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Abstract

Glycogen synthase (GS) catalyses the incorporation of uridine diphosphate-

glucose into glycogen in skeletal muscle. In concert with the glucose trans-

port step, GS activity is thought to be rate-limiting in the disposal of glucose

as muscle glycogen. Glycogen synthase is regulated by both allosteric factors

(primarily glucose 6-phosphate) and covalent modification by reversible

phosphorylation and dephosphorylation leading to inactivation and activa-

tion of GS, respectively. Exercise activates both stimulatory and inhibitory

regulators of GS and it is thought that the resultant activity of GS during

exercise depends on the relative strength of opposing signals. However, the

mechanisms by which exercise regulates GS activity are not fully understood.

Glycogen breakdown, the GM–protein phosphatase 1 complex and possibly

cellular relocalization of GS may be considered important factors involved in

the stimulation of GS activity during exercise, while adenosine monophos-

phate-activated protein kinase and plasma adrenaline (via protein kinase A)

can be considered as essential for the exercise-induced inhibitory signals

to GS.

Keywords adrenaline, AMP-activated protein kinase, glycogen, glycogen

synthase kinase 3, protein phosphatase 1.

Once taken up in skeletal muscle, glucose is phosphor-

ylated to glucose 6-phosphate, which is either directed

towards glycolysis or glycogen synthesis. After a glyco-

gen depleting stimulus, e.g. exercise or fasting, the rise

in insulin induced by a carbohydrate-rich meal will

direct a substantial part of the glucose towards repletion

of the glycogen stores. This is brought about by an

insulin-induced increase in the activity of glycogen

synthase (GS), which is a catalyst of the incorporation

of uridine diphosphate (UDP)-glucose into glycogen.

Exercise increases the energy demand of the contracting

muscle and a significant part of this demand for

adenosine triphosphate (ATP) generation is met by

speeding up glycogen breakdown. Although exercise is

most often associated with a net breakdown of glyco-

gen, mechanisms exist that promote the activity of GS in

response to exercise in an insulin-independent manner.

Before going into a discussion of the exercise regulation

of GS, a general description of the complex mechanisms

involved in regulation GS activity is warranted.

Regulation of glycogen synthase activity

Glycogen synthase is regulated allosterically by glucose

6-phosphate as well as by reversible phosphorylation and

dephosphorylation leading to inactivation and activation

of GS, respectively. Thus, activation of GS may take place

through inactivation of kinases phosphorylating GS and

by activation of phosphatases dephosphorylating GS.

Several of these upstream enzymes have been identified

although their relative importance in the regulation of GS

is not fully clarified. The significance of most of these

enzymes is discussed in relation to exercise in the

following sections of this review.

In general, phosphorylation decreases GS activity

by causing an increase in the KM for the substrate
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UDP-glucose and an increase in the Ka for glucose

6-phosphate (Roach & Larner 1976, Roach et al.

1976). Besides allosteric activation of GS, glucose

6-phosphate also induces an increased and decreased

susceptibility of GS to the action of GS phosphatases

and protein kinase A (PKA), respectively (Lawrence &

James 1984, Villar-Palasi 1991, 1994, 1995). It should

be remembered that when measuring GS activity in a

standard in vitro assay (Thomas et al. 1968) as applied

in most studies the direct allosteric effect of G6P on GS

in vivo is not picked up, whereas indirect effects of G6P

on the susceptibility of GS to upstream enzymes may be.

Thus, GS activity measurements are thought to reflect

the effect of phosphorylation status on the enzyme

activity.

Glycogen synthase is subject to phosphorylation at

nine or more sites. Two sites, site 2 and 2a, corres-

ponding to Ser7 and Ser10 on GS from rabbit skeletal

muscle, are located near the NH2-terminus. At least

seven sites (sites 3a–c, 4, 5, 1a–b) are located in the

COOH-terminal 100 residues of GS. Phosphorylation

of site 2, 2a, 3a and b generally decreases the activity

more than phosphorylation of the remaining sites that

have minor or no effect on activity of GS (DePaoli-

Roach et al. 1983, Poulter et al. 1988, Flotow & Roach

1989, Nakielny et al. 1991, Zhang et al. 1993).

Notably, initial phosphorylation of site 5 by casein

kinase (CK) 2 creates a recognition motif for GSK3,

which then sequentially phosphorylates site 4, 3c, 3b

and 3a (Fiol et al. 1987, Roach 1990). This phenom-

enon has been termed hierarchal phosphorylation

(illustrated in Fig. 1), which has also been demonstrated

for the NH2-terminal sites of GS where modification of

site 2 by PKA, AMPK or other kinases (reviewed by

Roach 2002) is a prerequisite for phosphorylation of

site 2a by CK 1 (Flotow & Roach 1989, Flotow et al.

1990). Thus, the extent of activation depends on the

specific site phosphorylated and on the glucose 6-phos-

phate concentration (reviewed in Lawrence & Roach

1997, Roach 2002).

Exercise regulation of GS

Glycogen is an essential metabolic substrate during

exercise even at fairly low work intensities (Karlsson &

Saltin 1971). One clear example of this is the servere

exercise intolerance present in patients with McArdle’s

disease characterized by absence of muscle glycogen

breakdown due to deficiency of a functional skeletal

muscle glycogen phosphorylase enzyme (McArdle 1951,

Nielsen et al. 2002a). Repletion of the glycogen stores

involves an increase in the activity of GS after exercise.

However, it has been proposed that during exercise

although glycogen is broken down, mechanisms exist

that at the same time promote the activity of GS and in

turn glycogen synthesis (Huang 1998, Nielsen et al.

2001, Shulman & Rothman 2001).

The regulation of GS by exercise is not dependent on

the muscle insulin receptor (Wojtaszewski et al. 1999a)

and muscle contraction regulation of GS is PI3-kinase

independent (Wojtaszewski et al. 1999b, Sakamoto

et al. 2002). These are observations that strongly suggest

that insulin and exercise utilize different signalling

pathways to activate GS, at least at the proximal level.

Notably, the stimulatory effects of exercise and insulin

are not always additive (Wojtaszewski et al. 1999a),

suggesting that the two stimuli, at least in part, affect GS

in the same way, e.g. the same phosphorylation sites.

Early studies in rodent (Danforth 1965, Piras &

Staneloni 1969) and later studies in human skeletal

muscle demonstrated that GS activity was increased in

response to exercise (Bergstrom et al. 1972, Kochan

et al. 1979, Bak & Pedersen 1990, Yan et al. 1993b,

Wojtaszewski et al. 2001). However, in response to

exercise conditions characterized by limited glycogen

breakdown and/or high exercise intensities, GS activity

has actually been observed to be decreased or

unchanged during exercise and rapidly increased after

the cessation of exercise (Chasiotis et al. 1982, 1983a,

Chasiotis & Hultman 1985, Kida et al. 1989, Yan et al.

1992, 1993a, Katz & Raz 1995, Jiao et al. 1999, 2001).

Taken together, there seems to be a consensus that

exercise and insulin regulate GS activity differentially

(Danforth 1965, Aschenbach et al. 2001, Nielsen et al.

2001, Suzuki et al. 2001) and as discussed in the

following, we have put forward the hypothesis that GS

is influenced by both stimulatory and inhibitory factors

during exercise and the consequent effect of exercise on

GS activity is a result of the relative strength of these

opposing signals that may vary according to the exercise

mode, intensity and duration.
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Figure 1 Schematic model of glycogen synthase (GS). The

enzyme is shown in cartoon form with indications of the dif-

ferent phosphorylation sites and the primary kinases thought to

act on these sites. The serine residue numbers refer to the rabbit

muscle GS enzyme. Hierarchal phosphorylation is indicated on

site 2a and the sites 3–4. Site 2, 2a, 3a and 3b are the sites

thought to be most important in the regulation of GS activity.

