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Physiology and Biochemistry

The Effect of Free Glutamine and Peptide Ingestion on the Rate
of Muscle Glycogen Resynthesis in Man
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The present study investigated previous claims that inges-
tion of glutamine and of protein-carbohydrate mixtures may in-
crease the rate of glycogen resynthesis following intense exer-
cise. Eight trained subjects were studied during 3 h of recovery
while consuming one of four drinks in random order. Drinks
were ingested in three 500 ml boluses, immediately after exer-
cise and then after 1 and 2 h of recovery. Each bolus of the con-
trol drink contained 0.8 gx kg™ body weight of glucose. The
other drinks contained the same amount of glucose and
0.3 g xkg™' body weight of 1) glutamine, 2) a wheat hydrolysate
(26% glutamine) and 3) a whey hydrolysate (6.6% glutamine).
Plasma glutamine, decreased by approximately 20% during re-
covery with ingestion of the control drink, no changes with in-
gestion of the protein hydrolysates drinks, and a 2-fold increase
with ingestion of the free glutamine drinks. The rate of glycogen
resynthesis was not significantly different in the four tests:
28+5, 26+6, 3344, and 34+ 3 mmol glucosyl units xkg' dry
weight muscle x h-" for the control, glutamine, wheat- and whey
hydrolysate ingestion, respectively. It is concluded that inges-
tion of a glutamine/carbohydrate mixture does not increase the
rate of glycogen resynthesis in muscle. Clycogen resynthesis
rates were higher, although not statistically significant, after in-
gestion of the drink containing the wheat (21+8%) and whey
protein hydrolysate (20 + 6 %) compared to ingestion of the con-
trol and free glutamine drinks, implying that further research is
needed on the potential protein effect.
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Introduction

Muscle glycogen from a quantitative point is the most impor-
tant energy source during prolonged dynamic exercise at in-
tensities of >60% VO,max [22]. The glycogen stores in man
are relatively small (6080 g in liver and 500-700 g in muscle
of trained athletes). The muscle glycogen concentration may
fall during prolonged competitive exercise from resting values
of 150 to values of 25 mmol glucosy! units x kg-! wet weight
muscle and lower. Depletion of the glycogen stores leads to fa-
tigue at moderate to high exercise intensities. In events such as
the Tour de France, where athletes cycle for several weeks 6 -
9h daily at very high energy expenditures, complete resyn-
thesis of muscle glycogen is needed for optimal performance
the next day. However, previous studies have reported glyco-
gen resynthesis rates of 5-6 mmol glucosyl units x kg-! wet
weight muscle x ! [2,13,21,28] in the first 4-8 hours after
exercise, and this implies that it may take 16-20h for com-
plete glycogen resynthesis to occur. Such time periods are not
available on most days in the Tour de France, and nutritional
strategies to increase the glycogen resynthesis rate may, there-
fore, be important to obtain complete resynthesis.

Doubling of the rate of carbohydrate ingestion from 1.5 gfkg
body weight per 2 h in a drink to 3 gfkg body weight did not
further increase the glycogen resynthesis rate [13]. Similar
rates of glycogen resynthesis also were obtained when 3 gfkg
body weight of glucose was taken orally every 2 h as a drink
and in solid form and when the same amount was given by
continuous intravenous infusion [21].

Two potential interventions have recently been published that
may help to increase glycogen resynthesis rates following ex-
ercise. Zawadzki et al, [28] reported that addition of protein to
a carbohydrate drink significantly increased glycogen resyn-
thesis rates by 37%. As higher plasma insulin concentrations
were observed after ingestion of a carbohydrate/protein mix-
ture than after carbohydrate ingestion alone, it was suggested
that the insulin effect on glycogen synthase was responsible
for the observed effect [12,14]. Varnier et al. [27] recently re-
ported that intravenous infusion of glutamine increased mus-
cle glycogen resynthesis rates in man. However, glycogen re-
synthesis was measured at sub-maximal rates in the latter
study in the absence of ingested glucose. It was suggested that
glutamine may directly stimulate glycogen synthase by activa-
tion of glycogen synthase phosphatase [27]. Such an effect of
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glutamine has previously also been observed in isolated hepa-
tocytes [16] and is potentially related to an increase in cell vol-
ume [1}, which again may act as a general anabolic signal in
mammalian cells [10].

