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Abstract The pattern of muscle glycogen synthesis following glycogen-depleting exer-

cise occurs in two phases. Initially, there is a period of rapid synthesis of muscle
glycogen that does not require the presence of insulin and lasts about 30-60
minutes. This rapid phase of muscle glycogen synthesis is characterised by an
exercise-induced translocation of glucose transporter carrier protein-4 to the cell
surface, leading to an increased permeability of the muscle membrane to glucose.
Following this rapid phase of glycogen synthesis, muscle glycogen synthesis
occurs at a much slower rate and this phase can last for several hours. Both muscle
contraction and insulin have been shown to increase the activity of glycogen
synthase, the rate-limiting enzyme in glycogen synthesis. Furthermore, it has been
shown that muscle glycogen concentration is a potent regulator of glycogen
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synthase. Low muscle glycogen concentrations following exercise are associated
with an increased rate of glucose transport and an increased capacity to convert
glucose into glycogen.

The highest muscle glycogen synthesis rates have been reported when large
amounts of carbohydrate (1.0-1.85 g/kg/h) are consumed immediately post-
-exercise and at 15-60 minute intervals thereafter, for up to 5 hours post-exercise.
When carbohydrate ingestion is delayed by several hours, this may lead to ~50%
lower rates of muscle glycogen synthesis. The addition of certain amino acids and/
or proteins to a carbohydrate supplement can increase muscle glycogen synthesis
rates, most probably because of an enhanced insulin response. However, when
carbohydrate intake is high (=1.2 g/kg/h) and provided at regular intervals, a
further increase in insulin concentrations by additional supplementation of protein
and/or amino acids does not further increase the rate of muscle glycogen synthe-
sis. Thus, when carbohydrate intake is insufficient (<1.2 g/kg/h), the addition of
certain amino acids and/or proteins may be beneficial for muscle glycogen
synthesis. Furthermore, ingestion of insulinotropic protein and/or amino acid
mixtures might stimulate post-exercise net muscle protein anabolism. Suggestions
have been made that carbohydrate availability is the main limiting factor for
glycogen synthesis. A large part of the ingested glucose that enters the blood-
stream appears to be extracted by tissues other than the exercise muscle (i.e. liver,
other muscle groups or fat tissue) and may therefore limit the amount of glucose
available to maximise muscle glycogen synthesis rates. Furthermore, intestinal
glucose absorption may also be a rate-limiting factor for muscle glycogen synthe-
sis when large quantities (>1 g/min) of glucose are ingested following exercise.

Muscle glycogen is the primary fuel source dur-
ing prolonged moderate-to-high intensity exer-
cise.['l Fatigue during prolonged exercise is often
associated with muscle glycogen depletion!>3! and
therefore high pre-exercise muscle glycogen levels
are believed to be essential for optimal perform-
ance.*7 The restoration of muscle glycogen stores
following exhaustive exercise is probably the most
important factor determining the time needed to
recover. It appears that muscle glycogen synthesis in
the post-exercise recovery period has such high met-
abolic priority that intramuscular triglycerides are
broken down at an increased rate to supply lipid fuel
for oxidative muscle metabolism.[®! Depending on
the extent of glycogen depletion and provided that
sufficient carbohydrate (CHO) is consumed, the
complete restoration of muscle glycogen can occur
within 24 hours.'>*'!l' Furthermore, it has been
shown that when a high-CHO diet is consumed for
at least 3 days after exercise, muscle glycogen con-
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centrations can increase to above ‘normal’ levels in
the previously exercised muscle, a process often
referred to as glycogen supercompensation.!'?!

While dietary interventions to achieve supercom-
pensated muscle glycogen concentrations in prepa-
ration for competition have been well defined,!3-1¢!
these procedures do not address the problem of
athletic events that require rapid synthesis of muscle
glycogen within a short period of time (<8 hours).
Athletes may train or compete more than once per
day, and some events require qualification <8 hours
before the actual event. Although it is unlikely that
muscle glycogen stores can be completely
resynthesised within hours, it would be of benefit to
the athlete to define nutrition guidelines that would
maximise the rate of glycogen storage in the early
hours post-exercise.

In this review a detailed summary of the literature
on post-exercise muscle glycogen synthesis during
short-term recovery (<8 hours) will be presented.

Sports Med 2003; 33 (2)
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The main questions that will be addressed are: what
are the best nutritional strategies to obtain maximal
muscle glycogen synthesis rates following exercise
and which factors limit the ability of skeletal muscle
to synthesise glycogen. The purpose of this review is
to give a comprehensive overview and critical dis-
cussion of the research that has addressed the factors
affecting post-exercise muscle glycogen synthesis.
This review will conclude with guidelines for CHO
ingestion post-exercise to achieve high rates of mus-
cle glycogen synthesis and to maintain high muscle
glycogen concentrations for daily training or com-
petition. It should be noted that results of different
studies are sometimes difficult to compare because
of differences in experimental designs, such as vari-
ations in biopsy methods, site of biopsy taking,
timing of biopsy taking, pre- and post-exercise mus-
cle glycogen concentrations and training status of
participants. The reader should keep this in mind
when interpreting the results of various studies. In
order to facilitate comparison of data between stud-
ies, muscle glycogen synthesis rates in this review
are all expressed as mmol/kg dry weight (dw)/h,
unless otherwise stated. Therefore, muscle glycogen
concentrations reported in the literature as mmol/kg
wet weight (ww), were multiplied by 4.28 to ac-
count for water weight.['”]

1. Regulation of Muscle
Glycogen Synthesis

1.1 Glucose Transport

Replenishment of muscle or liver glycogen stores
requires glucose derived from the diet or glucose
resulting from gluconeogenesis. In the postabsorb-
tive state, the majority of glucose for glycogen syn-
thesis comes from orally ingested CHO. The first
step in the pathway of muscle glycogen synthesis is
the transport of glucose across the muscle cell mem-
brane (figure 1). Glucose transport in the skeletal
muscle occurs primarily by facilitated diffusion,
utilising glucose transporter carrier proteins
(GLUT).["8 Two isoforms of the facilitative glucose
transporter family, GLUT-4 and GLUT-1, are ex-
pressed in the skeletal muscle."”! GLUT-1 is present
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in very low abundance in skeletal muscle and is
suggested to play a role in basal glucose uptake by
the muscle.””) In the unstimulated state, the
GLUT-4 isoform is located intracellularly and is
translocated to the plasma membrane when insulin
binds to its receptor. Muscle contractions stimulate
glucose transport directly, independent of insulin
action, by inducing the GLUT-4 transporter to the
cell surface (figure 1).2'?21 The observation that
maximal insulin stimulation and contraction have
additive effects on translocation of GLUT-4 in mus-
cle may suggest the presence of two different pools
of glucose transporters.l'®2!1 However, the exact in-
tracellular locations of the putative exercise- and
insulin-stimulated GLUT-4 pools (pools A and B,
respectively in figure 1) have not yet been elucidat-
ed. The maximal rate of muscle glucose transport is
determined by both the total GLUT-4 concentration
and the proportion that is translocated to the cell
membrane in response to insulin and/or muscle con-
traction.?3! Furthermore, the intracellular signalling
pathways that lead to insulin- and exercise-stimulat-
ed GLUT-4 translocation are also different. Insulin
activates a phosphatidylinositol-3-kinase-dependent
mechanism, whereas the contraction signal may be
initiated by calcium (Ca2*) release from the
sarcoplasmic reticulum, leading to the activation of
other signalling intermediaries (e.g. protein kinase
C). Other possible signals that trigger exercise-in-
duced GLUT-4 translocation are: increased concen-
trations of nitric oxide and adenosine, increased
activity of AMPK and low muscle glycogen concen-
trations. The importance of the GLUT-4 transporters
for muscle glycogen synthesis will be further dis-
cussed in section 2.1. In addition, for more detailed
information on this topic the reader is referred to
reviews by Ivy and Kuo® and by Richter et al.l>!

1.2 Conversion of Glucose to Glycogen

Upon entering the muscle cell, glucose is rapidly
phosphorylated to glucose-6-phosphate (G6P) by
the enzyme hexokinase (figure 1).?%1 G6P is then
converted to glucose-1-phospate (G1P) by the ac-
tion of phosphoglucomutase. Thereafter, uridine
diphosphate glucose (UDP-glucose) is synthesised

Sports Med 2003; 33 (2)
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Fig. 1. Schematic representation of muscle glycogen synthesis in skeletal muscle (see sections 1.1 and 1.2 for details). AMPK = AMP-
activated protein kinase; G1P = glucose-1-phosphate; G6P = glucose-6-phosphate; GLUT-4 = glucose transporter-4; IRS-1 = insulin
receptor substrate-1; NO = nitric oxide; PI-3-kinase = phosphatidylinositol-3-kinase; PKC = protein kinase C; UDP = uridine diphosphate.
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from G1P and uridine triphosphate (UTP), catalysed
by GI1P uridyltransferase.

The glucose residue is then attached by an o-1,4
glycosidic bond to the free end of a pre-existing
glycogen molecule and UDP is subsequently re-
leased from the enzyme. The incorporation of the
glycosyl residue from UDP-glucose into glycogen is
catalysed by glycogen synthase.””) Of note, glyco-
gen contains many branches, with branching points
formed by o-1,6 bonds after every 8-12 glucose
units (figure 1). These glycogen branches provide
numerous free ends that are readily accessible for
glycogen synthesis or degradation. The branch
points are introduced into the glycogen structure by
the activity of amylo-(1,4-1,6)-transglycosylase, al-
so termed the branching enzyme. This enzyme
transfers a fragment of 6-7 glucose residues (de-
tached from a polymer of at least 11 glucose resi-
dues long) to a neighbouring chain, where it is re-
attached by an o-1,6 bond (figure 1).

