANOVA test with within variables
time (baseline, 80 min ingestion, 20 min exercise) and be-
tween variables group (COPD and control group) and drink
(glutamate and control ingestion) was performed to test ef-
fects on plasma and muscle substrate concentrations. If
there was a significant interaction for time� group or
time� drink, the effect in time was tested within each
group or drink. In experiment 2, the paired Student t-test
was used to test differences in endurance time and the
amount of exercise-induced fall in TwQ between the two
drinks. The statistical package SPSS for Windows (Version
11.0, SPSS Inc., Chicago, IL, USA) was used for data analy-
sis. A p-value of <0.05 was considered statistically
significant.

Results

There was no difference in body composition between the
COPD patients and the control subjects in experiment 1
(Table 1). The patients were characterized by decreased
s and COPD patients included in experiments 1 and 2a

ent 1 Experiment 2

s COPD patientsb COPD patients

12 10
� 1.6 66.7� 1.4 61.5� 3.4
� 2.9 72.1� 4.2 78.8� 4.8
� 0.7 23.3� 0.9 25.5� 1.5
� 0.3 18.1� 0.4 18.6� 0.7
� 4.7 87.4� 20.0** 86.8� 5.5
� 6.2 67.1� 7.0* 41.4� 4.9
� 18.3 97.3� 10.0** 75.6� 6.5
� 209.5 2038.9� 151.3
� 6.9 29.3� 6.3
� 9.4 56.2� 10.9*
� 82.1 423.6� 126.6
� 1.5 40.1� 3.0
� 1.6 47.5� 1.9
� 2.0 13.8� 2.5

7.6� 0.8
27.7� 3.7
7.2� 0.7

ass index (FFM/length2); Wpeak, peak workload during a maximal
city for carbon monoxide; ww, wet weight; MyHC, myosin heavy

0.01, *p < 0.05.
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exercise capacity (peak workload COPD patients Z 51.8%
peak workload controls) and reduced muscle HAD concentra-
tion (p < 0.05), indicating a decreased fat oxidative capac-
ity. Muscle glutamate, CS and PFK concentration tended to
be lower in the patients, but they did not reach significance.

Baseline plasma glutamate concentration and the ef-
fects of the drinks on plasma glutamate concentration were
not different between the patients with COPD and the
control subjects. Glutamate ingestion resulted in a signifi-
cant increased plasma glutamate concentration (p < 0.01,
Table 2), but skeletal muscle glutamate concentration re-
mained unchanged. Exercise resulted in a decreased
plasma glutamate concentration after control ingestion
(p < 0.05), and a decreased muscle glutamate concentra-
tion independent of the ingestion (p < 0.01). Baseline skel-
etal muscle total glutathione, GSH or GSSG concentrations
and the effects on the drinks were not different between
the groups. Glutamate ingestion did not affect muscle total
glutathione, GSH and GSSG concentrations at rest or during
exercise (Table 2). However in the control subjects during
exercise, muscle GSSG concentration significantly increased
(p < 0.05). Glutamate ingestion had no effect on plasma
Table 2 Plasma and skeletal muscle glutamate and glutamate-r
continuous glutamate ingestion (T80) and after 20 min submaxim

Amino acid Group

Plasma glutamate concentration (mmol/L)b Control

COPD

Muscle glutamate concentration (mmol/kg ww)c Control

COPD

Muscle total glutathione concentration (mmol/kg ww) Control

COPD

Muscle GSSG concentration (mmol/kg ww)d Control

COPD

Muscle GSH concentration (mmol/kg ww) Control

COPD

Plasma lactate concentration (mmol/L)e Control

COPD

a Values are mean� SEM.
b Plasma glutamate concentration: significant time� drink interact

drink: significant effect from T0 to T80; both p < 0.01.
c Muscle glutamate concentration: time effect between T80 and T1
d Muscle GSSG concentration: significant time� group interaction. W
e Plasma lactate concentration: significant time� group interaction.

T100, p < 0.05. COPD group: significant time effect between T80 and
f Abbreviations: GSSG, oxidized glutathione concentration; GSH, re

tamate ingestion.
lactate concentration during exercise. Plasma lactate con-
centration increased in both groups during exercise, but to
a higher level in the patients compared to the control sub-
jects (p < 0.05, Table 2). In experiment 2, there was no ef-
fect of the treatment on mean cycle endurance time and
contractile muscle fatigue (Fig. 2).
Discussion

Although plasma glutamate concentration and thus the
availability of glutamate for the skeletal muscle signifi-
cantly increased after oral glutamate ingestion, no effect
of glutamate ingestion on skeletal muscle glutamate,
glutathione and plasma lactate concentrations in patients
with COPD and healthy control subjects were found in the
present study. In addition, no effects of oral glutamate
ingestion on contractile muscle fatigue and cycle endur-
ance time could be found.

