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Abstract

Glutamate is linked to the glycolytic process, particularly when co-ingested with carbohydrate, but its effects on glucose metabolism are
poorly characterised. The present study aimed to (1) specifically examine the effects of carbohydrate administration on circulating
glutamate concentrations and (2) investigate the effect of increased glutamate availability, independent of carbohydrate ingestion, on
glucose metabolism. A total of nine participants underwent four trials: (1) glutamate supplement + carbohydrate drink (GLU 4 CHO);
(2) glutamate supplement + placebo drink (GLU); (3) placebo supplement + carbohydrate drink (CHO); (4) placebo supplement +
placebo drink (CON). Following a fasting blood sample, participants ingested monosodium L-glutamate (MSG; 150 mg/kg body weight)
or placebo capsules at each trial followed by a 75g carbohydrate or a non-energy placebo drink 30 min later. Blood samples were
taken at 0, 10, 20, 30, 40, 50, 60, 75, 90, 105 and 120 min. Plasma glutamate concentrations were significantly elevated relative to baseline
during the GLU (approximately 10-fold) and GLU + CHO trials (approximately 6-fold). The glucose response to a carbohydrate load was
blunted when glutamate was increased in the circulation (peak serum glucose: 5-50 (se 0-54) mmol/I during the GLU + CHO trial v. 7:69
(st 0-53) mmol/l during the CHO trial, P<0-05). On average, c-peptide results revealed that insulin secretion did not differ between the
GLU + CHO and CHO trials; however, four participants demonstrated increased insulin secretion during the GLU + CHO trial and
five participants demonstrated decreased insulin secretion under the same conditions. In conclusion, when administration is staggered,
MSG and carbohydrate supplementation can be used to manipulate plasma glutamate; however, future studies should control for this
dichotomous insulin response.
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Glutamate is the primary amino acid taken up by resting and administered to healthy

exercising skeletal muscle” ™, and it has a role in a variety

of metabolic processes. There have been several studies
that have examined the role of glutamate in energy meta-
bolism through its interactions with pyruvate, alanine and
glutamine™~". Despite these links, which suggest a role for
glutamate in gluconeogenic processes in visceral tissues
and glycolytic processes in both muscle and visceral tissues,
the functional significance of glutamate specifically related to
glucose metabolism is poorly characterised.

Glutamate supplementation in the form of monosodium
L-glutamate (MSG) has been used as a tool to explore the
role of glutamate in energy metabolism by increasing available
plasma glutamate by 7—-18-fold“”®. When plasma glutamate
is augmented to these magnitudes, various components
of glucose metabolism are affected®'". When MSG was

and improved glucose tolerance were observed compared
with no MSG administration. However, in human subjects,
simultaneous glutamate and carbohydrate administration has
not resulted in improved glucose tolerance™V. It is likely
that the protocol used may have confounded these results;
circulating glutamate concentrations are attenuated when
carbohydrate is co-administered with MSG“#!% .

The simultaneous co-administration of carbohydrate and
MSG delays the time that plasma glutamate concentration
peaks as well as the magnitude of this peak™'™'®. It is
possible that, when given simultaneously, carbohydrate
enhances the retention of glutamate at the gut via the alanine
aminotransferase reaction, which requires pyruvate (from
carbohydrate) and glutamate to produce alanine and the

Abbreviations: CHO, placebo supplement + carbohydrate drink; CON, placebo supplement + placebo drink; GLU, glutamate supplement + placebo drink;
GLU + CHO, glutamate supplement + carbohydrate drink; MSG, monosodium L-glutamate.
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Krebs cycle intermediate 2-oxoglutarate. However, it is
possible that delaying the ingestion of carbohydrate, which
requires approximately 10 min to reach peak plasma concen-
trations following ingestion™®| relative to the administration
of glutamate, which requires approximately 40—60min to
peak™, may result in simultaneous peak glutamate and
glucose concentrations in the circulation. Presumably, if carbo-
hydrate administration is delayed relative to MSG ingestion,
glutamate will not be detained to the same extent in the gut
and glutamate will reach higher circulating concentrations.
To examine the interactions of glutamate on peripheral glu-
cose metabolism in future studies, it is important to identify
a methodological approach that gives rise to simultaneous
peak plasma glutamate and glucose concentrations.