Until recently, the source of the first glycogen
molecule that might act as a primer in glycogen
synthesis was unknown. It has been demonstrated
that a protein called glycogenin is located at the core
of the glycogen molecules.”33% Glycogenin is
characterised by autocatalytic activity that enables it
to transfer glucose residues from UDP-glucose to
itself. Before glycogenin is able to synthesise a
glycogen molecule, it is considered that glycogenin
and glycogen synthase must first form a tight 1:1
complex.?%31 Glycogenin subsequently generates
an oligosaccharide primer of 7-11 glycosyl resi-
dues, which serves as a substrate for glycogen
synthase (figure 1). The branching enzyme and gly-
cogen synthase then act to catalyse the formation of
two physiologically distinct pools of glycogen:
proglycogen and macroglycogen.?®! The formation
of proglycogen occurs first and as more glycosyl
units are added, proglycogen expands to the
macroglycogen form (figure 1). The two glycogen
pools have identical protein contents but differ in the
number of glycogen units, with proglycogen being
the smaller glycogen entity with a molecular mass of
up to 4 X105 Da, whereas macroglycogen can reach
a molecular mass of 107 kDa.’23! Furthermore,

© Adis Data Information BV 2003. All rights reserved.

proglycogen and macroglycogen appear to differ in
their rates of degradation and synthesis and in their
sensitivity to dietary manipulation.[3>3* It has been
reported that proglycogen is more sensitive to dieta-
ry CHO and is synthesised more rapidly following
post-exercise glycogen depletion, reaching a plateau
after 24 hours. On the other hand, the synthesis of
macroglycogen is relatively slow and more constant
and can last for at least 48 hours post-exercise.*!
The macroglycogen pool is also responsible for gly-
cogen supercompensation, observed when a high-
CHO diet is consumed in the days following glyco-
gen-depleting exercise.l??! At present, the exact reg-
ulatory mechanisms of the two glycogen pools and
the role of nutrition on the synthesis of these glyco-
gen pools are largely unknown. Most studies in this
review have reported ‘total’ muscle glycogen con-
centrations and have not distinguished between sub
glycogen pools. More research is needed to better
understand the factors that regulate the balance be-
tween glycogenin, proglycogen and macroglycogen.

2. The Rapid and Slow Phases of
Glycogen Synthesis

Several studies have demonstrated that the pat-
tern of muscle glycogen synthesis following exer-
cise-induced glycogen depletion occurs in a
biphasic manner.3>*!1 When the results from a large
number of studies are combined and graphed, an
exponential relationship has been found between the
rate of muscle glycogen synthesis and post-exercise
recovery time.[*? Initially, there is a rapid phase of
glycogen synthesis, which generally lasts between
30-60 minutes. This phase can proceed without the
presence of insulin®®3 and is therefore also called
the insulin-independent phase. It has been suggested
that the rapid phase only occurs when post-exercise
muscle glycogen concentrations are lower than
128-150 mmol/kg dwl¥# and CHO is provided
immediately after exercise.*3! Following this rapid
phase of glycogen synthesis, muscle glycogen syn-
thesis occurs at a much slower rate (slow phase or
insulin-dependent phase) and, in the presence of
CHO availability and high insulin levels, this phase
can last for several hours.”! In sections 2.1 and 2.2

Sports Med 2003; 33 (2)
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the mechanisms and regulating factors responsible
for the two phases of muscle glycogen synthesis will
be discussed.

2.1 The Rapid Phase of Muscle
Glycogen Synthesis

A potential mechanism that may contribute to the
rapid phase of muscle glycogen synthesis is an in-
creased glycogen synthase activity immediately fol-
lowing exercise. Like many other enzymes, this
enzyme exists in an inactive non-phosphorylated
(D) form and a more active phosphorylated (I)
form.?”" The conversion of glycogen synthase D
into the more active I form involves the
dephosphorylation of glycogen synthase D by a
glycogen synthase phosphatase-I enzyme. Both
muscle contraction and insulin have been shown to
increase glycogen synthase activity.[!1:2744-461 Sever-
al studies have demonstrated a negative correlation
between post-exercise muscle glycogen concentra-
tion and the activity of glycogen synthase following
exercise.*7*91 It has recently been demonstrated that
muscle glycogen concentration is a far more potent
regulator of glycogen synthase activity than insulin
or muscle contraction.[*®! The reason for the inverse
relationship between muscle glycogen content and
glycogen synthase I activity may be related to bind-
ing of both glycogen synthase and glycogen
synthase phosphatase to glycogen as part of a glyco-
gen protein complex that also includes glycogen
phosphorylase.[>! When the glycogen concentration
decreases, both glycogen synthase phosphatase and
glycogen synthase are released. The active phospha-
tase then catalyses dephosphorylation of glycogen
synthase converting it to its I form,**! which may
lead to increased glycogen synthesis rates.5% It is
therefore likely that an increased glycogen synthase
activity induced by low post-exercise muscle glyco-
gen concentrations is partly responsible for the rapid
phase of muscle glycogen synthesis.

Although glycogen synthase is suggested to be
the rate-limiting enzyme for muscle glycogen syn-
thesis, a fast glycogen synthesis rate can only pro-
ceed when adequate glucose is available in the mus-
cle. Thus, another important mechanism responsible
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for the rapid increase in muscle glycogen after exer-
cise might be a protracted increase in the permeabil-
ity of the muscle cell membrane to glucose.!-53
The relative importance of glycogen synthase and
glucose transport in controlling the rate of glycogen
synthesis has been debated over the years. Recently,
much attention has focused on the importance of
glucose transporters in determining the rate of gly-
cogen synthesis,’*>! and a widely held view is that
most of the control is at the level of the glucose
transporter.>%>7!

Several studies in animals21-3438-601 and in

humans?>°%611 have shown that an acute exercise
session can initiate an increase in muscle GLUT-4
protein expression, which can be further enhanced
when a CHO supplement is provided following ex-
ercise.’* More importantly, a positive correlation (r
= 0.63) has been found between muscle GLUT-4
protein concentration and glycogen storage in
human skeletal muscle during a 6-hour post-exer-
cise period.®” This finding is further supported by
the results of a study in genetically modified mice
that were GLUT-4 deficient.l Muscle glycogen
levels were completely restored 5 hours post-exer-
cise in muscles that contained GLUT-4, whereas no
significant glycogen accumulation was observed in
skeletal muscle lacking GLUT-4 protein.[5?! It has
been suggested that the increase in glucose transport
immediately after exercise is the result of an in-
creased number of GLUT-4 transporters at the plas-
ma membrane rather than increased transport capac-
ity of GLUT-4 transporters (intrinsic activity).?*63!

The mechanism(s) responsible for the contrac-
tion-induced GLUT-4 translocation in skeletal mus-
cle is/are largely unknown. Possible signals that
trigger GLUT-4 translocation in contracting muscle
are increased concentrations of intracellular Ca2+,
nitric oxide and adenosine, increased activity of
AMP-activated protein kinase (AMPK) and low
muscle glycogen concentrations (figure 1).22563 It is
unlikely that contraction-induced muscle glucose
transport is regulated by the action of one signalling
pathway. Exercise-stimulated glucose transport is
most probably regulated by several intracellular sig-
nalling mechanisms that are activated to different

Sports Med 2003; 33 (2)
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extents according to the metabolic needs of the
muscle. Of note, muscle glycogen content has been
suggested as an important modulator of signalling
events in glucose metabolism during and after exer-
cise.[?>93 Fell et al.[% provided indirect evidence
suggesting that a low muscle glycogen content fol-
lowing exercise is associated with an increased rate
of glucose transport into the muscle and an in-
creased capacity to convert glucose into glycogen.
An inverse relationship has been found between
muscle glycogen concentration and insulin- and
contraction-induced  glucose  transport.[>+31.65.66]
This raises the possibility that glycogen may have
some control over the number of GLUT-4 transport-
ers that can be actively associated with the plasma
membrane.’ The mechanism by which glycogen
might control the plasma membrane GLUT-4 prote-
in concentration is not completely understood. One
possible mechanism by which glycogen levels could
influence glucose transport is the binding of
GLUT-4 protein or GLUT-4-containing vesicles to
the glycogen particles (figure 1). Coderre et al.[o7]
postulated that a large portion of the GLUT-4-con-
taining vesicles in skeletal muscle might be bound to
glycogen. This suggests that the number of
GLUT-4-containing vesicles available for transloca-
tion in response to insulin or contraction may in-
crease when the muscle glycogen concentration is
low, and decrease when the muscle glycogen con-
centration is high. One may question whether glyco-
gen depletion itself, or another metabolite or signal,
is the promoting factor of increased GLUT-4 trans-
porters at the cell membrane after glycogen-deplet-
ing exercise.[%!

In conclusion, post-exercise glycogen depletion
may induce an increase in the number of GLUT-4
transporters at the plasma membrane and in glyco-
gen synthase activity, both likely to be responsible
for the rapid phase of muscle glycogen synthesis.

2.2 The Slow Phase of Muscle
Glycogen Synthesis

The slow phase of muscle glycogen synthesis is
characterised by a marked increase in the sensitivity
of muscle glucose uptake and glycogen synthesis to
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insulin.®!! Insulin sensitivity is defined as the insu-
lin concentration that elicits 50% of the maximal
response.[®91 The increased muscle insulin sensi-
tivity after exercise can persist for a very long period
of time (>48 hours) depending on CHO intake and
the magnitude of glycogen concentration.®!]