The main hypothesis of the present research was that
oral glutamate ingestion increases muscle glutamate con-
centration in clinically stable COPD patients, leading to
elated substrate concentration at baseline (T0), after 80 min
al cycle ergometry (T100)

Ingestionf Time (min)

T0 T80 T100a

Wa 97� 10 112� 5 82� 4
GLU 95� 25 438� 78 384� 62
Wa 97� 13 100� 6 83� 6
GLU 85� 6 629� 71 553� 97
Wa 2118� 294 2538� 300 2116� 513
GLU 2559� 295 2349� 307 1784� 429
Wa 1808� 160 1713� 270 1134� 198
GLU 2270� 232 2357� 144 1896� 110
Wa 431� 46 534� 92 693� 77
GLU 643� 62 586� 24 670� 145
Wa 673� 68 562� 77 673� 134
GLU 554� 28 549� 26 495� 42
Wa 70� 6 76� 10 176� 35
GLU 38� 12 45� 17 82� 22
Wa 130� 17 123� 22 145� 37
GLU 26� 6 41� 14 37� 14
Wa 291� 55 382� 86 341� 108
GLU 566� 67 496� 32 505� 114
Wa 314� 70 316� 57 345� 154
GLU 502� 33 467� 50 421� 65
Wa 1.58� 0.20 0.98� 0.7 1.25� 0.49
GLU 1.56� 0.18 0.94� 0.8 2.1� 0.94
Wa 1.59� 0.27 1.32� 0.32 3.36� 0.33
GLU 1.66� 0.23 1.28� 0.17 3.34� 0.4

ion. Water drink: significant effect from T80 to T100; Glutamate

00: p < 0.05.
ithin the control group; significant time effect: p < 0.01.

Within the control group: significant time effect between T80 and
T100, p < 0.01.

duced glutathione concentration; Wa, water ingestion; GLU, glu-



Figure 3 Data of a pilot study performed in four healthy el-
derly volunteers: individual arterio-venous net balances across
the forearm after 80 min water ingestion followed by 80 min in-
gestion of a glutamate drink. A repeated measurement ANOVA
test was performed with within variable time to detect effects
in time: p < 0.05.

Figure 2 Mean exercise duration and quadriceps twitch
force before and after a submaximal cycle ergometry after in-
gesting the water (dashed line) or glutamate drink (solid line)
in COPD patients. Significant different from baseline:
*p < 0.05.
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metabolic and functional improvements. In our patient
group, baseline skeletal muscle glutamate concentration
was not different compared to the control subjects. The
power calculation of the present study was based on the
effects in time and not for cross-sectional comparisons.
Nevertheless, the COPD patients were characterized by
a mildly reduced fat oxidative capacity, suggesting that
muscle metabolism in this group was relatively preserved.
In addition, previous research that showed a decreased
skeletal muscle glutamate concentration in COPD patients
included a more severe patient group characterized by
emphysema and reduced BW and FFM.5 It can be speculated
that a decreased muscle glutamate concentration and the
related abnormal substrate metabolism is more pronounced
in severe COPD patients with altered body composition.