It cannot be ruled out that the stimulation of glycogen resyn-
thesis by co-ingestion of protein as observed by Zawadzki et al.
[28] in part is also mediated by an increase in plasma gluta-
mine concentration, as plasma glutamine increases after in-
gestion of a protein containing meal [6]. The present study
was designed, therefore, to investigate whether 1) the gluta-
mine content of the protein source co-ingested with carbohy-
drate has an effect on glycogen resynthesis rates and whether
2) co-ingestion of free glutamine and glucose also stimulates
glycogen resynthesis rates. Therefore, subjects were studied
during 3h of recovery from intermittent exercise, causing
muscle glycogen depletion, while ingesting at regular intervals
drinks containing 1) glucose only; 2) glucose and free gluta-~
mine; 3) glucose and a protein hydrolysate with a high gluta-
mine content; 4) glucose and a protein hydrolysate with a nor-
mal glutamine content.

Methods
Subjects

Eight well trained male cyclists participated in this study. Their
mean age, weight, height, and maximal one leg power output
were 253 yr, 72 £3 kg, 1.83 £0.03 m and 5.0 +0.2 Watt x kg~!
body weight, All subjects were healthy trained cyclists. The
subjects were informed about possible risks and discomfort
involved in this experiment before giving their voluntary con-
sent to participate. The study was carried out in accordance
with the Declaration of Helsinki and has been approved by
the Ethical Committee of Maastricht University.

Experimental protocol

Each subject underwent four randomized experimental treat-
ments separated by at least 7 days. Three days before the ac-
tual experiment started subjects had to perform a graded exer-
cise test in order to determine their maximal power output
(Whax). On the experimental days subjects reported to the la-
boratory at 8.30 after an overnight fast. Muscle glycogen was
lowered before the treatment by intense cycle ergometer exer-
cise, The glycogen depletion protocol was as described pre-
viously by Kuipers et al. [15]. Following a warm up period of
10 min at 50% of their W, the subjects had to cycle blocks of
2 min in duration at an alternating workload of 90% and 50 % of
their respective Wp,,,. This was continued until they were not
able to complete the 2 min at 90% W,,,,. That moment was de-
fined as the inability to maintain a cycling speed of 60 revolu-
tions per min. The high intensity block was then reduced to
80% Way Again the subjects had to cycle until they were un-
able to complete the 2 min at 80% W, and the intensity was
reduced to 70% Wi,,,. When the 70% W, could not be com-
pleted, subjects were allowed to stop. During the glycogen de-
pletion cycle exercise the subjects were cooled with standing
floor fans in a room with a constant temperature of 20°C, Wa-
ter was provided ad libitum before, during, and after the tests.

After cessation of the glycogen depletion exercise bout the
subjects were allowed to take a shower, and a catheter was in-

serted in an anticubital vein. Approximately 15 min after the
end of the exercise period the pre-treatment blood sample
and muscle biopsy were taken, and the first bolus of the test
drink was immediately provided. Another bolus was given
after 1 and 2 h of recovery, Each bolus of the control drink con-
tained 0.8 gx kg-! body weight glucose (Amylum, Belgium).
The other drinks contained 0.8 gx kg~! body weight glucose
(Amylum, Belgium) and in addition either 1) 0.3 g x kg~! body
weight glutarnine (Degussa, The Netherlands), 2) 0.3 gx kg™!
body weight of a wheat protein hydrolysate with a high gluta-
mine content (Quest International, The Netherlands), and 3}
0.3 g x kg~! body weight of a whey protein hydrolysate with a
normal glutamine content (Quest International, The Nether-
lands). The protein hydrolysate with the high glutamine con-
tent was a polypeptide derived from wheat protein with a
mean chain length of 11 amino acids and a glutamine content
of 26 %, The whey protein hydrolysate had a mean chain length
of 5.5 and a glutamine content of 6.6%. All supplements were
dissolved in water to a volume of 500 ml,

Tissue collection and blood sampling

Muscle biopsies from the quadriceps muscle were taken
15 min after the glycogen depletion protocol and 3 h thereafter
from the contralateral leg. Muscle specimens were analyzed
for glycogen concentration and glycogen synthase activity (ac-
tive and total). Blood samples (3 ml) were drawn before the
first bolus of the test drinks and then every 30 min. Venous
blood was centrifuged to obtain plasma and immediately fro-

zen in liquid nitrogen and analyzed for glucose, glutamine, and
insulin.