The objective of the present study was to examine the
potential effects of increased glutamate availability on glucose
and insulin metabolism following carbohydrate ingestion.
We hypothesised that ingesting carbohydrate 30 min following
glutamate administration would result in simultaneous peak
plasma glutamate and glucose concentrations. Further, we
hypothesised that using this staggered protocol of combining
glutamate and carbohydrate supplementation would result in
lower peak glucose concentrations and that insulin secretion
would be greater compared with carbohydrate alone, imply-
ing improved glucose uptake.

Methods
Participants

A total of nine healthy, recreationally active males were
recruited to participate in the present study. The mean age,
body mass and BMI of the participants were 23-9 (sp 1:9)
years, 79-4 (sp 9-0)kg and 250 (sp 2-4) kg/m? respectively.
Individuals with hypertension, diabetes, cardiac arrhythmias
or intolerance to MSG were excluded from the study. The
present study was conducted according to the guidelines
laid down in the Declaration of Helsinki, and all procedures
involving human subjects were approved by the University
of Waterloo Research Ethics Board. Written informed consent
was obtained from all subjects.

Experimental protocol

Participants underwent four different trials: (1) glutamate
supplement + carbohydrate drink (GLU 4+ CHO); (2) glutamate
supplement + placebo drink (GLU); (3) placebo supplement +
carbohydrate drink (CHO); (4) placebo supplement + placebo
drink (CON). Glutamate supplement was given as MSG in
gelatin capsules at a dose of 150 mg/kg body weight, which
has been used in previous studies™”'? Placebo supplement
was also given in gelatin capsules that contained NaCl in the
same proportions as in the MSG capsules, while dextrose and
sucralose were used to match the remaining weight of the
capsules. The total amount of dextrose used in placebo
capsules was not greater than 3 g in total. Carbohydrate drinks
(Trutol®) contained 75 g dextrose and placebo drinks consisted
of a similar-tasting, orange-flavoured, non-energy drink.

The trials were conducted in a double-blind, cross-over
manner and were separated by 1 week. Trial order was ran-
domly assigned. Participants arrived for each trial after an
overnight fast (8—12h). For 2d before each trial, participants
were instructed to (1) refrain from alcohol and exercise,
(2) complete a Baecke questionnaire and physical activity
diary before the first trial and follow the same activities listed
in the diary for the 2d before each subsequent trial and
(3) record their food intake for 2d before the first trial and
maintain the same diet 2 d before each subsequent trial.

Upon arrival for each trial, weight was recorded and a
catheter inserted into an antecubital vein of the participant’s
arm. After drawing a fasting blood sample, the participants
ingested MSG or placebo capsules. Plasma glutamate con-
centration has been shown to peak approximately 50 min
post-MSG ingestion. At 30min following ingestion of the
capsules, participants ingested a carbohydrate or placebo
drink. Petrie er al. ' have shown that serum glucose concen-
tration rises within 15 min and peaks at 20—30 min following
carbohydrate ingestion. Therefore, delaying carbohydrate
ingestion 30 min should allow serum glucose concentration
to peak approximately 50-60min following the ingestion
of the capsules. Thus, by staggering the administration of
both supplements as we have described, we anticipated that
a simultaneous peak in both glucose and glutamate con-
centrations would be achieved. Blood samples were taken at
0, 10, 20, 30, 40, 50, 60, 75, 90 105 and 120 min.

Biochemical analyses

Approximately 8 ml of whole blood were collected at each
time point. For analysis of amino acids, blood was treated
with heparin, centrifuged and plasma was stored at —80°C.
Amino acids were analysed using HPLC (Waters 2695
Separations Model) and the picotag method, as described
previously. The remaining blood for each time point was
allowed to clot, centrifuged and serum was stored at —80°C
for the analysis of glucose, insulin (Coat-A-Count Insulin RIA
Kit; Siemans Healthcare Diagnostics), c-peptide (C-Peptide
Double Antibody RIA Kit; Siemans Healthcare Diagnostics),
lactate, NEFA (Wako Diagnostics) and glycerol. Glucose,
lactate and glycerol were analysed using fluorometric
methods, as described previously(l()). NEFA were analysed
using spectrophotometric methods"'”. For glucagon analysis
(Glucagon Double Antibody RIA Kit; Siemans Healthcare
Diagnostics), blood was treated with EDTA/aprotinin, centri-
fuged and plasma was stored at —80°C.