Increased insulin sensitivity of skeletal muscle
glucose uptake is usually observed after a single
bout of exercise.!®870 Hansen et al.[®! have shown
that the increase in glucose transport, resulting from
increased insulin sensitivity 3.5 hours after a single
bout of exercise, was mediated by translocation of
more GLUT-4 transporters to the cell surface. The
magnitude of the increase in GLUT-4 translocation
closely matched the increase in glucose transport
activity, indicating that an increase in GLUT-4 in-
trinsic activity does not play a role in the exercise-
induced increase in insulin sensitivity.

Recently, it has been demonstrated that prior
exercise also increases the insulin sensitivity of gly-
cogen synthase activation.””! The mechanism for
this increased insulin sensitivity is poorly under-
stood but could possibly be ascribed to low glyco-
gen levels caused by exercise./*®7" In support of this
hypothesis, Derave et al.”!l demonstrated that insu-
lin-stimulated glucose transport in fast-twitch mus-
cle of rats was significantly higher when muscle
glycogen concentrations were low compared with
high muscle glycogen concentrations. The enhanced
insulin-stimulated glucose uptake in muscle with
low glycogen content has been associated with an
increased activity of protein kinase B (PKB; also
called Akt). Interestingly, the effect of muscle gly-
cogen content on insulin-stimulated glucose trans-
port was less pronounced in mixed-fibre type mus-
cle and was absent in slow-twitch muscle. These
findings suggest that the effect of muscle glycogen
content on insulin-stimulated glucose transport is
fibre type-specific or, more likely, muscle glycogen
is not the only factor responsible for the enhanced
insulin sensitivity after exercise.

Gao et al.l”?l have shown that the exercise-in-
duced increase in insulin sensitivity depends on a
serum factor present during the contraction period.
Furthermore, it has been recently suggested that the

Sports Med 2003; 33 (2)
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enhanced insulin sensitivity of muscle glucose
transport following exercise is mediated by activa-
tion of AMPK and involves a step beyond PKB.[73!
It was speculated that AMPK phosphorylates a pro-
tein that is involved in the translocation of GLUT-4
to the cell surface in response to a given submaximal
insulin level. In addition, several studies have sug-
gested that the exercise-induced increase in muscle
insulin sensitivity is partly a result of enhanced
activation of insulin-signalling molecules.!'36%71]
However, it is currently not known at which level of
the insulin-signalling pathway this enhancement
would occur.[®7 From the above studies is seems
reasonable to conclude that increased muscle insulin
sensitivity following exercise is regulated by a com-
bination of factors, including muscle glycogen con-
centration, serum factor(s), AMPK and insulin-sig-
nalling molecules.

3. Timing of Carbohydrate (CHO) Intake

A study by Ivy et al.*3! demonstrated 45% lower
muscle glycogen synthesis rates when CHO inges-
tion post-exercise was delayed by 2 hours compared
with the ingestion of CHO immediately post-exer-
cise (table I). The authors suggested that the reduced
rate of muscle glycogen storage was a result of
reduced muscle glucose uptake. An exercise-in-
duced increase in post-exercise glucose transport
has been shown to reverse rapidly in the absence of
CHO.B!38 Goodyear et al.’¥ demonstrated that 2
hours post-exercise, the number of glucose trans-
porters associated with the plasma membrane from
rat skeletal muscle had returned to pre-exercise con-
centrations. It is therefore not unlikely that the
delayed post-exercise CHO feeding in the study of
Ivy et al.*¥ was accompanied by a reduced number
of glucose transporters, which may have contributed
to the lower muscle glycogen synthesis rates. In a
study by Parkin et al.,[”* delayed ingestion of a high
glycemic index meal by 2 hours did not affect the
rate of muscle glycogen synthesis during an 8-hour
post-exercise period. These results seem in contrast
with the previous results of Ivy et al.[*¥) However, in
the study of Ivy et al.*3 muscle glycogen synthesis
rates were determined over a 4-hour post-exercise
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period, while Parkin et al.”* calculated muscle gly-
cogen synthesis rates over an 8-hour period. Muscle
glycogen has been found to inhibit its own synthe-
sis.[3 1t is not unlikely that muscle glycogen synthe-
sis rates in the study of Parkin et al.’# were higher
in the initial post-exercise period (the first 4-6 hours
post-exercise) with immediate CHO feeding com-
pared with delayed CHO feeding. It should be noted
that in the ‘immediate CHO feeding condition’ par-
ticipants ingested 0.8 g/kg/h during the first 4 hours
post-exercise and no CHO was ingested thereafter.
It cannot be ruled out that if CHO feeding was
continued for a second 4-hour period, this might
have resulted in a higher muscle glycogen storage 8
hours post-exercise.

Although it may be beyond the scope of this
review, it is interesting to note that recently it was
shown that whole body and leg protein synthesis, as
well as net protein deposition, is enhanced when
nutrients are consumed immediately after exercise
as opposed to 3 hours later.[’”! These data and those
of Ivy et al.® indicate that the timing of post-
exercise nutrient intake may affect the rate of mus-
cle glycogen synthesis, as well the rate of whole
body and leg protein synthesis.

Thus, it can be concluded that athletes should
consume CHO immediately after strenuous exercise
as this may increase the rate of muscle glycogen
storage. This CHO feeding strategy may be espe-
cially important when there is less than 8 hours
between two exercise bouts.

4. Amount of CHO

When no CHO is ingested after exercise, muscle
glycogen synthesis rates have been found to be low
(7-12 mmol/kg dw/h).l!743:87.921 The rate of muscle
glycogen storage with CHO supplementation
immediately after exercise has generally been re-
ported to be in a range of 20-50 mmol/kg dw/h
(table I).[33:38:40.43.48.77.88.89.921 Only a few studies have
directly investigated the effect of different rates of
CHO ingestion on muscle glycogen synthesis
rates.?>¥] Blom et al.’>! demonstrated that increas-
ing the CHO consumption from 0.18 to 0.35 g/kg/h
increased the rate of glycogen storage by more than

Sports Med 2003; 33 (2)
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Table I. Overview of the literature investigating post-exercise muscle glycogen synthesis during short-term recovery (<8h)?

Participants VOzmax Exercise protocol CHO intake CHO intake  Timing Intake of other Glycogen post- Period Glycogen Reference
(mL/kg) (g/h) (g/kg/h) (h)e nutrients exercise (h)e synthesis rate
(mmol/kg dw) (mmol/kg dw/h)
8 male Glycogen-depleting 70 (infusion) 1 0-4 33.3 0-4 85 Bergstrom &
exercise Hultman(78l
No exercise 70 (infusion) 1 0-4 325 0-4 115
5 male 51.5 Cycling to 14 (glucose) 0.18 0,2 and 4 137 0-5 9.0 Blom et al.l®®
exhaustion, int. 20
min 75% VOQmax
5 53.4 26 (glucose) 0.35 0,2 and 4 64 0-5 24.8
5 58.0 52 (glucose) 0.70 0,2 and 4 98 0-5 24.4
5 58.0 26 (sucrose) 0.35 0,2 and 4 34 0-5 26.5
7 57.8 25 (fructose) 0.35 0,2 and 4 98 0-5 13.7
5 male 51.6 Cycling to 80.6 1.4/0.7/0.7 0,1 and 2 94 0-3 40.0 Blom[77l
exhaustion, int. 20
min 75% VOQmax
32 (infusion) 0.37 0-3 60 0-3 35.6
4 male Cycling 70% 0.35 0,2, 4 and 6 0-8 8.4 Blom et al.l’8
VO2max to
exhaustion
4 0.7 18.9
4 1.0 23.0
7 male 42.3 Cycling 30 min 70% 30.5 (glucose) 0.4 0 50 0-2 22.7 Bowtell et al.’d
VOzmax, 6 x 1-min  30.5 (sucrose) 0.4 0 34 0-2 17.4
140% VOzma>_< and  20.6 (sucrose) 0.27 0 21 0-2 14.7
45 min 70% VO2max
7 male 38.9 Cycling 30 min 70% 30.5 0.4 0-0.33 0-2 21.6 Bowtell et al.[t%
V02ma)§, 6 x 1 min
140% VOQmax
30.5 0.4 0-0.33 8g glutamine 0-2 19.3
8 male 55.7 chling 75 min 70% 75.4 1 0, 0.5h until 107 0-4 31 Carrithers et
VOzmax, 6 x 1-min 3.5h al.le1
125% V02max
53.4 0.71 Protein + fat 118 0-4 28
64.8 0.86 Amino acids 87 0-4 29