Also indicated (G6P) is the region of GS responsible for the

sensitivity to glucose 6-phosphate. The primary phosphatase

thought to be responsible for dephosphorylation of all sites on

GS is protein phosphatase 1 (not depicted). Refer to text for

further detail and references. Adapted from Roach (2002) and

Hanashiro & Roach (2002).
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Muscle glycogen content

It has long been known that GS activity is closely

coupled to the muscle glycogen content in both rodent

(Danforth & Harvey 1964, Danforth 1965) and human

skeletal muscle (Bergstrom et al. 1972), both in the

resting state and after muscle contraction (Danforth

1965, Zachwieja et al. 1991, Nielsen et al. 2001). This

inverse relationship is very tight and notably data-points

from resting and contraction-stimulated muscle follow

the same hyperbolic-shaped curve, whereas insulin and

adrenaline-stimulation shift the curve up and down,

respectively (Danforth 1965, Nielsen et al. 2001) as

indicated in Figure 2. This strongly suggests that the

increase in GS activity induced by muscle contraction is

merely a result of the decreasing glycogen content and

suggests that changes in glycogen content during exer-

cise (and at rest) play an essential role in the regulation

of GS. In other words, whichever signalling pathway

activates GS during exercise it does not seem to have a

glycogen-independent effect on GS. In support of such a

mechanism is the observation that in patients with

McArdle’s disease, which are unable to break down

glycogen due to deficiency of glycogen phosphorylase,

GS is not activated after exercise in contrast to a

significant activation of GS in the control group. These

patients also have low resting activities of GS, most

likely due to the exaggerated muscle glycogen stores

(Nielsen et al. 2002a). Further evidence for glycogen

breakdown being essential for exercise-induced

activation of GS is the observation that in healthy

subjects with low muscle glycogen levels prior to

exercise and no further net glycogen breakdown during

exercise, GS is not increased over the resting level

during exercise. In contrast, when muscle glycogen is

elevated prior to exercise, glycogen is broken down

during exercise and GS activity is increased above the

pre-exercise level during exercise (unpublished data

from our laboratory).

The mechanism underlying the relationship between

GS activity and muscle glycogen content has not yet

been revealed. An attractive hypothesis could be that

changes in GS activity are related to the cellular

localization of GS and its upstream effectors. In

3T3-L1 adipocytes, primary hepatocytes, C2C12 myo-

tubes and COS-1 cells, GS is capable of translocation in

response to various stimuli but clear differences in GS

distribution exist between cell/tissue types (Fernandez-

Novell et al. 1992, 1997, Baque et al. 1996, Brady et al.

1999, Ferrer et al. 2000, Jensen et al. 2000, Garcia-

Rocha et al. 2001). Skeletal muscle with its contractile

apparatus is functionally different from adipocytes and

hepatocytes and notably, cytosolic GS is present in

adipocytes but not in skeletal muscle, where cytosol is

defined as the high-speed (>100 000 g) supernatant

from non-detergent-treated homogenate (Brady et al.

1999, Nielsen et al. 2001). Therefore, extrapolation of

results concerning GS and related enzymes from non-

muscle cell types to the regulation of GS in skeletal

muscle should be done cautiously. In skeletal muscle it

has been demonstrated that GS is associated with

glycogen particles (Meyer et al. 1970, Bergamini et al.

1977) but also with myofibrils (Moruzzi et al. 1980,

Lane et al. 1989, Nielsen et al. 2001). Moruzzi et al.

(1980) demonstrated that the recovery of total GS

activity (a measure of GS protein content) in myofibril-

lar sediments increased in response to adrenaline

administration in vivo and our experiments indicate

that this is most likely due to the glycogen-depleting

action of adrenaline (Nielsen et al. 2001). In the latter

study, it was also demonstrated in fast-twitch muscle

that some GS translocates from the glycogen-enriched

fraction to the cytoskeleton when glycogen content in

skeletal muscle decreases. Furthermore, GS protein

content of a 2700 g pellet in fast-twitch muscle

increased when glycogen was low but this was not the

case in the slow-twitch soleus muscle (Nielsen et al.

2001). Moruzzi et al. (1980) were also able to show an

effect of adrenaline on GS translocation in fast but not

in slow-twitch muscle, suggesting that GS translocation

to the cytoskeleton is muscle fibre-type specific.

A myofibrillar localization of GS may be explained by

the finding that glycogenin is partly associated with the

cytoskeleton protein actin (Baque et al. 1997), which

constitutes a major part of the sarcomeric I-band.
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Figure 2 Relationship between the muscle glycogen concen-

tration and the glycogen synthase (GS) activity. GS activity is

strongly related to the muscle glycogen concentration in an

inverse hyperbolic manner. Basal and contraction-stimulated

muscle follow the same curve suggesting that the contraction-

induced increase in GS activity is a result of glycogen break-

down. Insulin and adrenaline do not abolish the relationship

between glycogen content and GS activity but shift the curve up

and down, respectively. The figure is based on studies referred

to in the text.
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Furthermore, Skurat et al. (2002) recently showed that

GNIP (a novel glycogenin and GS interacting protein)

interacts with desmin, another myofibrillar protein. The

preferential cytoskeleton localization of GS when gly-

cogen stores are depleted probably indicates that

glycogen synthesis close to the contractile apparatus

has a high priority. It is presumably advantageous to

have the glycogen stores located close to the site of

energy utilization especially because mitochondria

also accumulate in this region (Eisenberg et al. 1974,

Eisenberg & Kuda 1975). When glycogen stores near

the contractile apparatus are filled up then further

glycogen synthesis can occur in other regions of the cell

and GS association with the myofibrils is relaxed. In the

early stages of glycogen synthesis, glycogenin and GS

are associated, but later they dissociate as synthase is

thought to move to the outer branches of the glycogen

particle (Smythe & Cohen 1991). If GS activity is high

only when glycogenin and GS are bound to each other

as suggested by in vitro studies (Pitcher et al. 1987,

1988), this could explain why GS activity decreases as

the glycogen particle grows.

Protein phosphatase 1

Already Larner et al. (1967) speculated that both GS

and a GS phosphatase are bound to glycogen in the cell

and when the glycogen content is decreased during

exercise GS and the phosphatase would be released

from glycogen, enabling the phosphatase to activate GS.

When glycogen levels increase again, GS activity would

decrease because glycogen binding would inhibit the

phosphatase. According to this hypothesis, glycogen-

effects on phosphatase activity would play a major role

in the inverse relationship between muscle glycogen

levels and GS activity. Although some studies support

the existence of such a mechanism (Villar-Palasi &

Larner 1966, Villar-Palasi 1969, Mellgren & Coulson

1983) several others do not (Holmes & Mansour 1968,

Martensen et al. 1973, Hubbard & Cohen 1989b, Bak

& Pedersen 1990, Vardanis & Hudson 1991, Yan et al.

1992, Halse et al. 2001, Wojtaszewski et al. 2002).

However, when evaluating these studies it should be

considered that in assays of total phosphatase activity in

homogenates or lysates of skeletal muscle changes in

activity of targeted subpopulations of phosphatases are

not picked up and possibly interactions between

subunits important for the phosphatase activity are

disrupted. Also as homogenization of the tissue is done

without phosphatase inhibitors (because phosphatase

activity is measured) any effect due to changes in

phosphorylation of protein phosphatase 1 (PP1) cata-

lytic and targeting subunits could be lost.