Calculations

The AUC for glucose, insulin and c-peptide were calculated
using the incremental area method"®. We assessed insulin
sensitivity during the GLU + CHO and CHO trials using
the index developed by Matsuda & Defronzo™"®. This index
provides an estimate of whole-body insulin sensitivity using
glucose and insulin values over the course of a 75g oral
glucose tolerance test and has been validated against the
euglycaemic insulin clamp. The sum of all amino acids
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was calculated and referred to as total amino acids. The sum
of the essential amino acids threonine, valine, methionine,
isoleucine, leucine, phenylalanine, tryptophan and lysine
was referred to as total essential amino acids, and the sum
of valine, leucine and isoleucine was referred to as total
branched-chain amino acids.

Statistics

All data were analysed using two-way repeated-measures
ANOVA (trial X time point) with the exception of the AUC
calculations for c-peptide, glucose and insulin, which were
analysed using one-way repeated-measures ANOVA (trial).
The Matsuda insulin sensitivity indices for the GLU + CHO
and CHO trials were compared using a paired ¢ test. In a
sub-analysis between two groups of participants who demon-
strated different insulin responses to the GLU + CHO trial,
we compared groups using a Student’s ¢ test. Statistical signi-
ficance was accepted at P=0-05 and significant differences
revealed using ANOVA were analysed using Tukey’s post hoc
test. Statistical analysis was performed using SigmaPlot™,
version 11.2 (Systat Software, Inc.). All data are presented as
means with their standard errors.

Results
Plasma amino acids

During the GLU trial, plasma glutamate was significantly
elevated from baseline at 40 min and, on average, reached
peak concentrations (approximately 10-fold from baseline)
by 50min (individual ranges for peak concentrations:
40-75 min; Fig. 1). In the GLU 4 CHO trial, plasma glutamate

concentrations were significantly elevated at 30min and
reached peak concentrations (approximately 6-fold from
baseline) earlier than the GLU trial at 40 min (individual
ranges for peak concentrations: 40—50min; Fig. 1). No
changes in plasma glutamate concentrations compared with
baseline were observed in the CHO or CON trial.

Plasma aspartate concentrations, which closely relates to
glutamate metabolism, exhibited an approximately 3-fold
increase from baseline during the GLU trial (33-8 (sE 7-8) v.
99 (s 2:1) pmol/l, P<0-05). Similar to plasma glutamate,
aspartate concentrations achieved peak concentrations bet-
ween 40 and 90min. During the GLU 4 CHO trial, an
approximately 2-fold increase in plasma aspartate concen-
trations was observed compared with baseline (264 (sE 4-8)
v. 11-5 (sE 1'4) pmol/l, P<0-05). Again, similar to the patterns
demonstrated with glutamate concentrations, plasma aspartate
concentrations in this trial peaked between 30 and 50 min.
No significant changes were observed in plasma alanine,
glutamine, branched-chain amino acid, essential amino acid
or total amino acid concentrations compared with baseline
in any of the experimental conditions. No changes were
observed in any of the other individual plasma amino acids
(data not presented).