Continued next page
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Table I. Contd
Participants VOzmax Exercise protocol CHO intake CHO intake Timing Intake of other Glycogen post- Period Glycogen Reference
(mL/kg) (g/h) (g/kg/h) (h)e nutrients exercise (h)e synthesis rate
(mmol/kg dw) (mmol/kg dw/h)
8 male 1 leg cycling 76 1.4/0.8/0.8 0,1 and?2 25 0-3 40 Casey et al.l%
exhaustion 18 (I) 0-3 40.6
33 (Il) 0-3 30.3
10 male Cycling 75 min 70% 126 1.6 0.25, 0.5h until 144 0-4 42.5 Doyle et al.le2
\'/Ozma{(, 5 x 1-min 4h
100% Vozmax, 10
sets of 10
concentric, one-
legged contractions
4 male +2 349 Cycling, 4 x 30 min 88 1.4 0.25,2 and 4  Protein + fat 0-6 19.26 Greiwe et al.l®
female 70% VO2max
43.8 5 x 1-min 100% 88 1.4 0.25,2 and 4  Protein + fat 0-6 44.9
VO2max
2 male 60 min knee 160 (infusion) 2.1 0-6 220 0-6 130 Hansen et al.[®4
gxtensions at 70%
VO2max
No exercise 160 (infusion) 2.1 0-6 540 0-6 70.0
6 male 59.6 chling: 2h 75% 103 1.4 0,2 and 4 Protein + fat 55 0-6 50.5 Hickner et al.[8%
V02ma>§, 5x 1 min
100% Vozmax
6 male 38.3 96 1.4 0,2 and 4 Protein + fat 25 0-6 21.8
8 male 52.3 15-min int. at 62% 57 0.75 0 and 2 153 0-2 223 Ivy et al.l’
and 75% Vo2m.:-1)(Y 2-4 16.9
cycling
113 1.5 0 and 2 137 0-2 24.8
2-4 19.3
12 male 59.6 70 min of cycling, 70.2 1.0 0 153 0-2 33.0 Ivy et al.4dl
int. 68-88% VO2max 70.2 1.0 2 132 2-4 17.5
0 0 132 0-2 10.7
8 male Cycling to 83.5 1.2 0.5, 1.0, until 106 0-3 40.0 Jentjens et al.l8e]
exhaustion: 2-min 2.5

int. at intensities
between 50 and
90% VOZmax

Continued next page
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Table I. Contd
Participants VOzmax Exercise protocol CHO intake CHO intake Timing Intake of other Glycogen post- Period Glycogen Reference
(mL/kg) (g/h) (g/kg/h) (h)e nutrients exercise (h)e synthesis rate
(mmol/kg dw) (mmol/kg dw/h)
83.5 1.2 Amino acids + 176 0-3 25.0
wheat hydr.
8 male 59.5 Cycling to 55 (liquid) 0.75 0.5, 15,25, Protein + fat 72 0-5 24.8 Keizer et al.l'
exhaustion: 2-min 3.5, 4.5
int. at intensities
between 50 and
90% VO2max
62 (solid) 0.84 Protein + fat 69 0-5 24.6
5 male 47 Cycling to 0 0 92.5 0-4 7 Maehlum &
gxhaustion, 70% Hermansen(®’]
VO2max
6 male 43.4 Cycling to 40 0.55 0.25 68 0-2.5 27.6 Maehlum et
exhaustion, 70% al.[e8l
VO2max
11 male 2h cycling, int. 77 1.0 0,2 and 4 116 0-6 37.4 McCoy et al.l5
70-100% VO2max
6 male 60.5 Cycling 70% 31 0.4 0,2 and 4 Protein + fat 80 0-8 28.0 Parkin et al.l*4l
VO2max, 2h + 4 X 31 0.4 2,4 and 6 Protein + fat 90 0-8 28.8
30s sprints
4 male 55.0 Swimming/running/ 36 0.51 2 Protein + fat 98 0-5 35.1 Piehli39]
cycling, exhaustion
13 male 60-min run on 150 1.8 0, 0.5, 1 and Piehl Aulin et
treadmill + 60 min of 1.5 al.l4o
submax cycling +
short sprints to
exhaustion
84 mosmol/L 53 0-2 50.2
350 mosmol/L 58 0-2 29.9
84 mosmol/L 2-4 18.8
350 mosmol/L 2-4 23.2
8 male 51.0 2h cycling, 15-min 55.9 (liquid) 0.75 0 and 2 119 0-4 21.8 Reed et al.[8]
int. at 60-65% and  55.9 (solid) 0.75 0 and 2 105 0-4 235
70-75% VO2max 55.9 (infusion) 0.75 0-4 131 0-4 24.0
8 male One-legged exercise 2.0 04 04 85 Roch-Norlund et

prolonged

al.lvol
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Table I. Contd
Participants VOzmax Exercise protocol CHO intake CHO intake Timing Intake of other Glycogen post- Period Glycogen Reference
(mL/kg) (g/h) (g/kg/h) (h)e nutrients exercise (h)e synthesis rate
(mmol/kg dw) (mmol/kg dw/h)
10 male Approx. Thand 20 87 1 0and 1 Protein + fat 235 0-4 19.3 Roy &
min of exercise 57 0.66 0and 1 220 0-4 23.0 Tarnopolsky®!
which consisted of a 0 0 0and 1 247 0-4 2.0
full body workout
8 male 56.9 Cycle exe_rcise, 90 55 0.75 0and 1 Protein + fat 142 0-4 25.5 Tarnopolsky et
min 65% VO2max 73 1.0 0and 1 163 0-4 40.0 al.le2
8 female 51.7 Cycle exercise, 90 46 0.75 Oand 1 Protein + fat 142 0-4 23.5
min 65% VO2max 61 1.0 Oand 1 163 0-4 34.5
16 (male/ 0 0.0 Oand 1 210 0-4 6.8
female)
5 male 61 Cycling to 88 (sucrose) 1.2 0, 0.25, 0.5 90 0-4 40.5 van Hall et al.l'”]
exhaustion: 2-min until 4h
int. at intensities
between 50 and
90% VOZmax
88 (sucrose) 1.2 Whey protein 69 04 38.3
hydr.
0 0.0 78 04 12.0
8 male Cycling to 57.6 0.8 0,1 and 2 Glutamine 0-3 28.0 van Hall et al.l®®
exhaustion: 2-min 57.6 0.8 0,1 and 2 Wheat hydr. 0-3 26.0
int. at intensities 57.6 0.8 0,1and2 Whey hydr. 0-3 33.0
betwe_en 50 and 57.6 0.8 0,1 and 2 0-3 34.0
90% VO2max
8 male Cycling to 56 0.80 0, 0.5, 1.0 until 190 0-5 16.6 van Loon et
exhaustion: 2-min 4.5 al.le4
int. at intensities
between 50 and
90% VOZmax
56 0.80 Amino acids + 174 0-5 35.4
wheat hydr.
84 1.20 138 0-5 44.8
12 male 67.2 Alternating 72 1.0 1,2and 3 Arginine 143 0-4 25.6 Yaspelkis &
workloads between 131 0-4 34.9 Ivyl9s]

60 and 80% VO2max

for 2h

Continued next page
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b  Timing of CHO ingestion post-exercise.

Post-exercise glycogen synthesis period.

Cc

CHO = carbohydrate; hydr. = hydrolysate; | and Il = type | and type Il fibres; int. = interval(s); VO2max = maximal oxygen consumption.

150% (from 9.0 to 24.8 mmol/kg dw/h). However,
increasing the CHO intake further from 0.35 to 0.7
g/kg/h did not result in an increased muscle glyco-
gen storage rate. The authors suggested that a ‘gly-
cogen synthesis threshold” occurs at a CHO intake
of 0.35 g/kg/h. However, this is most unlikely since
several other studies!®!74050.92941 have found glyco-
gen synthesis rates that were higher than the maxi-
mal glycogen synthesis rates observed in the study
of Blom et al.’>! It should be noted that Blom et
al.3 reported a remarkably high glycogen synthesis
rate when 0.35 g/kg/h CHO was ingested, which
may explain why no further increase in muscle
glycogen synthesis was found at a higher rate of
CHO intake (0.7 g/kg/h).

In a study by Ivy et al.l’"! the effect of moderate
and high amounts of CHO ingestion on muscle
glycogen synthesis was investigated during a 4-hour
post-exercise period. No difference was found in
muscle glycogen synthesis rates when either 0.75 or
1.5 g/kg/h of CHO was provided (19.6 vs 22.0
mmol/kg dw/h, respectively). This study supports
the findings of Blom et al.®31 However, recently a
study by van Loon et al.’*l showed that when the
rate of CHO ingestion was increased from 0.8 to 1.2
g/kg/h this resulted in higher muscle glycogen syn-
thesis rates (16.6 vs 354 mmol/kg dw/h, re-
spectively). In this study, CHO supplements were
provided at 30-minute intervals, while studies in
which no differences in muscle glycogen synthesis
rates were found with increasing CHO intake, have
supplemented CHO at 2-hour intervals.?>37 It has
been suggested that CHO supplements provided at
2-hour intervals may not adequately increase and
maintain blood glucose and insulin levels for 2
hours,® which could explain the discrepancy be-
tween the results of van Loon et al.’*! and those of
others.®>¥71 It might be postulated that frequent
small CHO feedings result in different gastric emp-
tying rates than one large CHO feeding and this
might increase the availability of glucose for muscle
glycogen synthesis. However, it has been shown that
a large bolus empties faster from the stomach than a
small bolus and the rate of gastric emptying follows
an exponential pattern.®®! It is therefore likely that

Sports Med 2003; 33 (2)
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the total volume emptied from the stomach over a
certain period of time (i.e. a 3-hour period) is not
different when small frequent feedings are provided
compared with one or two larger feedings and hence
it is unlikely that differences in gastric emptying are
responsible for the higher glycogen synthesis rates.

Several studies have reported very high glycogen
synthesis rates (between 40 and 43 mmol/kg dw/h)
when 1.0-1.85 g/kg/h of CHO was consumed at
frequent intervals (15- to 60-minute intervals) dur-
ing a 3- to 4-hour recovery period,*#0:8286.941 which
supports the findings of van Loon et al.®* Although
the amount of CHO intake seems to be an important
factor determining the rate of muscle glycogen syn-
thesis, it is currently not known how much CHO
needs to be consumed post-exercise to maximise the
rate of muscle glycogen synthesis. Figure 2 illus-
trates maximal muscle glycogen synthesis rates
found in studies after ingestion of different rates of
CHO in the early hours post-exercise. This graph
shows a trend towards a higher glycogen synthesis
rate when more CHO is ingested with no obvious
levelling off.