The primary phosphatase acting on the GS sites

important for activity is the multi-substrate phosphatase

PP1 (Cohen 1989). The regulation of PP1 is complex

and the reader is referred to recent comprehensive

reviews on this topic (Newgard et al. 2000, Brady &

Saltiel 2001). With respect to regulation of GS activity it

should be mentioned that GS, glycogen phosphorylase

and phosphorylase kinase are all to a variable extent

bound directly to glycogen (Cohen 1978) but several

lines of evidence indicate that these enzymes as well as

PP1 are also bound to PP1-targeting subunits that

themselves bind to glycogen and acts as molecular

scaffolds thereby having a major impact on regulation

of glycogen metabolism. One such targeting subunit

that has received considerable attention is GM (or RGl

for glycogen-binding regulatory subunit) that is also

able to bind to SR-membranes via a specific site distinct

from the glycogen binding site (Tang et al. 1991,

Hubbard & Cohen 1993). Binding of GM to PP1

enhances dephosphorylation of GS, whereas glycogen-

olytic agents such as adrenaline cause phosphorylation

of rabbit GM at serine 67 (corresponding to serine 65 in

the human isoform), and, in some reports, also serine 48

(corresponding to serine 46 in the human protein),

resulting in dissociation and thus inactivation of the

GM–PP1 complex (Hiraga & Cohen 1986, Hubbard &

Cohen 1989a,b, Dent et al. 1990a,b).

An essential role of GM in exercise regulation of GS

was recently indicated by a study where GM was

knocked out in mice. After either exercise or in situ

muscle contraction GS activity was increased in the

wild type but unchanged in the GM knockout mice

(Aschenbach et al. 2001). This strongly suggests that

GM-associated PP1 activity is essential for the activation

of GS after exercise. Based on estimations of the cellular

concentrations of GM and its substrates, Hubbard &

Cohen (1989b) reasoned that the relatively large size of

the glycogen particles might be expected to introduce

constraints to reactions among glycogen-bound pro-

teins. It could be further speculated that high glycogen

levels would make it more difficult for the PP1–GM

complex to dephosphorylate GS as glycogen content

increases, but as the glycogen content progressively

decreases during exercise PP1–GM would be exposed to

interaction with GS, increasing the activity of the

enzyme. However, as each GM subunit binds only one

GS protein (Stralfors et al. 1985, Hubbard & Cohen

1989c) and it can be estimated that cellular GS protein

is in about an eightfold molar excess of the GM subunits

(P. Cohen, personal communication) it is likely that

additional or other mechanisms are underlying the

potent inhibitory effect of glycogen on GS activity.

PKA

As mentioned above, GS activity is not always increased

and in some studies even decreased in response to
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exercise. Based on in vitro observations several kinases

could in theory be responsible for this exercise-induced

deactivation of GS (reviewed in Roach 2002). Further-

more, a decrease in phosphatase activity during exercise

would also be able to decrease the activity of GS, as

phosphate turnover is relatively rapid in GS (Smith &

Lawrence 1985). Importantly, an inherent response to

exercise is an increase in plasma adrenaline. Adrenaline

infusion in resting humans induces a significant drop in

skeletal muscle GS activity (Chasiotis et al. 1983b,

Chasiotis & Hultman 1985). This is thought to be due

to an adrenaline-induced increase in cAMP in turn

activating PKA, which has been shown to phosphor-

ylate and deactivate GS (reviewed by Cohen 1978).

Thus, it could be hypothesized that the exercise-induced

drop in GS activity that is sometimes observed, is due to

an increase in plasma adrenaline and not due to muscle

contraction per se. In support of such a view, GS

activity has so far not been reported to decrease when

rodent muscle is stimulated to contract in the isolated

perfused rat hindlimb or when incubated in vitro

(Adolfsson 1973, Richter et al. 1982, Wojtaszewski

et al. 1999b, Sakamoto et al. 2002) – experimental

models that eliminates a possible deactivating effect of

blood-borne substances on GS (e.g. adrenaline-induced

GS deactivation). On the other hand, GS activity has

been observed to decrease in rodent skeletal muscle in

response to short-term swimming exercise where effects

of humoral factors are kept intact (Brau et al. 1997).

Most importantly, b-adrenergic blockade (propranolol

infusion) abolished the decrease in GS activity induced

by short-term isometric or dynamic exercise (Chasiotis

et al. 1983a). Taken together, these observations sug-

gest that the increase in plasma adrenaline during

exercise is able to suppress GS activity and that the

increase in PKA activity seen during exercise (Yan et al.

1992) is due to an increase in adrenaline and/or other

b-adrenergic blood borne stimulators and not due to

muscle contraction per se as cAMP levels are not

changed during muscle contraction in vitro (Posner

et al. 1965, Richter et al. 1982).

Although site 2 but not site 3 on GS is phosphorylated

by PKA in vitro (reviewed by Roach 2002) phosphory-

lation of site 3 is increased upon in vivo adrenaline

infusion (Parker et al. 1982, Poulter et al. 1988,

Nakielny et al. 1991). This indicates that PKA may

exert its effect on GS by direct phosphorylation of site 2

but also by indirect mechanisms affecting phosphosph-

orylation of site 3. As mentioned in the previous section,

the PP1-subunit GM is suggested to be a pivotal factor in

exercise-induced GS activation (Aschenbach et al.

2001). The observation that adrenaline induces phos-

phorylation of glycogen-bound and SR-bound GM at

Ser48 and Ser67 when injected intravenously into

rabbits and rats (Dent et al. 1990a, Walker et al.

2000) adds further complexity to the exercise regulation

of GM. Phosphorylation of GM causes release of PP1

from GM in vivo (Hiraga & Cohen 1986, MacKintosh

et al. 1988) and in vitro (Hiraga & Cohen 1986,

Hubbard & Cohen 1989a). Taken together with the

observations that the activity of released cytosolic PP1 is

approximately fivefold lower than the activity of GM

bound PP1 and that PP1 and GS both must bind to GM

in order for GM to mediate activation of GS (Liu &

Brautigan 2000) this suggests an indirect mechanism

whereby exercise via adrenaline is able to inhibit GS

activity. However, recently Kim & DePaoli-Roach

(2002) showed that adrenaline-induced deactivation of

GS is intact in GM knockout mice. This study suggests

that although PKA is not thought to act on site 3 of GS

other adrenaline-activated kinases may. Alternatively or

additionally, another phosphatase/phosphatase com-

plex than the GM–PP1 complex is involved. Taken

together, adrenaline-mediated inhibition of GS is likely

to be a major mechanism by which GS activity is

inhibited during exercise although the mechanism lying

behind the adrenaline effect on GS activity is not fully

elucidated.

AMPK

Based on the view that the AMPK enzyme is a sensor of

cellular energy charge, turning off ATP consuming

anabolic pathways (Hardie & Carling 1997), it could be

proposed that AMPK activation may work to decrease

the activity of GS during exercise, slowing down the

energy-consuming incorporation of UDP-glucose into

glycogen. This is supported by the observation that ser7

on GS is a substrate of AMPK in vitro (Carling &

Hardie 1989) and in vivo as detected by a phospho-

specific antibody (D.G. Hardie et al., personal commu-

nication). Phosphorylation of GS on ser7 increases the

susceptibility of ser10 on GS for phosphorylation by CK

1 (Flotow & Roach 1989, Flotow et al. 1990, Nakielny

et al. 1991), and phosphorylation of these two sites on

GS decreases the enzyme activity significantly (Flotow

& Roach 1989, Nakielny et al. 1991, Zhang et al.