Glucose and insulin metabolism

The glucose response to a carbohydrate load was blunted
when glutamate was increased in the circulation (peak
serum glucose: 5-50 (st 0-54) mmol/l during the GLU + CHO
trial . 7-69 (S 0-53) mmol/l during the CHO trial, P<0:05).
During the CHO trial, serum glucose concentrations peaked
between 50 and 105min with two-thirds of the participants
peaking at 60 min (i.e. two-thirds of the participants peaked
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Fig. 1. Plasma glutamate concentrations during the glutamate + carbohydrate (GLU + CHO; O), glutamate only (GLU; @), carbohydrate only (CHO; A) and
control (CON; A) trials. Values are means, with their standard errors represented by vertical bars. *Mean value was significantly different from fasting values
within each trial (P<0.05). + Mean value was significantly different from that of the CON trial (P<0.05). $Mean value was significantly different from that of
the CHO trial (P<0-05). § Mean value was significantly different from that of the GLU trial (P<0-05). || Mean value was significantly different from that of the
GLU + CHO trial (P<0-05). Due to technical problems in blood draws, n 8 for time points 75—120min in the CON trial. Due to analytical problems, n 8 for time
point 10 min in the GLU + CHO trial, for time points 105 and 120 min in the GLU trial and for time point 120 min in the CHO trial.
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Fig. 2. Serum glucose concentrations during the glutamate + carbohydrate (GLU + CHO; O), glutamate only (GLU; @), carbohydrate only (CHO; A) and control
(CON; A) trials. Values are means, with their standard errors represented by vertical bars. * Mean value was significantly different from fasting values within each
trial (P<0-05). Tt Mean value was significantly different from that of the CON trial (P<0-05). § Mean value was significantly different from that of the GLU trial
(P<0-05). |[Mean value was significantly different from that of the GLU + CHO trial (P<0-05). Due to technical problems in blood draws, n 8 for time points

75-120 min in the CON trial.

30 min post-carbohydrate ingestion). Compared with the CHO
trial, the rise in serum glucose concentrations during the
GLU + CHO trial was delayed and was not significantly differ-
ent from baseline despite being statistically different from the
CON and GLU trials (Fig. 2). No changes in serum glucose
concentrations were observed during the GLU or CON trial.
Glucose AUC data are presented in Table 1.

As anticipated, serum insulin concentrations were elevated
compared with baseline in response to carbohydrate ingestion
during the CHO and GLU + CHO trials; however, there were
no differences in insulin concentrations between these two
trials (Fig. 3). C-peptide concentrations followed a similar
pattern to insulin concentrations (Fig. 4), where c-peptide
concentration was elevated during the CHO and GLU 4+ CHO
trials relative to baseline and relative to the GLU and CON
trials. Insulin sensitivity was not different between the CHO
and GLU + CHO trials (Matsuda index: 1545 (s 1:58) wv.
15:39 (sE 2:98), P=0-426). Insulin AUC data are presented in
Table 1. Glucagon concentrations were variable across the
participants but consistent between the trials for each partici-
pant. There were no statistical differences across any time
points or between the trials for the glucagon data (P=0-130).

The large variability for serum insulin in the GLU 4+ CHO
trial when compared with the GLU and CON trials (Fig. 3)
prompted us to conduct further analysis. Our sub-analysis
revealed that four participants (increased insulin group)
demonstrated the hypothesised increase in insulin secretion
during the GLU + CHO trial compared with the CHO trial.
On average, these participants experienced a 31 (SE 9) %
increase in insulin AUC during the GLU + CHO trial relative
to the CHO trial (range 14—-52%). However, the remaining
five participants (decreased insulin group) demonstrated the

opposite effect: insulin secretion was decreased in the
GLU + CHO trial relative to the CHO trial. The average
decrease in insulin AUC was 33 (sE 13)% (range 10-85%)
during the GLU + CHO trial compared with the CHO trial.
There was no significant difference between the two groups
of participants in physical activity level based on the Baecke
sport index (increased insulin group: 2-:81 (S 0-68) w.
decreased insulin group: 356 (sE 0-19), P=0-278), fasting
glucose (increased insulin group: 4:42 (s 0-13) mmol/l v.
decreased insulin group: 4:45 (SE 0-24) mmol/l, P=0-915),
Matsuda insulin sensitivity index (increased insulin group:
1591 (sE 2:88) v. decreased insulin group: 15:09 (S 1-98),
P=0-816) or plasma glutamate (increased insulin group:
36892 (st 18883) pmol/l per min v. decreased insulin group:
65819 (sE 13202) pmol/l per min, P=0-236) during the GLU +
CHO trial. In light of this dichotomous response of insulin to
glutamate ingestion, caution should be used when interpreting
the results of the present study.

Table 1. AUC for glucose and insulin across the trials
(Mean values with their standard errors)

Glucose AUC Insulin AUC (pmol/l X
(mmol/l X min) min)
Trial Mean SE Mean SE
GLU + CHO 31 35 21619*t 2016
GLU 25 22 1907 437
CHO 109 43 22660*t 3142
CON 30 16 32 328

GLU + CHO, glutamate + carbohydrate trial; GLU, glutamate only trial; CHO,
carbohydrate only trial; CON, control trial.