Analysis

Glucose and glutamine [17] were measured enzymatically on a
COBAS BIO analyzer (Roche, The Netherlands). Insulin was
measured with a commercially available radio immunoassay
kit (Pharmacia, Sweden).

For glycogen determination + 50 mg of wet weight muscle was
heated for 3 hours at 37°Cwith 1 ml of 1 M NaOH. 1 ml of etha-
nol was added and heated for 10 min at 85°C in sealed tubes.
The solution was then kept at 4°C for 20 hours to precipitate
glycogen and then centrifuged. 500! 1M HCl was added to
the glycogen pellet and then heated for 3 hours to 100°C to hy-
drolyse the glycogen to glucosyl units. The final solution was
neutralized with 1 M NaOH. 150 pl was used for enzymatic de~
termination of glucose,

Glycogen synthase activity was measured by the method of

Danforth [4] in which 30 mg of muscle tissue was homoge-

nized in SET buffer, 250 mM sucrose, 2 mM EDTA and 10 mM
Tris with a pH of 7.4, The enzyme activity was assayed at pH
7.4 and 30°C in a reaction mixture containing 60 mM Tris,
1.2mM EDTA, 3 mM mercaptoethanol, 1.2 mM NaF, 7.5 mM
UDP-glucose, and 1.2% glycogen. The assay was carried out in
the presence and absence of 12 mM glucose-6-P to measure
total glycogen synthase activity (GS,,) and active glycogen
synthase activity (GS,). The reaction was terminated by heat-
ing for 2 min in a boiling water bath. The denatured protein
was removed by centrifugation, the supernatant solution was
assayed enzymatically for UDP. UDP was measured by allow-
ing the UDP to react with phosphoenolpyruvate in the pres-
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ence of pyruvate kinase, The formed pyruvate was measured
spectrophotometrically with lactate dehydrogenase. Activities
are expressed as pmol of glycosyl units from UDP-glucose in-
corporated into glycogenx min~'xg-! wet weight muscle at
30°C.

Statistical analysis

All data are presented as means t SE. Statistical analysis of the
data was done using one way repeated measures analysis of
variance (ANOVA). Differences between treatments were
checked for statistical significance using the Fisher's protected
least significant difference test. Statistical significance was set
at P<0.05.

Results

Plasma glutamine decreased to a concentration approximately
20% below the first sample point 15 min after cessation of ex-
ercise (Fig.1a) when the control drink with only glucose was
ingested. Co-ingestion of both protein hydrolysates prevented
this decrease in plasma glutamine concentration. However, no
difference was observed between the hydrolysate with a high
and a low glutamine content, despite the 4-fold higher gluta-
mine content in the former. Ingestion of free glutamine caused
a 2-fold increase in the plasma glutamine concentration
(Fig.1a). The amount of glutamine given as the free amino acid
was 4-fold higher than the amount of glutamine ingested as
the hydrolysate with the high glutamine content.

Plasma glucose concentration doubled 30 min after ingestion
of the different drinks but gradually decreased thereafter to
the pre-treatment concentration (Fig.1b ). Ingestion of the
2nd and 3rd bolus temporarily increased plasma glucose
again. Plasma insulin concentration increased after ingestion
of the drinks with the highest increase present 30 min after in-
gestion of the drinks compared to 60 min. The increase was
much higher after the 3rd bolus than after the 2nd and 1st bo-
lus. However, the increase only reached significance with in-
gestion of both protein hydrolysate containing drinks
(P=0.01). A very rapid decrease occurred between 30 and
60 min after ingestion of the holuses, especially after ingestion
of the 3rd bolus. No differences existed in plasma insulin con-
centration 60 min after ingestion of the 3rd bolus, and the con-
centration at that time was not significantly different from the
immediate post-exercise value. Although plasma insulin con-
centration was significantly higher between 30 and 150 min
of the recovery period with both protein hydrolysates com-
pared to the control drink (Fig.1c), no differences were ob-
served between drinks in plasma glucose concentration
(Fig.1b). Plasma glucose concentration gradually decreased
during recovery while plasma insulin concentration gradually
increased.