1993). Furthermore, GS co-immunoprecipitates with

AMPK in skeletal muscle (Chen et al. 1999). It has been

observed that AMPK activation by AICAR decreased

GS activity and increased phosphorylation status of GS

in skeletal muscle from the perfused rat hindlimb

(Wojtaszewski et al. 2002) and in rat epitroclearis

muscle incubated in vitro (Miyamoto et al. 2001). In

contrast, a third study reports an unchanged GS activity

in rat FDB and epitrochlearis muscle in response to

AICAR incubation in vitro (Aschenbach et al. 2002). In

the same study, the effect on GS activity of an

intraperitonal AICAR injection was followed over a

2-h time course. GS activity decreased and increased in
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white and red gastrocnemius, respectively, indicating

that in vivo the AICAR effect is muscle fibre-type

specific as also observed in the perfused rat hindlimb

(Wojtaszewski et al. 2002).

A high muscle glycogen level inhibits AICAR-induced

a2AMPK activity (Wojtaszewski et al. 2002). This

coincides with a smaller decrease in GS activity in high

glycogen muscle than in low glycogen muscle when

perfused with AICAR (Wojtaszewski et al. 2002),

which is consistent with the view that AMPK activation

decreases GS activity. Notably, high muscle glycogen

levels are associated with both low AMPK and GS

activity (Nielsen et al. 2002a, Wojtaszewski et al. 2002)

strongly suggesting that factors other than AMPK are

responsible for the tight relationship between GS activity

and glycogen level. In conclusion, AMPK might work as a

GS deactivator during exercise but it should be remem-

bered that most studies of the effect of AMPK on GS has

applied AICAR and not exercise or muscle contraction as

a stimulator of AMPK. AICAR and exercise diverge on

the important point that AICAR in contrast to exercise

does not lead to glycogen breakdown.

GSK3

GSK3 consecutively phosphorylates site 4, 3a, 3b and 3c

on GS when site 5 is phosphorylated by CK 2 (Picton

et al. 1982, DePaoli-Roach et al. 1983, Fiol et al. 1987,

1990, Zhang et al. 1993). In rodent skeletal muscle,

GSK3 activity of the a and b isoforms of GSK3 is

decreased in response to treadmill exercise, in situ

contraction and in isolated muscle contracted in vitro

in the absence of systemic factors (Markuns et al. 1999,

Sakamoto et al. 2002). These observations coincide with

increased phosphorylation of GSK3b on ser9 but not

always ser21 on GSK3a (Markuns et al. 1999, Sakamoto

et al. 2002). Thus, GSK3 could be a potential regulator

of GS activity during exercise, but while insulin deacti-

vation of GSK3a is present in human skeletal muscle

(Nikoulina et al. 2000, Wojtaszewski et al. 2000, 2001,

Nielsen et al. 2002b), the lack of an exercise-induced

decrease in GSK3a and GSK3b activity (Wojtaszewski

et al. 2001, Nielsen et al. 2002a) questions whether the

role of GSK3 as a GS regulator is the same in rodent and

human muscle and whether GSK3 has a role in exercise

regulation of GS in human skeletal muscle.

G6P

As mentioned in the introductory section, G6P is a

direct and indirect stimulator of the activity of GS,

although the direct allosteric effect of G6P is not picked

up when measuring GS activity in vitro. Nevertheless, it

should be considered that the G6P may play an

important role in regulating GS during exercise. During

exercise the glucose uptake is increased in skeletal

muscle and this often leads to increases in the concen-

tration of G6P levels (Richter 1996). Thus, the allosteric

activation of GS during exercise could be quite signi-

ficant as suggested by Piras & Staneloni (1969) and

Bloch et al. (1994). GS activity is also increased in

contracting skeletal muscles stimulated to contract

in vitro or in situ perfused or incubated in the absence

of glucose keeping G6P levels very low and unchanged

(unpublished observation by W. Derave). This suggests

that the increase in GS activity induced by exercise is

not dependent on an increase in skeletal muscle G6P

levels, which is also supported by observations in

human muscle cell cultures (Montell et al. 1999).

Summary and conclusion

Taken together, exercise regulation of GS is character-

ized by great complexity. GS is a substrate of kinases

and phosphatases acting on several phosphorylation

sites of GS. Furthermore, changes in cellular G6P levels

may affect GS by direct allosteric as well as indirect

mechanisms. As summarized in Figure 3, exercise acti-

vates both stimulatory and inhibitory regulators of GS,

with the latter group being intracellularly as well as

systemically activated. The mechanisms responsible for

inhibition and especially activation are poorly under-

stood. It may be proposed that the resultant activity of

GS during exercise may depend on the relative strength

of opposing signals. Glycogen breakdown may be

considered the major stimulatory signal, possibly invol-

ving the GM–PP1 complex as an essential component,

while plasma adrenaline via PKA and at least one other

signal independent of blood borne stimuli are proposed

to be responsible for the exercise-induced inhibitory

signal to GS activity. The latter signal could be

mediated by a direct phosphorylation of GS and in this

respect it could prove to be important that activation of

AMPK (as seen during exercise) leads to phosphoryla-

tion of GS and a concomitant drop in GS activity.

From a teleological point of view, one might expect

that during contraction all available glucose and ATP is

directed towards fuelling the contractions instead of

being utilized as substrates for glycogen storage.

Therefore, it could seem as a paradox that exercise

increases the activity of GS. However, it must be

remembered that although it has been demonstrated

that glycogen synthesis is increased by exercise

(Constable et al. 1984, Kuipers et al. 1987, 1989,

Hutber & Bonen 1989, Gorski et al. 1991, Price et al.

1991, 1994, Azevedo et al. 1998, Huang 1998) exercise

almost always results in net glycogen breakdown, most

likely reflecting the higher cellular enzymatic potential

for glycogen breakdown than glycogen synthesis

(Richter et al. 1982, Connett & Sahlin 1996). The
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exercise-induced increase in GS activity may be part of a

functional mechanism of ‘glycogen sparing’ in the

exercising muscle, protecting it against complete glyco-

gen depletion during intense exercise or early glycogen

depletion during prolonged exercise. Shulman &

Rothman (2001) have proposed an intriguing hypoth-

esis that a ‘glycogen shunt’ operates in exercising

muscle. According to this hypothesis, glycogen is

resynthesized from blood glucose in the period between

each muscle contraction, ensuring that energy from

glycogenolysis can be rapidly supplied during the

following muscle contraction.

Perspectives

Insulin resistance-related diseases are a rapidly growing

problem and the search for ways to treat these diseases

has therefore been intensified. Pharmaceutical drugs or

eventually gene therapies that mimic the effects of

exercise on carbohydrate metabolism and gene expres-

sion could prove to be potent therapeutic tools in the

treatment of type 2 diabetes and other insulin resist-

ance-related diseases. In order to achieve this, it is

essential that the cellular mechanisms and signaling

molecules whereby exercise augments glucose uptake

and glycogen synthesis are identified. Thus, elucidation

of the mechanisms by which exercise regulates GS

activity could have major therapeutic perspectives.

Future research should be focused on elucidating the

specific phosphorylation sites on GS that are affected by

exercise and muscle contraction per se. This could lead

to a better understanding of how exercise regulates GS

and which upstream enzymes that are important in this

process. Furthermore, it should be investigated whether

translocation of GS induced by decreases in glycogen

levels renders specific subcellular pools of GS more

susceptible to stimulation by insulin or other stimuli.

The authors are supported by a Research and Technological

Development Project (QLG1-CT-2001-01488) funded by the

European Commission and by grant no. 504-14 from the

Danish National Research Foundation and the Media and

Grants Secretariat of the Danish Ministry of Culture. Jakob Nis

Nielsen is supported by the Carlsberg Foundation. Support was

also obtained from the Novo-Nordisk foundation and the

Danish Diabetes Association.