Repeated ingestion of 30 mg glutamate per kilogram BW
every 20 min for 80 min did not induce an increased skeletal
muscle glutamate concentration. In contrast, Graham
et al.27 showed an increased muscle glutamate concentra-
tion of about 40% per kilogram dry weight after a bolus in-
gestion of 150 mg monosodium glutamate per kilogram BW
in young healthy volunteers. The continuous ingestion of
glutamate in the present study differs from the bolus inges-
tion in the study by Graham et al., but the increase in
plasma glutamate concentration was comparable between
both studies (up to about 533 mmol/L in the present study
vs. about 450 mmol/L in the study by Graham et al.), indi-
cating that glutamate availability for skeletal muscle in-
creases to an equal amount for both study groups by
glutamate ingestion. Muscular glutamate uptake happens
via a Na-dependent X�ag-transport mechanism. The trans-
porter is characterized by a low-activity high affinity, and
it can be suggested that the transporter is not able to re-
spond directly to the high plasma glutamate concentration.
However, the Km of the transport mechanism is 1000 mmol/
L and the Vmax Z 80 mmol/kg ww per/minute. Normal
plasma glutamate concentration is about 60 mmol/L, sug-
gesting a linear relation between plasma glutamate concen-
tration and muscular glutamate uptake. A plasma glutamate
increase of about 5 times (up to about 500 mmol/L), half of
the maximum transport rate, is not even reached, indicating
that this plasma concentration would not be the limiting
step in the muscular glutamate uptake. Nevertheless, as
glutamate metabolism is age-dependent28 and the volun-
teers in the study by Graham et al. were younger than
the present subjects (mean age of 26 years), we cannot ex-
clude an age-dependent effect on muscular glutamate up-
take or metabolism. However, in a recent pilot study, we
measured the arterio-venous balance across the forearm
of 4 elderly volunteers during 80 min water ingestion
(1.25 ml water per kg BW every 20 min) followed by
80 min glutamate ingestion (30 mg glutamate per kg BW ev-
ery 20 min, Fig. 3). These data indicate that a significant
amount of ingested glutamate was indeed taken up by
the skeletal muscle (p < 0.01), but is apparently not re-
flected in its concentration. Intramuscular glutamate me-
tabolism can overwhelm the increase in muscle glutamate
concentration. High glutamate intramuscular activity
should be reflected in the concentration of its products.
In the present study, muscle total and reduced glutathione
concentrations were not affected by glutamate ingestion,
implying that at least also other substrates than glutamate
are involved in the rate-limiting step of muscle glutathione
synthesis. Correlations between muscle glutathione and
glutamate concentrations have been shown frequently.29

Until now, however, no agreement has been reached re-
garding the rate-limiting precursor in the glutathione syn-
thesis, and glutamate as well as cysteine have been
suggested.30

Previously, decreased skeletal muscle glutamate con-
centration in patients with COPD was associated with early
lactic acidosis during exercise.8 As during exercise the
activity of the alanine amino transferase reaction in-
creases,31 we hypothesized that increasing the glutamate
availability leads to a higher alanine and lower lactate
production from pyruvate (alanineþ a-ketoglutarate 4
glutamateþ pyruvate/ lactate). Glutamate ingestion for
80 min, however, did not affect plasma lactate concentra-
tions after exercise, in line with plasma and muscle alanine
concentrations (data not shown). Other studies that in-
tended to modulate aerobic energy metabolism were also
unable to show an effect on plasma lactate concentra-
tion,32 suggesting a well-controlled mechanism between
the lactate production, consumption in the active skeletal
muscle and clearance in the liver.
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None of the concentrations of the glutamate related
substrates measured in the present study were affected by
continuous glutamate ingestion. As research by Stegink
et al.33 showed that intestinal carbohydrates increase the
intestinal metabolic capacity of glutamate, the subjects
in the present study started to ingest the test drink in the
postabsorptive state. However, during short-term starva-
tion whole-body glucose oxidation decreases34 while the
contribution of gluconeogenesis to the energy consumption
increases.35 Therefore, it is likely that glutamate is primar-
ily used as energy source before a precursor for other sub-
strates in the fasted state. In contrast to other amino acids,
glutamate may be a preferably oxidative amino acid as it
can act as a precursor for the tricarboxylic acid intermedi-
ate (TCAI) a-ketoglutarate. It would be interesting in future
studies to investigate the effect of glutamate as adjunct to
a meal.

Because Saey et al.14 showed that the fatiguers had
higher glycolytic metabolism compared to non-fatiguers,
we evaluated the effects of glutamate ingestion on con-
tractile quadriceps fatigue and cycle endurance time in fa-
tiguers. We hypothesized that glutamate supplementation
increases the oxidative metabolism, and thereby decreases
lactate production and delays lactic acidosis during exer-
cise, resulting in less quadriceps fatigue and higher endur-
ance time. However, in line with our metabolic findings,
glutamate ingestion had no effect on contractile quadri-
ceps fatigue or endurance time. The cycle exercise proto-
col used in the present study was adapted from
a previously employed protocol.12 However, in order to ex-
clude the effect and variability of ventilatory limitation on
endurance time and indirectly on quadriceps muscle fa-
tigue, it would be interesting in future studies to compare
this test with a local quadriceps muscle exercise test.

In conclusion, although oral glutamate ingestion in the
postabsorptive state significantly increased plasma gluta-
mate concentration and the availability of glutamate for
skeletal muscle, we were not able to detect acute effects
on skeletal muscle glutamate concentration or glutamate-
related substrates at rest and after exercise in COPD
patients and age-matched healthy control subjects.
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