Muscle glycogen concentration did not differ significantly be-
fore and after 3 h of recovery between treatments (Fig. 2). The
rate of glycogen resynthesis was similar after ingestion of the
control and glutamine containing drinks. However, glycogen
resynthesis rates were higher, although not statistically signif-
icant, after ingestion of the drink containing the wheat-
(21+8%) and whey protein hydrolysate (20+6%) compared
to ingestion of the control and free glutamine (Fig. 2). Glycogen
synthase activity was the same immediately after the exercise
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for 8 subjects.

Table 1 Glycogen synthase activity after 3 h of recovery from intense
exercise with ingestion of glucose or with the additives free glutamine,
a high glutamine content protein hydrolysate and a control hydroly-
sate

Glycogen synthase Total Actual % active
activity activity  activity
{umol x g=1 x min-1)
Glucose postex 24+0.2 1.6+0.1 68%
3h 21+0.3 1.5x0.2 72+
Glucose + post-ex  1.9£0.2 1.3x0.2 68+%2
free glutamine 3h 2.4£0.1 1.8+0.1 733
Glucose + postex 2402 17x01 71%2
gln hydrolysate 3h 24+02 1.8+02 77+2
Glucose + post-ex 21£0.2 14+02 70x4
contr hydrolysate 3h 2604 17102 7215

Values are means = SEM for 8 subjects.

bout and after 3 hours of recovery. No differences were ob-
served between the drinks (Table 1),

Discussion

A major finding of this study is that we, in contrast to a pre-
vious study [27,8], did not find an effect of glutamine on the
rate of glycogen resynthesis following exercise, despite a dou-
bling of the plasma glutamine concentration after oral inges-
tion of the glutamine containing drink, A major difference is
that we measured glycogen synthesis rates after oral ingestion
of a glucose/free glutamine mixture, while Varnier and coliea-
gues [27] infused glutamine only and measured very low gly-
cogen synthesis rates far from maximal in the absence of glu-
cose ingestion or infusion. Furthermore, we can conclude from
our data that the intake of excessive amounts of glutamine and
a doubling of the plasma glutamine concentration does not
lead to increased glycogen synthase activities in muscle in vivo
as previously observed in rat muscle in vitro [23]. A puzzling
observation in this study is that the plasma glutamine concen-
tration was not higher after ingestion of the hydrolysate with
the high glutamine content compared to the normal glutamine

content hydrolysate while the glutamine content of the former
was nearly 4-fold higher. A possible explanation for this obser-
vation is that glutamine is an important fuel for the gut [26],
and the additional glutamine in the hydrolysate with the high
glutamine content may have been oxidised and not appeared
in the main circulation. Several explanations may be given for
the fact that free glutamine gave a much higher increase in
plasma glutamine than the peptide bound glutamine. The
most important are: 1) The amount of glutamine given was 4-
fold greater and may have exceeded the maximal capacity of
the splanchnic area to extract and metabolise glutamine
[5,18]; 2) The hydrolysate contains all amino acids, and thus
the rate of protein synthesis may have been enhanced and part
of the glutamine may have beén incorporated in gut and liver
protein. In case of only glutamine ingestion potentially protein
synthesis is not enhanced as the other amino acids are lacking
resulting in a lower incorporation of glutamine in protein and
therefore a higher plasma glutamine concentration.

Insulin is an activator of muscle glycogen synthesis because of
its stimulating effect on glucose transport and glycogen syn-
thase activity [12,14]. The latter enzyme is the rate limiting en-
zyme in the glycogen synthesis pathway. Pancreatic insulin se-
cretion is primarily regulated by blood glucose concentration,
but protein ingestion also has been shown to stimulate insulin
secretion in vivo [19,20]. Intravenous infusion of several essen-
tial amino acids also increases plasma insulin concentrations
invivo [7-9]. Some of these amino acids exert a synergistic ef-
fect when infused in combination with glucose [8]. Several
amino acids also have been shown to stimulate insulin release
in vitro by pancreatic p-cells [11,24]. Glutamine has been
shown to have a permissive effect in vitro in that it may en-
hance the insulinotropic effect of other amino acids without
having an effect on its own [24,25].