Furthermore, it can be seen that at a given rate of
CHO intake large variability exists in the rate of
glycogen synthesis. This might be because of differ-
ences in experimental protocols, including the time
interval of CHO supplementation, type of CHO
ingested, training status of the participants and the
duration of time over which muscle glycogen syn-
thesis rates are calculated. Considering the limita-
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Fig. 2. Muscle glycogen synthesis rates are depicted against the
rate of carbohydrate ingestion. The horizontal line depicts the abso-
lute maximum for muscle glycogen synthesis.
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tions when comparing results of different studies, it
seems reasonable to conclude that maximal glyco-
gen synthesis rates occur at a CHO intake of ~1.2 g/
kg/h. Tt is clear that the rate of CHO intake to obtain
maximal glycogen synthesis rates is higher than
previously suggested by some authors.?31 More
research is required to quantify the exact amount of
CHO that needs to be ingested to elicit maximal
rates of muscle glycogen synthesis.

5. Presence of Other Nutrients

As discussed earlier, insulin stimulates both mus-
cle glucose uptake and activation of glycogen
synthase,®! the rate-limiting enzyme for glycogen
synthesis. Several studies have therefore attempted
to increase post-exercise insulin levels to optimise
the rate of muscle glycogen synthesis.[!7:86:94.96.99]
The most important physiological stimulus for pan-
creatic insulin secretion is an increased blood glu-
cose concentration. In addition, certain amino
acidsP3190-1021 and proteins!!7:94:96.99:103.1041 hayve been
shown to exert a synergistic effect on the insulin
release when administered separately or in combina-
tion with a CHO load. The mechanism responsible
for this effect has not been completely elucidated
yet. It has been shown that leucine can activate
glutamate dehydrogenase activity in pancreatic -
cells in vitro.'%1 This subsequently leads to an
increase in tricarboxylic acid cycle activity and oxy-
gen consumption of the pancreatic B-cells and is
accompanied by increased pancreatic insulin secre-
tion.[10%]

In 1970, Floyd et al.l'%:19 examined which com-
bination of amino acids with glucose when adminis-
tered intravenously would lead to the highest plasma
insulin levels. It was found that combined intrave-
nous administration of arginine-leucine and argi-
nine-phenylalanine together with glucose resulted in
the largest increase in plasma insulin levels. Howev-
er, oral ingestion of arginine in combination with
CHO is not effective in increasing plasma insulin
levels®>»1921 and muscle glycogen synthesis rates®!
compared with ingestion of CHO alone. Recently,
van Loon et al.l'021%] jnyestigated which type, com-
bination and quantity of free amino acids or protein

Sports Med 2003; 33 (2)
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sources would maximise the insulin response when
added to a CHO beverage. It was demonstrated that
the ingestion of a beverage containing a mixture of
wheat protein hydrolysate, free leucine and free
phenylalanine (0.4 g/kg/h) in combination with
CHO (0.8 g/kg/h) resulted in very high insulin levels
without causing gastrointestinal discomfort. Of
note, some mixtures containing large quantities of
free amino acids (arginine, leucine, phenylalanine
and glutamine) resulted in similar or even higher
insulin levels but these mixtures were not palatable
and caused more gastrointestinal distress.['%? In an-
other study by van Loon et al.,”¥ it was shown that
ingestion of this highly insulinotropic protein hy-
drolysate amino acid mixture, in combination with a
moderate CHO intake (0.8 g/kg/h), resulted in in-
creased muscle glycogen synthesis rates compared
with the ingestion of CHO only (35.4 vs 16.6 mmol/
kg dw/h, respectively). The increased rate of muscle
glycogen synthesis was attributed to an increased
clearance of glucose into the muscle as a result of
higher insulin levels.[*+%!

A previous study by Zawadzki et al.® reported
higher glycogen synthesis rates during a 4-hour
post-exercise period with a combined CHO-whey
protein supplement compared with a CHO supple-
ment only. This study has been criticised by many
investigators/3121:9291 because it did not include a
control trial (isoenergetic amount of CHO). The
higher rate of muscle glycogen storage observed in
the CHO-protein trial may have been caused by an
increased availability of substrate for glucone-
ogenesis as a result of the ingested protein. Several
studies have found similar muscle glycogen synthe-
sis rates for both CHO and isoenergetic CHO +
protein (+ fat) supplements.®191:92991 However, it is
unlikely that increased gluconeogenesis has contrib-
uted to increased glycogen synthesis rates observed
in the CHO-protein trials by Zawadzki et al.’® and
others.!'%?! The high insulin levels observed in the
CHO-protein trials would have inhibited rather than
stimulated gluconeogenesis. Furthermore, Zawadz-
ki et al.! found that the rate of muscle glycogen
storage following protein ingestion only was very
low and not different from glycogen synthesis rates

© Adis Data Information BV 2003. All rights reserved.

observed in studies where no supplement was pro-
vided after exercise.[?4388.107,108]

It is clear from the studies described above!**°!
that ingestion of some protein and/or amino acids in
combination with a moderate CHO intake (~0.8 g/
kg/h) leads to higher muscle glycogen synthesis
rates compared with ingestion of the same amount
of CHO without protein and/or amino acids. How-
ever, as discussed previously, van Loon et al.l®¥
showed that when the rate of CHO intake was in-
creased from 0.8 to 1.2 g/kg/h this also resulted in
higher muscle glycogen synthesis rates (table I).
These findings suggest that maximal muscle glyco-
gen synthesis rates were not reached when 0.8g/kg/h
of CHO was ingested. Recently, we investigated
whether the addition of an insulinotropic protein-
amino acid mixture to a larger amount of CHO
(1.2g/kg/h) would further increase muscle glycogen
synthesis rates.®) This study demonstrated that
when the total CHO intake is very high (1.2 g/kg/h),
the presence of a protein-amino acid mixture does
not further increase the rate of muscle glycogen
synthesis, despite a much higher insulin response.
The results of this study,® and those of
others,['794 suggest that insulin is not the limiting
factor for muscle glycogen synthesis when total
CHO intake is high (1.0-1.2 g/kg/h). The availabili-
ty of CHO post-exercise, on the other hand, seems to
play a more important role when maximal rates of
muscle glycogen synthesis are required. It should be
noted that although protein and/or amino acid inges-
tion may not always have an effect on muscle glyco-
gen synthesis, there is evidence that amino acid
ingestion in combination with,['1 and without,
CHOM"!'%I' may increase post-exercise protein synthe-
sis and net muscle protein balance (protein synthesis
minus protein degradation). Furthermore, studies
have shown that an increase in insulin levels when
plasma amino acid concentrations are high may
further increase net protein balance.!''!!1?! The insu-
linotropic protein and amino acid mixtures used in
studies to optimise muscle glycogen synthesis may
therefore also have some implications for stimulat-
ing post-exercise net muscle protein anabolism.[1%]
The importance of amino acid and/or protein inges-
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tion following exercise to stimulate net muscle pro-
tein anabolism and the mechanisms involved remain
to be elucidated.

6. Type of CHO Ingested

CHOs and CHO foods can be functionally classi-
fied according to the extent to which they increase
blood glucose levels. This has lead to the concept of
the Glycemic Index (GI), which is a measure for the
blood glucose response observed after a certain food
product is ingested with a certain amount of glucose
(mostly 50g), compared with the blood glucose re-
sponse observed when an equal amount of pure
glucose or white bread (with an equal amount of
glucose) is ingested.l'!3!"¥] The GI reflects the rate
of digestion and absorption of a CHO-rich food (or a
single CHO feeding) and is influenced by varying
factors including: type of CHO and the content of
dietary fat, protein and fibre present in the food.[!!¥
A number of studies, discussed below, have com-
pared the effect of single CHO feedings and CHO
meals that differ in GI on muscle glycogen synthe-
sis.

Several studies have reported lower rates of mus-
cle glycogen synthesis when fructose (low GI) com-
pared with glucose (high GI) was ingested.3>:115:116]
This is possibly because of a slower absorption rate
of fructose from the intestine!'!7!"8 and the fact that
fructose requires conversion to glucose by the liver
before it can be metabolised in the skeletal mus-
cle.[''81201 The Jatter is usually a relatively slow
process.['?!1 Thus, when high muscle glycogen syn-
thesis rates are required, the ingestion of glucose is
preferred above fructose. However, fructose may be
more of benefit in the restoration of liver glyco-
gen.[''31221 Tt has been shown that fructose infusion
results in higher liver glycogen synthesis compared
with glucose infusion.!''>1221 It remains to be inves-
tigated whether fructose ingestion leads to higher
liver glycogen synthesis rates than the ingestion of
glucose. With the advanced research techniques
presently available (i.e. nuclear magnetic resonance
spectroscopy), it should be possible to accurately
determine the effect of fructose ingestion on post-
exercise liver glycogen synthesis.

© Adis Data Information BV 2003. All rights reserved.

It is interesting to note that some studies have
found similar rates of muscle glycogen synthesis
when either glucose or sucrose (moderate GI) was
ingested.3>123) This is remarkable since sucrose
contains equimolar amounts of glucose and fructose
and hence only half the amount of glucose is directly
available for muscle glycogen synthesis. It has been
suggested that fructose, by virtue of its predominant
metabolism in the liver compared with glucose, may
inhibit post-exercise hepatic glucose uptake and be-
cause of this more glucose may escape from the liver
and be available for muscle glycogen synthesis.!
However, in a study by Bowtell et al.,””! muscle
glycogen storage was higher after consumption of a
glucose polymer beverage (containing 61g CHO)
than a sucrose beverage.” The discrepancy be-
tween these findings and those of Blom et al.*> may
be attributed to differences in the duration of the
supplementation period and/or the total amount of
CHO provided (2 vs 5 hours and 61 vs 130g, re-
spectively). In a study by van Hall et al.,['"! high
muscle glycogen synthesis rates (~40.5 mmol/kg
dw/h) were observed when large amounts of sucrose
(~1.2 g/kg/h) were ingested during a 4-hour post-
exercise period. The glycogen synthesis rates found
after sucrose ingestion were fairly similar to those
reported in other studies after glucose inges-
tion.[3¢4I Thus, when moderate to large quantities of
sucrose are ingested after exercise this can result in
similar glycogen synthesis rates compared with cor-
responding amounts of glucose.