*Mean value was significantly different from that of the CON trial.

1 Mean value was significantly different from that of the GLU trial.
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Fig. 3. Serum insulin concentrations during the glutamate + carbohydrate (GLU + CHO; O), glutamate only (GLU; ®), carbohydrate only (CHO; A) and control
(CON; A) trials. Values are means, with their standard errors represented by vertical bars. * Mean value was significantly different from fasting values within each

trial (P<0-05). T Mean value was significantly different from that of the CON trial (P<0-05). § Mean value was significantly different from that of the GLU trial
(P<0-05). Due to technical problems in blood draws, n 8 for time points 10—50 and 75—120 min in the CON trial.

NEFA and glycerol NEFA concentrations in both the GLU + CHO and CHO
trials were significantly lower than those in the CON trial
(Fig. 5). We did not observe any changes in glycerol in any
of the four experimental conditions.

Serum NEFA concentrations decreased significantly from
baseline during the GLU trial, reaching a nadir of 0-20
(SsE 11-0) mmol/l at 90 min. However, serum NEFA concen-
trations returned to baseline levels (049 (s 0-30) mmol/l) at
120 min. No significant differences from the CON trial were

observed. During the GLU 4 CHO and CHO trials, we Discussion
observed a more pronounced and prolonged decrease in In the present study, we administered glutamate in the form of
NEFA concentrations at baseline from 50 to 120 min (Fig. 5). MSG, along with a carbohydrate load that was delayed 30 min
Between 90 and 105min following MSG/placebo ingestion, relative to glutamate ingestion and we achieved peak plasma
12 ¢
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Fig. 4. Serum c-peptide during the glutamate + carbohydrate (GLU + CHO; O), glutamate only (GLU; @), carbohydrate only (CHO; A) and control (CON; A) trials.
Values are means, with their standard errors represented by vertical bars. *Mean value was significantly different from fasting values within each trial (P<0-05).
1 Mean value was significantly different from that of the CON trial (P<0-05). § Mean value was significantly different from that of the GLU trial (P < 0.05). Due to
technical problems in blood draws, n 8 from time 75—120 min in the CON trial.
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Fig. 5. Serum NEFA during the glutamate + carbohydrate (GLU + CHO; O), glutamate only (GLU; @), carbohydrate only (CHO; A) and control (CON; A) trials.
Values are means, with their standard errors represented by vertical bars. *Mean value was significantly different from fasting values within each trial (P<0-05).
1 Mean value was significantly different from that of the CHO trial (P<0-05). § Mean value was significantly different from that of the GLU trial (P<0-05). Due to

technical problems in blood draws, n 8 from time 75—120 min in the CON trial.

glutamate and glucose concentrations in a similar time
frame. We observed significantly elevated plasma glutamate
concentrations relative to baseline values during the GLU
trial (approximately 10-fold increase) as well as during
the GLU 4 CHO trial (approximately 6-fold increase). The
glucose response to a carbohydrate load was blunted when
glutamate was increased in the circulation. Although we
observed depressed
delayed peak glucose concentrations during the GLU 4+ CHO
trial compared with the CHO trial, the average insulin and
c-peptide responses were identical between these two con-
ditions, suggesting that peripheral uptake of glucose may
have been enhanced.

serum glucose concentrations and

Concurrent peak plasma glutamate and glucose
concentrations were achieved with this protocol

We successfully increased plasma glutamate concentrations
by approximately 10-fold in the GLU trial and approximately
6-fold in the GLU + CHO trial via oral supplementation.
Further, the observed increase in plasma glutamate con-
centrations was similar to that reported in previous studies
that employed the same MSG dosage (150mg/kg body
mass)”'?. In comparison, Stegink et al.'® reported increases
in plasma glutamate concentrations of only 2-fold when
they administered MSG and carbohydrate at the same
time. Thus, by staggering the administration of MSG and
carbohydrate, we successfully achieved a simultaneous and
significant increase in the availability of both glutamate
and carbohydrate. An increase in plasma glutamate con-
centrations of this magnitude, when carbohydrate is also
ingested, has not previously been achieved by any other
group. Glutamate is typically sequestered by the intestines
at the first pass®”
the by-products of which are typically released into the

and is oxidised by various reactions,

portal circulation®”. This process would be enhanced with

simultaneous carbohydrate and glutamate ingestion, by
providing pyruvate and glutamate as substrates in the alanine
aminotransferase reaction. The staggered approach used in
the present study probably reduced the sequestration of gluta-
mate at the gut during carbohydrate ingestion, since the
majority of the bolus of glutamate would have overwhelmed
the pathways in the gut and have already entered into the cir-
culation before the ingestion of carbohydrate.