In this study ingestion of the protein hydrolysates also caused
a doubling of the insulin concentration during most of the re-
covery period, and although differences were not significant,
the rates of glycogen resynthesis were appoximately 20%
higher compared to ingestion of glucose only. We did not ob-
serve higher insulin concentrations following the ingestion of
the peptide with the high glutamine content than following in-
gestion of the peptide with the normal glutamine content, nor
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an increase of the insulin concentration following ingestion of
the drink with free glutamine. This suggests that the permis-
sive effect of glutamine observed in vitro [24,25] is not seen
in vivo, probably because ample glutamine is around in vivo.

After 3 h of recovery we did not observe differences in plasma
insulin concentration between the four drinks. This in fact may
be the reason that glycogen synthase activity was also not dif-
ferent. However, since insulin concentration was higher during
most of the recovery period after ingestion of both protein hy-
drolysates, glycogen synthase activity may also have been
higher during most of the recovery period and, therefore, may
have caused a higher mean glycogen synthesis rate. Zawadzki
et al. [28] found a significant increase in the rate of glycogen
synthesis during 4 hours of recovery when carbohydrates and
intact protein were ingested compared to carbohydrates alone
and attributed this effect to the higher insulin response with
protein ingestion. Although the differences were not signifi-
cant in this study, we therefore appear to confirm most of the
data of Zawadzki et al. [28]. Burke et al. [3] were not able to
find a positive effect on net glycogen accumulation or insulin
concentration 24 hour after exercise with carbohydrate, pro-
tein and fat ingestion in the recovery period compared to car-
bohydrates alone. However, Burke et al. [3] did not sample in
the early period where effects are expected to be larger. Muscle
glycogen has been suggested to regulate its own synthesis.
Negative feedback may reduce the glycogen synthesis rate
and lead to a similar glycogen concentration after 24 h, despite
early differences between treatments.

As indicated in the introduction Tour de France cyclists and
other athletes exercising for a long time at relative high inten-
sity often have no more than 14-16 h between exercise bouts
on subsequent days. Within that period they may have to re-
plenish 100 mmol of glucosyl units x kg-! wet weight muscle.
With the glycogen resynthesis rates measured in the control
treatment (Fig.2) it takes 16-20h to reach full glycogen
stores, with the hydrolysates only 12-16 h. This implies that
with only carbohydrate supplementation the muscle glycogen
stores may not be completely restored. Although we failed to
find significant differences between the treatments, the ap-
proximately 20% higher glycogen resynthesis rates with pro-
tein hydrolysate ingestion may thus be important in sport
practice. Therefore, further research is needed to definitively
establish the existence of an enhancing effect of protein or pro-
tein hydrolysates on the rate of glycogen resynthesis and to in-
vestigate the optimal ratio between carbohydrate and protein
intake for maximal glycogen resynthesis rates.

In conclusion, ingestion of free glutamine did not increase the
rate of glycogen resynthesis in the 3 h recovery period follow-
ing intermittent high intensity exercise despite a massive in-
crease in the plasma glutamine concentration. Furthermore,
this increase in plasma glutamine concentration did not in-
crease glycogen synthase activity in vivo 3 h post-exercise, In-
gestion of a hydrolysate with a high glutamine content did not
increase plasma glutamine concentration compared to a hy-
drolysate with a normal glutamine content despite a 4-fold
higher glutamine content, Both protein hydrolysates prevent-
ed the decrease in plasma glutamine concentration during re-
covery from intense exercise. Both protein hydrolysates in-
creased the rate of glycogen resynthesis during recovery most
likely via a stimulating effect on insulin secretion, but the dif-

ference was not statistically significant implying that further
research is needed to definitively establish the existence of
the protein effect and its potential relevance for sports prac-
tice.
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