Since glycogen storage is influenced by both
insulin and a rapid supply of glucose to skeletal
muscle, it has been proposed that high-GI foods may
enhance post-exercise glycogen synthesis above
moderate- and low-GI foods."?* Kiens et al.l!*
investigated post-exercise muscle glycogen synthe-
sis rates following ingesting of high-CHO diets that
differed in GI. After glycogen-depleting exercise,
participants were provided with either a high- or
low-Gl isocaloric diet, each of which provided 70%
of energy from CHO. Plasma insulin levels were on
average 98% higher during the first 6 hours post-
exercise when the high-GI diet was consumed and
plasma glucose concentrations were similar between
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the two diets. The high-GI CHO diet resulted in
~61% higher muscle glycogen synthesis rates com-
pared with the low-GI CHO diet (40 vs 24 mmol/kg
dw/h). The muscle glycogen synthesis rates ob-
served after consumption of the high-GI CHO diet
were almost similar to the glycogen synthesis rates
found in studies in which participants ingested large
amounts of CHO (~1.2 g/kg/h).l'7:36:941 Unfortunate-
ly, the exact quantity of CHO present in the diets
was not reported in the study of Kiens et al.,['?]
which makes comparisons with other studies diffi-
cult. However, the data clearly indicate high muscle
glycogen synthesis rates during the initial hours
after exercise can occur when a high-GI CHO diet is
ingested.

7. Form of CHO Intake

Only two studies have investigated the effect of
liquid versus solid CHO foods (with a high GI) on
glycogen synthesis in the early hours post-exercise
(table 1).119391 Keizer et al.l' demonstrated that gly-
cogen synthesis rates were similar after consump-
tion of either a liquid or solid CHO meal (24.8 vs
24.6 mmol/kg dw/h, respectively). It should be not-
ed that the solid meal in this study contained ~10%
more CHO (35g in 5 hours) compared with the
liquid meal and there were substantial differences in
fat and protein content between the two meals. This
may have confounded the results. Reed et al.®! also
investigated the effect of liquid and solid CHO
supplements on muscle glycogen synthesis. No dif-
ference was found in the rate of muscle glycogen
storage between liquid and solid CHO feedings
when supplemented immediately and 2 hours post-
exercise (21.8 and 23.5 mmol/kg dw/h, re-
spectively). It can therefore be concluded that both
liquid and solid CHO foods (with a high GI) are
equally effective in providing CHO for muscle gly-
cogen synthesis post-exercise.['%8-126] This is some-
what surprising as liquid CHO supplements empty
more rapidly from the stomach and are more easily
digested than solid CHO foods.”®! However, it
should be noted that in the studies described above
the rate of CHO intake was relatively low
(0.75-0.85 g/kg/h). It can not be ruled out that when

© Adis Data Information BV 2003. All rights reserved.

large amounts of CHO are consumed, liquid CHO
feedings may result in higher muscle glycogen syn-
thesis rates than solid CHO feedings. Of note, liquid
forms of CHO are often recommended to athletes
because fluid absorption and delivery is faster from
a solution compared with solid food and hence rehy-
dration will be improved. One may question wheth-
er the intake of water together with solid food will
increase gastric emptying because of an increased
volume. Although the combined ingestion of water
and solid food may enhance the rate of gastric
emptying, the delivery rate of CHO into the intestine
is probably the same since a less concentrated solu-
tion is emptied from the stomach.® The intake of
water together with solid food will therefore most
likely not affect the rate of muscle glycogen synthe-
sis.

8. Factors Related to Post-Exercise
Glycogen Synthesis

8.1 Training Status

Exercise training induces several adaptations at
the muscular level that may contribute to increased
insulin sensitivity,[!868127.1281 including: increased
GLUT-4 content,'?-1311 improved insulin signal-
ling321331 and increased blood flow.[1?7:1281 A]]
these adaptations would favour glucose uptake and
could possible lead to increased muscle glycogen
synthesis. It is therefore likely that trained athletes
have higher glycogen synthesis rates than individu-
als who are sedentary.

Hickner et al.®%! examined the effect of training
status on muscle glycogen synthesis. Following gly-
cogen-depleting exercise, six trained cyclists and six
untrained volunteers were provided with high-CHO
meals supplying 1.4 g/kg/h CHO during the first 6
hours post-exercise. The rate of muscle glycogen
storage was more than 2-fold higher in the trained
cyclists than in untrained individuals (51 vs 22
mmol/kg dw/h) [table IJ. In addition, muscle
GLUT-4 content immediately post-exercise was
3-fold higher in the trained cyclists than in untrained
participants and correlated with glycogen synthesis
rates. The same research group also investigated the

Sports Med 2003; 33 (2)
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effect of endurance training on muscle glycogen
synthesis.®3 Participants conducted a 10-week
training program which consisted of high-intensity
cycling exercise 3 days/week and submaximal run-
ning 3 days/week. Muscle glycogen synthesis was
measured before and after the training program. The
rate of muscle glycogen synthesis was markedly
increased after 10 weeks of endurance exercise
training. This finding is in agreement with the re-
sults of training studies in rats!®®34! and supports the
data of Hickner et al.®®! Furthermore, a higher
GLUT-4 content was found after exercise training,
and GLUT-4 content post-exercise was correlated
with muscle glycogen concentrations 6 hours after
exercise. This relationship is in agreement with find-
ings of McCoy et al.’% and Hickner et al.[®]

A rapid increase in GLUT-4 transporters has
been observed following 2, 5 and 7 days of train-
ing,[00:129-13L135,136] and this may be accompanied by
an increase in insulin-stimulated glucose up-
take.[00.130.1351 Fyurthermore, exercise training has
been shown to enhance insulin signal transduction,
which has been associated with increased glucose
disposal.[3%133] Because trained individuals have
higher GLUT-4 concentrations338%127:129.1311 an{ a
higher insulin signal activity,!'33! they may be able to
synthesise muscle glycogen at a faster rate than
untrained individuals.33127-1311 Interestingly, Host et
al.l3% demonstrated that the increase in GLUT-4
content and in insulin-stimulated glucose transport
were completely reversed within 40 hours after the
last exercise bout, after both 5 days and 5 weeks of
training. This suggests a short half-life of the
GLUT-4 protein.®®!13% Therefore, to maintain a
training-induced increase in GLUT-4, it is necessary
to exercise at least every other day.

It is also possible that the higher post-exercise
glycogen synthesis rates in trained compared with
untrained individuals is a result of higher glycogen
synthase activity.[#127.1371 Glycogen synthase 1 ac-
tivity in the study of Hickner et al.®! was indeed
2-fold higher in trained than in untrained individuals
immediately after exercise. However, no correlation
was found between glycogen synthase I activity and
glycogen accumulation rates over the initial 6 hours
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post-exercise. In addition, studies have shown
2-fold higher glycogen synthesis rates in trained rats
compared with sedentary rats despite similar glyco-
gen synthase I activity.[®%134 ]t i therefore unlikely
that glycogen synthase plays an important role in the
higher glycogen synthesis rates observed in trained
athletes.

It should be noted that in both the study of
Greiwe et al.®31 and of Hickner et al.®¥) muscle
glycogen concentrations immediately post-exercise
were significantly different between the trained and
untrained state. As discussed below (in section 8.3),
the magnitude of muscle glycogen depletion seems
to affect the rate of muscle glycogen synthesis.
However, it is unlikely that the higher muscle glyco-
gen synthesis rate in the trained compared with the
untrained individuals was a result of a difference in
post-exercise muscle glycogen content between the
two conditions, since muscle glycogen content after
exercise was higher in the trained individuals and
this would have slowed down rather than increased
muscle glycogen synthesis.

It has been suggested that enhanced insulin sensi-
tivity in athletes is partly a result of a training-
induced increase in blood flow.[2":131" A positive
correlation has been found between basal limb blood
flow and insulin-mediated glucose disposal in ath-
letes.!'?7] Although speculative, it is possible that a
higher basal blood flow in trained athletes may
increase glucose delivery to the muscle and this may
lead to higher glycogen synthesis rates compared
with untrained individuals. Future studies are
needed to investigate if blood flow is a limiting
factor for glycogen synthesis in untrained individu-
als.

8.2 Feeding Schedule

It has been suggested that the ingestion of CHO
supplements at frequent intervals maintains high
plasma glucose and insulin concentrations and may
contribute to high muscle glycogen synthesis
rates.5682.941 This hypothesis is supported by studies
which found high muscle glycogen synthesis rates
(40—45 mmol/kg dw/h) when large amounts of CHO
(1.2-1.6 g/kg/h) were provided at regular intervals
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(<30 minutes).®>%4 As mentioned earlier, the rate of
gastric emptying will increase with increasing vol-
ume of ingested content.”! It is likely that gastric
emptying rates are similar when a CHO beverage is
ingested as small repetitive feedings, as opposed to
one large bolus since the total volume of fluid con-
sumed is the same. Therefore, the rate of gastric
emptying can not explain the higher muscle glyco-
gen synthesis rates observed when CHO supple-
ments are provided at frequent intervals.

At present, no studies have directly investigated
the effect of different feeding schedules on the rate
of glycogen synthesis. There seems to be moderate
evidence that serial feedings are more beneficial for
high muscle glycogen synthesis rates than bolus
feedings, which is best described in a study by van
Loon et al.® In addition, ingestion of small CHO
feedings at frequent intervals may reduce the risk of
gastrointestinal discomfort (i.e. bloated feeling).