References

Adolfsson, S. 1973. Effect of contractions in vitro on glycogen

content and glycogen synthetase activity in muscle. Acta

Physiol Scand 88, 189–197.

Aschenbach, W.G., Suzuki, Y., Breeden, K. et al. 2001. The

muscle-specific protein phosphatase PP1G/R GL(GM) is

essential for activation of glycogen synthase by exercise.

J Biol Chem 276, 39959–39967.

Aschenbach, W.G., Hirshman, M.F., Fujii, N., Sakamoto, K.,

Howlett, K.F. & Goodyear, L.J. 2002. Effect of AICAR

treatment on glycogen metabolism in skeletal muscle. Dia-

betes 51, 567–573.

Azevedo, J.L., Linderman, J.K., Lehman, S.L. & Brooks, G.A.

1998. Training decreases muscle glycogen turnover during

exercise. Eur J Appl Physiol Occup Physiol 78, 479–486.

Bak, J.F. & Pedersen, O. 1990. Exercise-enhanced activation of

glycogen synthase in human skeletal muscle. Am J Physiol

258, E957–E963.

Baque, S., Roca, A., Guinovart, J.J. & Gomez-Foix, A.M.

1996. Direct activating effects of dexamethasone on glyco-

gen metabolizing enzymes in primary cultured rat hepato-

cytes. Eur J Biochem 236, 772–777.

Baque, S., Guinovart, J.J. & Ferrer, J.C. 1997. Glycogenin, the

primer of glycogen synthesis, binds to actin. FEBS Lett 417,

355–359.

Bergamini, C., Buc, H. & Morange, M. 1977. Purification of

muscle glycogen particles by glycerol-gradient centrifuga-

tion. FEBS Lett 81, 166–172.

Exercise

Muscle
contraction

Adrenaline

Glycogen
breakdown

PKAGSGM-PP1

Glucose
uptake

Glucose 6-phosphate

GS
Cytoskeleton

AMPK

GS

Cytoskeleton

Figure 3 Regulation of skeletal muscle glycogen synthase (GS)

during exercise. Exercise elicits both muscle contraction and an

increase in blood adrenaline levels, leading to increases in

glycogen breakdown and glucose uptake. An exercise-induced

decrease in glycogen content stimulates GS activity as the

activity of GS is inversely related to glycogen. The mechanism

linking glycogen levels and GS activity is not completely

understood, but it could prove to be an important clue that GS

associates with the cytoskeleton when glycogen levels are

decreased. Furthermore, the glycogen-associated PP1 subunit

GM, has been shown to be essential in exercise activation of

GS. Adrenaline activates cAMP-dependent protein kinase/

protein kinase A (PKA), which decreases GS activity by directly

phosphorylating site 2 and indirectly site 3 by a yet unknown

mechanism. Glucose 6-phosphate often increases during exer-

cise due to an increase in glucose uptake and an increase in

glycogen breakdown. This allosterically activates GS, but glu-

cose 6-phosphate also increases and decreases the susceptibility

of GS to the action of GS phosphatases (primarily PP1) and PKA,

respectively. Activating and inhibiting factors are indicated by

sharp arrowheads and black ovals, respectively. Dotted arrow

lines indicate effects that are not completely understood.

� 2003 Scandinavian Physiological Society 315

Acta Physiol Scand 2003, 178, 309–319 J N Nielsen and E A Richter Æ Exercise regulation of glycogen synthase



Bergstrom, J., Hultman, E. & Roch-Norlund, A.E. 1972.

Muscle glycogen synthetase in normal subjects. Basal values,

effect of glycogen depletion by exercise and of a carbohy-

drate-rich diet following exercise. Scand J Clin Lab Invest

29, 231–236.

Bloch, G., Chase, J.R., Meyer, D.B., Avison, M.J., Shulman,

G.I. & Shulman, R.G. 1994. In vivo regulation of rat muscle

glycogen resynthesis after intense exercise. Am J Physiol 266,

E85–E91.

Brady, M.J. & Saltiel, A.R. 2001. The role of protein phospha-

tase-1 in insulin action. Recent Prog Horm Res 56, 157–173.

Brady, M.J., Kartha, P.M., Aysola, A.A. & Saltiel, A.R. 1999.

The role of glucose metabolites in the activation and trans-

location of glycogen synthase by insulin in 3T3-L1 adipo-

cytes. J Biol Chem 274, 27497–27504.

Brau, L., Ferreira, L.D., Nikolovski, S., Raja, G., Palmer, T.N.

& Fournier, P.A. 1997. Regulation of glycogen synthase and

phosphorylase during recovery from high-intensity exercise

in the rat. Biochem J 322, 303–308.

Carling, D. & Hardie, D.G. 1989. The substrate and sequence

specificity of the AMP-activated protein kinase. Phosphor-

ylation of glycogen synthase and phosphorylase kinase.

Biochim Biophys Acta 1012, 81–86.

Chasiotis, D. & Hultman, E. 1985. The effect of adrenaline

infusion on the regulation of glycogenolysis in human muscle

during isometric contraction. Acta Physiol Scand 123, 55–60.

Chasiotis, D., Sahlin, K. & Hultman, E. 1982. Regulation of

glycogenolysis in human muscle at rest and during exercise.

J Appl Physiol 53, 708–715.

Chasiotis, D., Brandt, R., Harris, R.C. & Hultman, E. 1983a.

Effects of beta-blockade on glycogen metabolism in human

subjects during exercise. Am J Physiol 245, E166–E170.

Chasiotis, D., Sahlin, K. & Hultman, E. 1983b. Regulation of

glycogenolysis in human muscle in response to epinephrine

infusion. J Appl Physiol 54, 45–50.

Chen, Z., Heierhorst, J., Mann, R.J. et al. 1999. Expression of

the AMP-activated protein kinase beta1 and beta2 subunits

in skeletal muscle. FEBS Lett 460, 343–348.

Cohen, P. 1978. The role of cyclic-AMP-dependent protein

kinase in the regulation of glycogen metabolism in mam-

malian skeletal muscle. Curr Top Cell Regul 14, 117–196.

Cohen, P. 1989. The structure and regulation of protein

phosphatases. Annu Rev Biochem 58, 453–508.

Connett, R. & Sahlin, K. 1996. Control of glycolysis and

glycogen metabolism. In: L.B. Rowell & J.T. Sherperd (eds)

Handbook of Physiology, pp. 870–911. American Physio-

logical Society, Oxford University Press, New York, Oxford.

Constable, S.H., Young, J.C., Higuchi, M. & Holloszy, J.O.

1984. Glycogen resynthesis in leg muscles of rats during

exercise. Am J Physiol 247, R880–R883.

Danforth, W.H. 1965. Glycogen synthase activity in skeletal

muscle. Interconversion of two forms and control of glyco-

gen synthesis. J Biol Chem 240, 588–593.

Danforth, W.H. & Harvey, P. 1964. Glycogen synthetase and

control of glycogen synthesis in muscle. Biochem Biophys

Res Commun 16, 466–471.

DePaoli-Roach, A.A., Ahmad, Z., Camici, M., Lawrence, J.C.

Jr & Roach, P.J. 1983. Multiple phosphorylation of rabbit

skeletal muscle glycogen synthase. Evidence for interactions

among phosphorylation sites and the resolution of electro-

phoretically distinct forms of the subunit. J Biol Chem 258,

10702–10709.

Dent, P., Campbell, D.G., Caudwell, F.B. & Cohen, P. 1990a.

Identification of three in vivo phosphorylation sites on the

glycogen-binding subunit of protein phosphatase 1 from

rabbit skeletal muscle, and their response to adrenaline.