Glutamate is associated with improved glucose
metabolism

During the GLU 4 CHO trial, peak serum glucose concen-
tration was, on average, depressed by 30%, and delayed by
15 min, relative to the CHO trial. Bertrand et al.”’ reported
similar findings in normal rats: glutamate was responsible for
a significant decrease in glucose AUC during intravenous glu-
cose tolerance tests and oral glucose tolerance tests. However,
the peak value and timing of serum glucose concentrations
was not affected by glutamate. Chevassus et al.'"
tered glutamate during oral glucose tolerance tests in human
subjects and noted no change in serum glucose levels. To
our knowledge, these are the only studies that have assessed
the response of serum glucose levels to glutamate ingestion.
Although Stegink er al."® administered glutamate and car-
bohydrate in their protocol, they only measured plasma
glutamate levels. It is possible that we observed a greater dam-
pening effect of glutamate on serum glucose in the present
study due to the staggered administration of MSG and
carbohydrate. Some authors have speculated that when MSG
and carbohydrate are ingested simultaneously, glutamate is
retained in the gut and prevented from entering into the
circulation due to increased flux through the alanine amino-
transferase reaction. Delaying carbohydrate administration in

adminis-
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the present study, and therefore decreasing the availability of
pyruvate (a substrate for the alanine aminotransferase
reaction), might have allowed glutamate to enter into the
circulation more efficiently. It may be that as circulating
glutamate is taken up by skeletal muscle, it facilitates the sim-
ultaneous uptake of glucose by skeletal muscle. This hypoth-

1?? who conducted a

esis is supported by Thomassen et a
study on patients who underwent arterial—femoral vein cathe-
terisation and received intravenous MSG. As glutamate was
infused directly into the circulation of patients, substrate utilis-
ation in lower-limb skeletal muscle appeared to shift from
NEFA to glucose. If glutamate facilitates glucose uptake by
skeletal muscle, it does not necessarily follow that this increased
glucose uptake would be captured using the Matsuda index. We
did not observe differences in the Matsuda index of insulin
sensitivity between the CHO and GLU + CHO trials; however,
this index provides an assessment of whole-body insulin
sensitivity and therefore may not be reflective of changes
in peripheral tissues such as skeletal muscle. Moreover, the
Matsuda index is dependent on changes in both insulin and
glucose during a glucose challenge. Using the protocol in the
present study, more invasive and informative techniques,
such as muscle biopsies, are needed to further elucidate the
role of glutamate in glucose metabolism.

Contrary to our hypotheses, insulin secretion was not
on average augmented in the GLU + CHO trial compared
with the CHO trial. Based on our sub-analysis, it appears
that glutamate, when combined with carbohydrate, elicits
one of two insulin responses, depending on the individual.
Although the present study was not designed to explore this
question, we did remark that the differences between these
two groups of participants were not explained by factors
associated with glucose handling, such as habitual activity
levels (assessed using the Baecke questionnaire)®®, fasting
glucose®®, available glutamate® a9,
Further investigation into the cause of this difference in insulin
response is warranted.

or insulin sensitivity

Conclusions

In delaying carbohydrate administration 30 min relative to
MSG ingestion, we achieved peak plasma glutamate and
carbohydrate concentrations within a similar time frame and
magnitude relative to the consumption of MSG alone.
Increased glutamate availability was associated with a blunted
and delayed elevation in serum glucose concentrations
without an accompanying increase in insulin secretion. MSG
and carbohydrate supplementation therefore can be used
as a tool to manipulate plasma glutamate concentrations,
provided their administration is staggered. Future studies
should investigate responses to glutamate and carbohydrate
supplementation in muscle, while controlling for potential
differences in insulin responses.
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