8.3 Magnitude of Muscle
Glycogen Depletion

The extent of glycogen depletion has been sug-
gested to be an important factor in the regulation of
muscle glycogen synthesis. Bonen et al.['3®8] investi-
gated post-exercise muscle glycogen synthesis in
two groups of participants who had depleted muscle
glycogen concentrations in the vastus lateralis of
both legs by either 80 or 35%, referred to as LG (low
post-exercise glycogen concentrations) and MG
(moderate post-exercise glycogen concentrations),
respectively. Immediately and 2 hours after cycle
exercise, participants consumed a glucose drink
(0.75 g/kg/h). Glycogen synthesis rates were higher
for the LG condition compared with the MG condi-
tion. However, the results may be confounded be-
cause experimental group sizes were different (7 vs
3) and glycogen-depleting exercise in the LG condi-
tion finished with intermittent intense exercise (the
effect of the latter on glycogen synthesis will be
discussed in section 8.4). Zachwieja et al.3 con-
ducted a more controlled study, in which they at-
tempted to determine the effect of muscle glycogen
depletion on the rate of glycogen synthesis. In order
to generate different amounts of glycogen depletion
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in the vastus lateralis muscle of each leg, partici-
pants performed three separate cycling tasks in one
trial. Initially, participants performed 30 minutes of
one-legged cycling at 75% of the one-legged maxi-
mal oxygen uptake, (VO2max) which was followed
by ten 1-minute maximal sprints with the same leg
(LG). The final task involved riding with two legs
for 30 minutes at a workload of 75% of the two-
legged VO2max (MG). Following the exercise, par-
ticipants ingested a 24% CHO solution every 20
minutes in order to achieve a CHO intake of 0.7 g/
kg/h during a 6-hour period. Both the glycogen
synthesis rate and the glycogen synthase activity
were significantly higher in the LG leg than in the
MG leg. These results imply that a higher degree of
glycogen depletion results in a higher rate of muscle
glycogen synthesis during the early hours post-exer-
cise.

In the studies described above, it was not possible
to determine whether the increased glycogen syn-
thesis rate was a result of a higher magnitude of
glycogen degradation or because of a lower post-
exercise muscle glycogen concentration that re-
mains in the muscle after exercise-induced glycogen
depletion. Recently, Price et al.l'3* investigated the
effect of different post-exercise muscle glycogen
concentrations on glycogen synthesis, when the
magnitude of glycogen degradation during the ini-
tial glycogen-depleting exercise bout was kept the
same. Thus, muscle glycogen utilisation and the
exercise duration and intensity performed were sim-
ilar between conditions, and therefore the concentra-
tion of muscle glycogen remaining after exercise
was the sole variable that was different. Price et
al.l" showed that the rate of muscle glycogen
synthesis was higher in the ‘low post-exercise gly-
cogen condition’ compared with the ‘high post-
exercise glycogen condition’. The results of this
study clearly indicate that the rate of muscle glyco-
gen storage is more strongly influenced by the actual
glycogen concentration remaining in the muscle af-
ter exercise than by a large decline in muscle glyco-
gen as a result of previous exercise.['*! These find-
ings and those of others,[”> support a key role for
post-exercise glycogen concentration in regulating
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the rate of glycogen synthesis during the initial
hours after exercise. As mentioned earlier (in sec-
tion 2.1), the higher rate of glycogen synthesis in
more depleted muscles might be attributed to either
higher glycogen synthase activity[?’#4+4648] or in-
creased glucose transport into the muscle,® be-
cause of a higher number of GLUT-4 transport-
ersl®-711 at the cell membrane, or possibly a combi-
nation of these factors.[!40]

8.4 Muscle Fibre Types

Most studies have examined muscle glycogen
synthesis in biopsy samples of mixed-fibre muscle.
Only a few studies have attempted to determine
glycogen synthesis rates in single human muscle
fibres. While some studies have reported higher
muscle glycogen synthesis rates in type II fibres
compared with type I fibres,[**14!1 other studies have
found higher rates of glycogen storage in type I
fibres.!*2l The contradictory findings between
studies may be partly the result of the different
methods used to quantify muscle glycogen. Studies
that have found higher muscle glycogen synthesis
rates in type II fibres have used histochemical meth-
ods (e.g. periodic acid-Schiff stain intensity) to de-
termine muscle glycogen concentrations, whereas
studies that have reported higher glycogen synthesis
rates in type I fibres have used biochemical meth-
ods.

In a study by Casey et al.,”! glycogen synthesis
rates in type I and type II skeletal muscle fibres were
investigated using biochemical analysis. Seven par-
ticipants performed one-legged cycling exercise to
exhaustion. Following exercise, participants were
provided with glucose beverages at 0 hours (1.4 g/
kg/h), 1 hour (0.8 g/kg/h) and 2 hours (0.8 g/kg/h)
post-exercise. During the initial 3-hour post-exer-
cise period a 25% higher rate of muscle glycogen
synthesis was found in type I compared with type II
fibres (41 vs 31 mmol/kg dw/h). However, post-
exercise muscle glycogen concentrations were 46%
lower (not significant) in type I compared with type
II muscle fibres and this may have slightly con-
founded the results. It should be noted that between
3 and 10 hours post-exercise, the rate of glycogen
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synthesis in type I fibres declined by 60%, whereas
the glycogen synthesis rate in type II fibres was
maintained. Muscle glycogen synthesis rates during
this period were significantly lower in type I com-
pared with type II fibres. The pattern of glycogen
synthesis in both fibre types appeared to be closely
related to the muscle glycogen concentration of the
fibre, which supports the findings in mixed muscle
biopsy samples.384839 The initial higher glycogen
synthesis rates in type I fibres might be a result of an
increased glucose uptake in this fibre type. In
humans, whole body glucose uptake after insulin
stimulation has been found to positively correlate
with the percentage of type I fibres and negatively
correlate with the percentage of type IIb fibres.[!43]
Since skeletal muscle is responsible for the major
part of insulin-stimulated plasma glucose dispo-
sal,l'441 a higher glucose uptake in type I fibres might
be expected. Gaster et al.'*! showed direct evidence
that GLUT-4 was more abundantly expressed in
type I compared with type II fibres. Furthermore, it
has been shown that the rate of glycogen synthesis
and the GLUT-4 content are both positively corre-
lated with the percentage of type I fibre.[®! Thus, a
higher GLUT-4 expression in type I fibres might
explain the higher glycogen synthesis rates in type |
fibres. It should be noted here that although the
density of GLUT-4 is higher in type I compared with
type II fibres, the magnitude of the difference is
relatively small (15-20%).1'43:1461 Suggestions have
been made that the GLUT-4 content of an individual
muscle fibre is related more to the activity level of
the fibre than to its actual fibre type.!14>:140]

In a study by Phiel,® a histochemical method
was used to examine muscle glycogen synthesis in
different fibre types. The glycogen synthesis rates
tended to be higher in type II muscle fibres than type
I muscle fibres, which is in contrast with the result
of Casey et al.”! Although the discrepancy between
the two studies might be because of the different
methods used to quantify muscle glycogen, it might
also be a result of differences in the experimental
exercise protocols used to deplete muscle glycogen
stores (i.e. differences in fibre type recruitment pat-
tern). In the study by Casey et al.,”! participants
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exercised at a predetermined submaximal workload
to exhaustion, while participants in the study of
Phiel®%! performed 2 hours of prolonged submax-
imal exercise immediately followed by repeated
bouts of brief maximal exercise. During short-term,
high-intensity exercise the rate of glycogenolysis is
higher in type II fibres than type I fibres.['4”] The
high rate of glycogen utilisation in type II fibres is
likely to be accompanied by high muscle and blood
lactate concentrations immediately post-exercise,
which can both be used as substrates for glycogen
synthesis 41481491 1t has been estimated that be-
tween 13 and 27% of the lactate present in the
muscle after short-term, high-intensity exercise is
converted into glycogen.!'*8 Therefore, the higher
glycogen synthesis rates in type II fibres observed in
the study of Phiel® could be accounted for by a
greater availability of lactate for glycogen synthesis
in this fibre type. Clearly, the majority of muscle
glycogen synthesis derived from lactate must occur
during the early post-exercise period when high
lactate concentrations are present in muscle and
blood.

In conclusion, studies that have investigated gly-
cogen synthesis in human muscle fibre types have
shown conflicting results, which may partly be be-
cause of differences in methods used to quantify
muscle glycogen concentrations (histochemical vs
biochemical methods). Some studies have reported
higher glycogen synthesis rates in type I fibres than
type II fibres when using biochemical methods,
while others have found lower glycogen synthesis
rates in type I fibres when using histochemical
methods to determine muscle glycogen concentra-
tions.

8.5 Mode of Exercise

Prolonged eccentric exercise, is known to induce
severe muscle damage and this has been suggested
to impair muscle glycogen synthesis.['3%151 To our
knowledge, only one study®® has investigated the
effect of concentric and eccentric exercise on mus-
cle glycogen synthesis during the early hours post-
exercise. In a study by Doyle et al.,®?! participants
cycled for 70 minutes at 70% VO2max immediately
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followed by high-intensity interval exercise to de-
plete glycogen stores in both fast-twitch and slow-
twitch muscle fibres. After glycogen-depleting exer-
cise, participants performed ten sets of ten repeti-
tions of either concentric or eccentric contractions in
opposite legs. During the first 4 hours after exercise,
participants ingested 1.6 g/kg/h of CHO, which was
provided at 15-minute intervals. The authors con-
cluded that muscle glycogen synthesis rates during
the first 4 hours post-exercise were not different
after eccentric compared with concentric exercise.
Interestingly, muscle glycogen synthesis rates 48
hours post-exercise were 25% lower after eccentric
compared with concentric exercise. These findings
are supported by a study by Widrick et al.,['3?! which
showed that muscle glycogen synthesis was im-
paired 24-72 hours after eccentric exercise, while
no impairment was found during the first 6 hours
post-exercise.