FEBS Lett 259, 281–285.

Dent, P., Lavoinne, A., Nakielny, S., Caudwell, F.B., Watt, P.

& Cohen, P. 1990b. The molecular mechanism by which

insulin stimulates glycogen synthesis in mammalian skeletal

muscle. Nature 348, 302–308.

Eisenberg, B.R. & Kuda, A.M. 1975. Stereological analysis of

mammalian skeletal muscle. II. White vastus muscle of the

adult guinea pig. J Ultrastruct Res 51, 176–187.

Eisenberg, B.R., Kuda, A.M. & Peter, J.B. 1974. Stereological

analysis of mammalian skeletal muscle. I. Soleus muscle of

the adult guinea pig. J Cell Biol 60, 732–754.

Fernandez-Novell, J.M., Arino, J., Vilaro, S. & Guinovart, J.J.

1992. Glucose induces the translocation and the aggregation

of glycogen synthase in rat hepatocytes. Biochem J 281, 443–

448.

Fernandez-Novell, J.M., Bellido, D., Vilaro, S. & Guinovart,

J.J. 1997. Glucose induces the translocation of glycogen

synthase to the cell cortex in rat hepatocytes. Biochem J 321,

227–231.

Ferrer, J.C., Baque, S. & Guinovart, J.J. 2000. Muscle glycogen

synthase translocates from the cell nucleus to the cytosol in

response to glucose. FEBS Lett 415, 249–252.

Fiol, C.J., Mahrenholz, A.M., Wang, Y., Roeske, R.W. &

Roach, P.J. 1987. Formation of protein kinase recognition

sites by covalent modification of the substrate. Molecular

mechanism for the synergistic action of casein kinase II and

glycogen synthase kinase 3. J Biol Chem 262, 14042–14048.

Fiol, C.J., Wang, A., Roeske, R.W. & Roach, P.J. 1990.

Ordered multisite protein phosphorylation. Analysis of

glycogen synthase kinase 3 action using model peptide sub-

strates. J Biol Chem 265, 6061–6065.

Flotow, H. & Roach, P.J. 1989. Synergistic phosphorylation of

rabbit muscle glycogen synthase by cyclic AMP-dependent

protein kinase and casein kinase I. Implications for hormonal

regulation of glycogen synthase. J Biol Chem 264, 9126–9128.

Flotow, H., Graves, P.R., Wang, A.Q., Fiol, C.J., Roeske, R.W.

& Roach, P.J. 1990. Phosphate groups as substrate

determinants for casein kinase I action. J Biol Chem 265,

14264–14269.

Garcia-Rocha, M., Roca, A., De, L. et al. 2001. Intracellular

distribution of glycogen synthase and glycogen in primary

cultured rat hepatocytes. Biochem J 357, 17–24.

Gorski, J., Krawczuk, I., Gorska, M. & Rutkiewicz, J. 1991.

Inhibition of glycogenesis in rat muscles partially depleted of

glycogen. Am J Physiol 261, C305–C309.

Halse, R., Bonavaud, S.M., Armstrong, J.L., McCormack, J.G.

& Yeaman, S.J. 2001. Control of glycogen synthesis by

glucose, glycogen, and insulin in cultured human muscle

cells. Diabetes 50, 720–726.

Hanashiro, I. & Roach, P.J. 2002. Mutations of muscle gly-

cogen synthase that disable activation by glucose 6-phos-

phate. Arch Biochem Biophys 397, 286–292.

316 � 2003 Scandinavian Physiological Society

Exercise regulation of glycogen synthase Æ J N Nielsen and E A Richter Acta Physiol Scand 2003, 178, 309–319



Hardie, D.G. & Carling, D. 1997. The AMP-activated protein

kinase – fuel gauge of the mammalian cell? Eur J Biochem

246, 259–273.

Hiraga, A. & Cohen, P. 1986. Phosphorylation of the glyco-

gen-binding subunit of protein phosphatase-1G by cyclic-

AMP-dependent protein kinase promotes translocation of

the phosphatase from glycogen to cytosol in rabbit skeletal

muscle. Eur J Biochem 161, 763–769.

Holmes, P.A. & Mansour, T.E. 1968. Glucose as a regulator of

glycogen phosphorylase in rat diaphragm. II. Effect of glu-

cose and related compounds on phosphorylase phosphatase.

Biochim Biophys Acta 156, 275–284.

Huang, M.T. 1998. Glycogen turnover in skeletal muscle is

stimulated along with glucose uptake in vivo during con-

traction. Life Sci 63, 2023–2030.

Hubbard, M.J. & Cohen, P. 1989a. Regulation of protein

phosphatase-1G from rabbit skeletal muscle. 1. Phosphor-

ylation by cAMP-dependent protein kinase at site 2 releases

catalytic subunit from the glycogen-bound holoenzyme. Eur

J Biochem 186, 701–709.

Hubbard, M.J. & Cohen, P. 1989b. Regulation of protein

phosphatase-1G from rabbit skeletal muscle. 2. Catalytic

subunit translocation is a mechanism for reversible inhibi-

tion of activity toward glycogen-bound substrates. Eur J

Biochem 186, 711–716.

Hubbard, M.J. & Cohen, P. 1989c. The glycogen-binding

subunit of protein phosphatase-1G from rabbit skeletal

muscle. Further characterisation of its structure and glyco-

gen-binding properties. Eur J Biochem 180, 457–465.

Hubbard, M.J. & Cohen, P. 1993. On target with a new

mechanism for the regulation of protein phosphorylation.

Trends Biochem Sci 18, 172–177.

Hutber, C.A. & Bonen, A. 1989. Glycogenesis in muscle and

liver during exercise. J Appl Physiol 66, 2811–2817.

Jensen, T.C., Crosson, S.M., Kartha, P.M. & Brady, M.J.

2000. Specific desensitization of glycogen synthase activation

by insulin in 3T3-L1 adipocytes. Connection between enzy-

matic activation and subcellular localization. J Biol Chem

275, 40148–40154.

Jiao, Y., Shashkina, E., Shashkin, P., Hansson, A. & Katz, A.

1999. Manganese sulfate-dependent glycosylation of endo-

genous glycoproteins in human skeletal muscle is catalyzed by

a nonglucose 6-P-dependent glycogen synthase and not gly-

cogenin. Biochim Biophys Acta 1427, 1–12.

Jiao, Y., Shashkin, P. & Katz, A. 2001. A new glycogen syn-

thase activity ratio in skeletal muscle: effects of exercise and

insulin. Life Sci 69, 891–900.

Karlsson, J. & Saltin, B. 1971. Diet, muscle glycogen, and

endurance performance. J Appl Physiol 31, 203–206.

Katz, A. & Raz, I. 1995. Rapid activation of glycogen synthase

and protein phosphatase in human skeletal muscle after

isometric contraction requires an intact circulation. Eur J

Physiology 431, 259–265.

Kida, Y., Katz, A., Lee, A.D. & Mott, D.M. 1989. Contrac-

tion-mediated inactivation of glycogen synthase is accom-

panied by inactivation of glycogen synthase phosphatase in

human skeletal muscle. Biochem J 259, 901–904.

Kim, J. & DePaoli-Roach, A.A. 2002. Epinephrine control of

glycogen metabolism in glycogen-associated protein

phosphatase PP1G/RGL knockout mice. J Biochem Mol Biol

35, 283–290.

Kochan, R.G., Lamb, D.R., Lutz, S.A., Perrill, C.V., Reimann,

E.M. & Schlender, K.K. 1979. Glycogen synthase activation

in human skeletal muscle: effects of diet and exercise. Am J

Physiol 236, E660–E666.