The mechanism(s) for the impaired glycogen
synthesis following eccentric exercise remain(s)
largely unknown. Studies have shown a decreased
GLUT-4 content!'33! and a period of insulin resis-
tance!'3* 1-2 days after unaccustomed eccentric ex-
ercise. It is not unlikely that a decreased GLUT-4
content and/or insulin resistance is/are responsible
for the impaired muscle glycogen synthesis follow-
ing eccentric exercise. In addition, muscle damage,
often observed after eccentric exercise, is followed
by the infiltration of inflammatory cells (i.e. leuco-
cytes, lymphocytes and macrophages) in the dam-
aged muscle and these cells are known to increase
glucose utilisation and lactate production./3>:136]
Suggestions have been made that the impaired mus-
cle glycogen synthesis following eccentric exercise
results from increased glucose uptake by inflam-
matory cells and hence less glucose is available for
glycogen synthesis in previously exercised mus-
cle.>7 It should be noted that there is generally a
delay of several hours up to several days between
the occurrence of muscle fibre damage and accumu-
lation of most inflammatory cells.['8 Although
speculative, the time course of muscle glycogen
synthesis after eccentric exercise might be related to
the inflammatory cell response to muscle damage.
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Based on the limited amount of data available in
the literature, it can be concluded that muscle glyco-
gen synthesis during the first 4—-6 hours post-exer-
cise is not different after eccentric compared with
concentric exercise. However, muscle glycogen
synthesis after eccentric exercise seems to be im-
paired during the next 1872 hours post-exercise or
possibly even longer.

9. Limitations of Muscle
Glycogen Synthesis

In arecent study we have suggested that insulin is
not a limiting factor for glycogen synthesis when
CHO intake is sufficient (=1.2 g/kg/h) and provided
at regular intervals.[® CHO availability, on the oth-
er hand, is more likely a rate-limiting factor for
muscle glycogen synthesis. The availability of CHO
is dependent on the rate of gastric emptying and
intestinal absorption of the ingested CHO, glucose
output by the liver and glucose entry into the mus-
cle. Studies which have examined gastric emptying
in relation to exogenous CHO oxidation have shown
that the rate of gastric emptying is not the limiting
step in the oxidation of the oral ingested glu-
cose.[13%:1601 Tt ig therefore unlikely that the rate of
gastric emptying will limit the rate of glycogen
synthesis.

Several studies have reported extremely high
muscle glycogen synthesis rates up to 130 mmol/kg
dw/h when large amounts of glucose (up to 2.1 g/kg/
h) were infused following glycogen-depleting exer-
cise.[7684901 These glycogen synthesis rates were far
above the maximal glycogen synthesis rates of
40-50 mmol/kg dw/h often found in studies where
glucose was ingested orally after exercise (table
1).9778285941 1t is therefore likely that the rate of
muscle glycogen synthesis is at least in part limited
by the rate of digestion and absorption of CHO by
the intestine and subsequent transport of glucose
into the bloodstream regulated by the liver.

It has been suggested that the upper limit for
glucose absorption in humans is approximately
1.0-1.7 g/min,[1%1162] which may be slightly higher
in the post-exercise state.[10%164 Agsuming an active
muscle mass of 10kg during cycling,'® the maxi-
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Fig. 3. Muscle glycogen synthesis rates are depicted against the
rate of carbohydrate ingestion. Muscle glycogen concentrations re-
ported in the literature as mmol/kg dry weight were divided by 4.28
to account for water weight in wet muscle mass. Furthermore, it
was assumed that 10kg of leg muscle was engaged in cycle exer-
cise and that the rate of glycogen synthesis in the total leg muscle
was the same as in the vastus lateralis. The horizontal line depicts
the absolute maximum for muscle glycogen synthesis.

mal rate of muscle glycogen storage following oral
glucose consumption should be in the range of
0.28-0.32 g/min (figure 3). Thus, the maximal gly-
cogen synthesis rate in the leg seems to be 65-85%
lower than the maximal absorption rate by the gut,
which indicates that part of the absorbed glucose is
either oxidised, extracted by other tissues (i.e. liv-
er,l1?%! other muscle groups and/or fat tissue) or is
synthesised to fat in the previously exercised mus-
cle. Therefore, the transport capacity of the intestine
for glucose cannot be the only factor that determines
the maximal rate of muscle glycogen synthesis.

Studies by Bowtell et al.’>8% have shown that
when a low dose of glucose was ingested after
exercise (61g of CHO within a 2-hour period),
~26% of the glucose disappearing from the blood
was used for glycogen synthesis within the previ-
ously exercised leg muscle. This suggests that mus-
cle glycogen synthesis is not the predominant route
of the ingested glucose in the early hours after
exercise. This is further supported by a study of
Hansen et al.,[® where a hyperglycaemic hyperinsu-
linaemic clamp was performed in two participants
during an 8-hour post-exercise period. Glucose infu-
sion rates averaged ~3 g/min and plasma glucose
concentrations were maintained around 21 mmol/L
throughout the 8-hour infusion period. Interestingly,
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the rate of glucose uptake in the exercised leg (one-
leg exercise) did not exceed 0.9 g/min. In theory, the
rate of glucose uptake in the previously exercised
muscle could be a limiting factor for muscle glyco-
gen synthesis. Although the mechanisms are not
known, these results clearly indicate that most of the
glucose that enters the systemic circulation follow-
ing exercise is used by tissues other than the previ-
ously exercised muscles. The fate of the glucose that
is not used for glycogen synthesis in glycogen-
depleted muscles remains to be determined.

In conclusion, intestinal glucose absorption may
be a rate-limiting factor for muscle glycogen synthe-
sis when large quantities (>1 g/min) of glucose are
ingested following exercise. Furthermore, a large
part of the absorbed glucose appears to be extracted
by tissues other than the exercised muscle and may
therefore limit the amount of glucose available to
maximise muscle glycogen synthesis rates. Alterna-
tively, the glucose transport capacity of the previ-
ously exercised muscle may limit glycogen synthe-
sis. Most likely, muscle glycogen synthesis is limit-
ed by a combination of factors (i.e. glucose
absorption and/or delivery in the bloodstream, ex-
traction of glucose by other tissues and the glucose
transport capacity of the muscle).

10. Directions for Future Research

Although considerable research has addressed
the factors and underlying mechanisms that deter-
mine (maximal) post-exercise glycogen synthesis
rates, several questions remain to be answered. One
of the questions is the minimal amount of CHO that
needs to be ingested to obtain maximal glycogen
synthesis rates. It has recently been shown that
glycogen synthesis rates can be increased when the
rate of CHO intake is increased from 0.8 to 1.2 g/kg/
h and provided at 30-minute intervals.** The provi-
sion of CHO supplements at frequent intervals has
been suggested to be an important factor when high
muscle glycogen synthesis rates are required. The
effects of serial or bolus CHO feedings on muscle
glycogen synthesis are currently not known. Future
studies should investigate whether muscle glycogen
synthesis rates can be further increased when CHO
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intake is very high (>1.2 g/kg/h) and supplemented
at regular intervals of 30 minutes or less.

Another question that should be addressed is the
fate of the ingested CHO, which is not used for
muscle glycogen synthesis. Although part of the
ingested CHO may be (temporarily) trapped in the
gastrointestinal tract or stored as glycogen in the
liver, this does not explain why studies have found
relatively low muscle glycogen synthesis rates
(0.60-0.91 g/min) when fairly large amounts of
glucose were infused into the systemic circulation
(1.2-2.7 g/min) for up to 6 hours post-exer-
cise.[7684901 [n this respect, it may also be important
to know which factors eventually determine the
maximal muscle glycogen synthesis rate.

11. Practical Implications, Guidelines
and Conclusions

For a rapid restoration of muscle glycogen, it is
recommended that 75-90g of CHO (1.2 g/kg) are
ingested immediately after exercise. Consuming this
much every hour or as multiple small meals will
maintain a maximal rate of muscle glycogen storage
for as many as 46 hours after exercise. Ingestion of
glucose and sucrose results in a faster replenishment
of muscle glycogen stores than ingestion of fructose.
When sufficient CHO is consumed (1.2. g/kg/h),
there is no need for protein and/or amino acid inges-
tion in order to enhance the insulin levels. Higher
insulin concentrations do not further increase the
rate of muscle glycogen synthesis when CHO intake
is sufficient. However, it should be noted that from a
practical point of view, it might not be possible for
an athlete to consume such large amounts of CHO.
Alternatively, athletes may want to consume a mod-
erate CHO intake (0.8 g/kg/h) in combination with
some protein and/or amino acids, because this prac-
tice has been shown to result in similar muscle
glycogen synthesis rates to the ingestion of a large
amount of CHO only (1.2 g/kg/h). Furthermore,
ingestion of insulinotropic protein and/or amino ac-
id mixtures might stimulate post-exercise net mus-
cle protein anabolism, and this might contribute to
faster tissue growth and repair. Consumption of
CHO foods with a moderate to high GI is recom-
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mended because this might result in higher glycogen
synthesis rates than ingestion of low-GI CHO foods.
Whether the CHO supplement is in solid or liquid
form does not seem to affect the rate of muscle
glycogen synthesis. When appetite is suppressed
immediately after exercise, there is a preference for
drinking fluids rather than eating solid foods. There-
fore, CHO beverages are recommended in the first
few hours after exercise since it also provides fluid
for rapid rehydration.
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