Kuipers, H., Keizer, H.A., Brouns, F. & Saris, W.H.M. 1987.

Carbohydrate feeding and glycogen-synthesis during exercise

in man. Pflugers Arch 410, 652–656.

Kuipers, H., Saris, W.H.M., Brouns, F., Keizer, H.A. &

Tenbosch, C. 1989. Glycogen-synthesis during exercise and

rest with carbohydrate feeding in males and females. Int J

Sports Med 10, S63–S67.

Lane, R.D., Hegazy, M.G. & Reimann, E.M. 1989. Subcellular

localization of glycogen synthase with monoclonal anti-

bodies. Biochem Int 18, 961–970.

Larner, J., Villar-Palasi, C., Goldberg, N.D. et al. 1967. Hor-

monal and non-hormonal control of glycogen synthesis-

control of transferase phosphatase and transferase I kinase.

In: W.J. Whelan (ed.) Control of Glycogen Metabolism,

pp. 1–18. Universitetsforlaget and Academic Press, Oslo

and New York.

Lawrence, J.C. Jr & James, C. 1984. Activation of glycogen

synthase by insulin in rat adipocytes. Evidence of hormonal

stimulation of multisite dephosphorylation by glucose

transport-dependent and -independent pathways. J Biol

Chem 259, 7975–7982.

Lawrence, J.C. Jr & Roach, P.J. 1997. New insights into the

role and mechanism of glycogen synthase activation by

insulin. Diabetes 46, 541–547.

Liu, J. & Brautigan, D.L. 2000. Glycogen synthase association

with the striated muscle glycogen-targeting subunit of pro-

tein phosphatase-1. Synthase activation involves scaffolding

regulated by beta-adrenergic signaling. J Biol Chem 275,

26074–26081.

McArdle, B. 1951. Myopathy due to a defect in muscle gly-

cogen breakdown. Clin Sci 10, 13–33.

MacKintosh, C., Campbell, D.G., Hiraga, A. & Cohen, P.

1988. Phosphorylation of the glycogen-binding subunit of

protein phosphatase-1G in response to adrenalin. FEBS Lett

234, 189–194.

Markuns, J.F., Wojtaszewski, J.F. & Goodyear, L.J. 1999.

Insulin and exercise decrease glycogen synthase kinase-3

activity by different mechanisms in rat skeletal muscle. J Biol

Chem 274, 24896–24900.

Martensen, T.M., Brotherton, J.E. & Graves, D.J. 1973.

Kinetic studies of the activation of muscle phosphorylase

phosphatase. J Biol Chem 248, 8329–8336.

Mellgren, R.L. & Coulson, M. 1983. Coordinated feedback

regulation of muscle glycogen metabolism: inhibition of

purified phosphorylase phosphatase by glycogen. Biochem

Biophys Res Commun 114, 148–154.

Meyer, F., Heilmeyer, L.M. Jr, Haschke, R.H. & Fischer, E.H.

1970. Control of phosphorylase activity in a muscle glycogen

particle. I. Isolation and characterization of the protein–

glycogen complex. J Biol Chem 245, 6642–6648.

Miyamoto, L., Hayashi, T., Younemitsu, S. et al. 2001. Effects

of 5¢AMP-activated protein kinase (AMPK) activation on

glycogen regulation in skeletal muscle. Diabetes 50, 247.

� 2003 Scandinavian Physiological Society 317

Acta Physiol Scand 2003, 178, 309–319 J N Nielsen and E A Richter Æ Exercise regulation of glycogen synthase



Montell, E., Arias, A. & Gomez-Foix, A.M. 1999. Glycogen

depletion rather than glucose 6-P increments controls early

glycogen recovery in human cultured muscle. Am J Physiol

276, R1489–R1495.

Moruzzi, E.V., Locci Cubeddu, T. & Bergamini, E. 1980.

Adrenaline and glycogen synthase activity in fast and slow

muscles of rat. FEBS Lett 111, 361–364.

Nakielny, S., Campbell, D.G. & Cohen, P. 1991. The mole-

cular mechanism by which adrenalin inhibits glycogen

synthesis. Eur J Biochem 199, 713–722.

Newgard, C.B., Brady, M.J., O’Doherty, R.M. & Saltiel, A.R.

2000. Organizing glucose disposal: emerging roles of the

glycogen targeting subunits of protein phosphatase-1. Dia-

betes 49, 1967–1977.

Nielsen, J.N., Derave, W., Kristiansen, S., Ralston, E., Ploug,

T. & Richter, E.A. 2001. Glycogen synthase localization and

activity in rat skeletal muscle is strongly dependent on gly-

cogen content. J Physiol (Lond) 531, 757–769.

Nielsen, J.N., Wojtaszewski, J.F.P., Haller, R.G. et al. 2002a.

Role of 5¢AMP-activated protein kinase in glycogen synthase

activity and glucose utilization: Insights from patients with

McArdle’s disease. J Physiol (Lond) 541, 979–989.

Nielsen, J.N., Vissing, J., Wojtaszewski, J.F., Haller, R.G.,

Begum, N. & Richter, E.A. 2002b. Decreased insulin action

in skeletal muscle from patients with McArdles disease. Am J

Physiol 282, E1267–E1275.

Nikoulina, S.E., Ciaraldi, T.P., Mudaliar, S., Mohideen, P.,

Carter, L. & Henry, R.R. 2000. Potential role of glycogen

synthase kinase-3 in skeletal muscle insulin resistance of type

2 diabetes. Diabetes 49, 263–271.

Parker, P.J., Embi, N., Caudwell, F.B. & Cohen, P. 1982.

Glycogen synthase from rabbit skeletal muscle. State of

phosphorylation of the seven phosphoserine residues in vivo

in the presence and absence of adrenaline. Eur J Biochem

124, 47–55.

Picton, C., Woodgett, J., Hemmings, B. & Cohen, P. 1982.

Multisite phosphorylation of glycogen synthase from rabbit

skeletal muscle. Phosphorylation of site 5 by glycogen syn-

thase kinase-5 (casein kinase-II) is a prerequisite for phos-

phorylation of sites 3 by glycogen synthase kinase-3. FEBS

Lett 150, 191–196.

Piras, R. & Staneloni, R. 1969. In vivo regulation of rat muscle

glycogen synthetase activity. Biochemistry 8, 2153–2160.

Pitcher, J., Smythe, C., Campbell, D.G. & Cohen, P. 1987.

Identification of the 38-kDa subunit of rabbit skeletal muscle

glycogen synthase as glycogenin. Eur J Biochem 169, 497–

502.

Pitcher, J., Smythe, C. & Cohen, P. 1988. Glycogenin is the

priming glucosyltransferase required for the initiation of

glycogen biogenesis in rabbit skeletal muscle. Eur J Biochem

176, 391–395.

Posner, J.B., Stern, R. & Krebs, E.G. 1965. Effects of electrical

stimulation and epinephrine on muscle phosphorylase

phosphorylase B kinase and adenosine 3¢,5¢-phosphate. J Biol

Chem 240, 982–988.

Poulter, L., Ang, S.G., Gibson, B.W. et al. 1988. Analysis of the

in vivo phosphorylation state of rabbit skeletal muscle gly-

cogen synthase by fast-atom-bombardment mass spectro-

metry. Eur J Biochem 175, 497–510.

Price, T.B., Rothman, D.L., Avison, M.J., Buonamico, P. &

Shulman, R.G. 1991. 13C-NMR measurements of muscle

glycogen during low-intensity exercise. J Appl Physiol 70,

1836–1844.

Price, T.B., Taylor, R., Mason, G.F., Rothman, D.L., Shulman,

G.I. & Shulman, R.G. 1994. Turnover of human muscle

glycogen with low-intensity exercise. Med Sci Sports Exerc

26, 983–991.

Richter, E.A. 1996. Glucose utilization. In: L.B. Rowell & J.T.

Sherperd (eds) Handbook of Physiology, pp. 912–951.

American Physiological Society, Oxford University Press,

New York, Oxford.

Richter, E.A., Ruderman, N.B. & Galbo, H. 1982. Alpha and

beta adrenergic effects on metabolism in contracting, per-

fused muscle. Acta Physiol Scand 116, 215–222.

Roach, P.J. 1990. Control of glycogen synthase by hierarchal

protein phosphorylation. FASEB J 4, 2961–2968.

Roach, P.J. 2002. Glycogen and its metabolism. Curr Mol Med

2, 101–120.

Roach, P.J. & Larner, J. 1976. Rabbit skeletal muscle glycogen

synthase. II. Enzyme phosphorylation state and effector

concentrations as interacting control parameters. J Biol

Chem 251, 1920–1925.

Roach, P.J., Takeda, Y. & Larner, J. 1976. Rabbit skeletal

muscle glycogen synthase. I. Relationship between phos-

phorylation state and kinetic properties. J Biol Chem 251,

1913–1919.

Sakamoto, K., Hirshman, M.F., Aschenbach, W.G. & Good-

year, L.J. 2002. Contraction regulation of Akt in rat skeletal

muscle. J Biol Chem 277, 11910–11917.

Shulman, R.G. & Rothman, D.L. 2001. The ‘glycogen shunt’

in exercising muscle: A role for glycogen in muscle energetics

and fatigue. Proc Natl Acad Sci USA 98, 457–461.

Skurat, A.V., Dietrich, A.D., Zhai, L. & Roach, P.J. 2002.

GNIP, a novel protein that binds and activates glycogenin,

the self-glucosylating initiator of glycogen biosynthesis.

J Biol Chem 277, 19331–19338.

Smith, R.L. & Lawrence, J.C. Jr, 1985. Insulin action in

denervated skeletal muscle. Evidence that the reduced sti-

mulation of glycogen synthesis does not involve decreased

insulin binding. J Biol Chem 260, 273–278.

Smythe, C. & Cohen, P. 1991. The discovery of glycogenin and

the priming mechanism for glycogen biogenesis. Eur J Bio-

chem 200, 625–631.

Stralfors, P., Hiraga, A. & Cohen, P. 1985. The protein

phosphatases involved in cellular regulation. Purification and

characterisation of the glycogen-bound form of protein

phosphatase-1 from rabbit skeletal muscle. Eur J Biochem

149, 295–303.

Suzuki, Y., Lanner, C., Kim, J.H. et al. 2001. Insulin control of

glycogen metabolism in knockout mice lacking the muscle-

specific protein phosphatase PP1G/RGL. Mol Cell Biol 21,

2683–2694.

Tang, P.M., Bondor, J.A., Swiderek, K.M. & DePaoli-Roach,

A.A. 1991. Molecular cloning and expression of the reg-

ulatory (RG1) subunit of the glycogen-associated protein

phosphatase. J Biol Chem 266, 15782–15789.

Thomas, J.A., Schlender, K.K. & Larner, J. 1968. A rapid filter

paper assay for UDPglucose-glycogen glucosyltransferase,

318 � 2003 Scandinavian Physiological Society

Exercise regulation of glycogen synthase Æ J N Nielsen and E A Richter Acta Physiol Scand 2003, 178, 309–319



including an improved biosynthesis of UDP-14C-glucose.

Anal Biochem 25, 486–499.

Vardanis, A. & Hudson, A.J. 1991. Regulation of glycogen

synthesis in human skeletal muscle: does cellular glycogen

control glycogen synthase phosphatase activity? Biochem Int

25, 289–298.

Villar-Palasi, C. 1969. Oligo- and polysaccharide inhibition of

muscle transferase D phosphatase. Ann N Y Acad Sci 166,

719–730.

Villar-Palasi, C. 1991. Substrate specific activation by glucose

6-phosphate of the dephosphorylation of muscle glycogen

synthase. Biochim Biophys Acta 1095, 261–267.

Villar-Palasi, C. 1994. Inhibition by glucose 6-phosphate of

cyclic AMP-dependent protein kinase phosphorylation of

glycogen synthase. Biochim Biophys Acta 1207, 88–92.

Villar-Palasi, C. 1995. Effect of glucose phosphorylation on the

activation by insulin of skeletal muscle glycogen synthase.

Biochim Biophys Acta 1244, 203–208.

Villar-Palasi, C. & Larner, J. 1966. Feedback control of gly-

cogen metabolism in muscle. Federation Proceedings 25,

583.

Walker, K.S., Watt, P.W. & Cohen, P. 2000. Phosphorylation

of the skeletal muscle glycogen-targetting subunit of protein

phosphatase 1 in response to adrenaline in vivo. FEBS Lett

466, 121–124.

Wojtaszewski, J.F., Higaki, Y., Hirshman, M.F. et al. 1999a.

Exercise modulates postreceptor insulin signaling and glu-

cose transport in muscle-specific insulin receptor knockout

mice. J Clin Invest 104, 1257–1264.

Wojtaszewski, J.F., Lynge, J., Jakobsen, A.B., Goodyear, L.J.

& Richter, E.A. 1999b. Differential regulation of MAP

kinase by contraction and insulin in skeletal muscle: meta-

bolic implications. Am J Physiol 277, E724–E732.

Wojtaszewski, J., Hansen, B.F., Gade, J. et al. 2000. Insulin

signaling and insulin sensitivity after exercise in human

skeletal muscle. Diabetes 49, 325–331.

Wojtaszewski, J.F.P., Nielsen, P., Kiens, B. & Richter, E.A.

2001. Regulation of glycogen synthase kinase-3 in human

skeletal muscle: effects of food intake and bicycle exercise.

Diabetes 50, 265–269.

Wojtaszewski, J.F., Jorgensen, S.B., Hellsten, Y., Hardie, D.G.

& Richter, E.A. 2002. Glycogen-dependent effects of

5-aminoimidazole-4-carboxamide (AICA)-riboside on AMP-

activated protein kinase and glycogen synthase activities in

rat skeletal muscle. Diabetes 51, 284–292.

Yan, Z., Spencer, M.K. & Katz, A. 1992. Effect of low gly-

cogen on glycogen synthase in human muscle during and

after exercise. Acta Physiol Scand 145, 345–352.

Yan, Z., Spencer, M.K., Bechtel, P.J. & Katz, A. 1993a. Reg-

ulation of glycogen synthase in human muscle during iso-

metric contraction and recovery. Acta Physiol Scand 147,

77–83.

Yan, Z., Spencer, M.K. & Katz, A. 1993b. No effect of car-

bohydrate feeding on glycogen-synthase in human muscle

during exercise. Clin Physiol 13, 265–270.

Zachwieja, J.J., Costill, D.L., Pascoe, D.D., Robergs, R.A. &

Fink, W.J. 1991. Influence of muscle glycogen depletion on

the rate of resynthesis. Med Sci Sports Exerc 23, 44–48.

Zhang, W., DePaoli-Roach, A.A. & Roach, P.J. 1993.

Mechanisms of multisite phosphorylation and inactivation

of rabbit muscle glycogen synthase. Arch Biochem Biophys

304, 219–225.

� 2003 Scandinavian Physiological Society 319

Acta Physiol Scand 2003, 178, 309–319 J N Nielsen and E A Richter Æ Exercise regulation of glycogen synthase


