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Control of Glycogen Synthesis by Glucose, Glycogen, and
Insulin in Cultured Human Muscle Cells
Reza Halse,1 Sylvie M. Bonavaud,1 Jane L. Armstrong,1 James G. McCormack,2 and
Stephen J. Yeaman1

A key feature of type 2 diabetes is impairment in the
stimulation of glycogen synthesis in skeletal muscle by
insulin. Glycogen synthesis and the activity of the enzyme glycogen synthase (GS) have been studied in
human myoblasts in culture under a variety of experimental conditions. Incubation in the absence of glucose
for up to 6 h caused an ⬃50% decrease in glycogen
content, which was associated with a small decrease in
the fractional activity of GS. Subsequent reincubation
with physiological concentrations of glucose led to a
dramatic increase in the rate of glycogen synthesis and
in the fractional activity of GS, an effect which was both
time- and glucose concentration– dependent and essentially additive with the effects of insulin. This effect was
seen only after glycogen depletion. Inhibitors of signaling pathways involved in the stimulation of glycogen
synthesis by insulin were without significant effect on
the stimulatory action of glucose. These results indicate
that at least two distinct mechanisms exist to stimulate
glycogen synthesis in human muscle: one acting in response to insulin and the other acting in response to
glucose after glycogen depletion, such as that which
results from exercise or starvation. Diabetes 50:
720 –726, 2001

G

lycogen synthesis in skeletal muscle is under
hormonal control, with a principal regulatory
role being taken by insulin that acutely promotes glycogen synthesis from glucose by stimulating glucose uptake and by activating the key enzyme
glycogen synthase (GS) (1). Stimulation of GS by insulin
primarily involves net dephosphorylation of three specific
serine residues, collectively termed sites 3 (2). The kinase
principally responsible for phosphorylation of sites 3 is GS
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kinase (GSK)-3, whereas dephosphorylation is mediated
by a glycogen-bound form of protein phosphatase (PP)-1
(3,4). There is significant evidence that insulin activates
GS primarily via inhibition of GSK-3 (5,6). The phosphorylation state of site 2 is also implicated as a possible
regulatory factor in the activity of GS (7). Both PP1 and
PP2A can dephosphorylate sites 2 and 3 in vitro (2), and
there is evidence for the activation of PP1G by insulin in
muscle (4) and both PP1 and PP2C in liver (8), indicating
that regulation of GS by insulin is multifactorial. However,
there is evidence that the impaired activation of GS by
insulin in type 2 diabetes may be associated with increased
levels of GSK-3 expression in muscle (9).
Glycogen synthesis can also be stimulated in an insulinindependent manner (after exercise), a process associated
with glycogen depletion (10). Furthermore, as early as
1965, a reciprocal relationship between glycogen content
and glycogen synthase activity was reported in muscle
(11).
Previously, we have used human muscle cells in culture
to study the control of glycogen synthesis by insulin and
growth factors (12,13). In the current study, we examined
the effects of glycogen depletion on the rate of glycogen
synthesis and the activity of GS in human myoblasts. The
effect of subsequent glucose readdition was also studied,
and the mechanism leading to stimulation by glucose of
GS was analyzed and compared with that for insulin.
RESEARCH DESIGN AND METHODS
Materials. All tissue culture trays were from Costar (Cambridge, MA).
Culture media, penicillin/streptomycin, and trypsin-EDTA were from GibcoBRL (Paisley, U.K.). Chick embryo extract was obtained from ICN (Costa
Mesa, CA). D-[U-14C]glucose (300 mCi/mmol), uridine diphospho-D-[6-3H]glucose (814 GBq/mmol), and 2-deoxy-D-[1-3H]glucose (362 GBq/mmol) were
from Amersham Pharmacia Biotech (Buckinghamshire, U.K.). The GSK-3
substrate phospho-eIF2B peptide [RRAAEELDSRAGS(p)PQL] (14) was received from Prof. C.G. Proud (University of Dundee, Dundee, U.K.). Wortmannin and rapamycin were from Sigma (Poole, U.K.), and PD098059 was from
New England Biolabs (Beverly, MA). Actrapid insulin was from Novo Nordisk
(Copenhagen, Denmark). Anti-GSK-3␣ and GSK-3␤ phosphospecific antibodies were from New England Biolabs.
Cell culture. Human myoblasts were grown from needle biopsy samples
taken from the gastrocnemius muscle of healthy subjects with no family
history of type 2 diabetes and with normal glucose tolerance and normal
insulin sensitivity, as assessed using the short insulin tolerance test (13).
Myoblasts were maintained in growth medium consisting of Ham’s F-10
nutrient mixture containing 20% fetal calf serum (FCS), 1% chick embryo
extract, 100 U/ml penicillin, and 100 g/ml streptomycin. All experiments
were performed using cells between the 5th and 15th passage at a confluence
⬎80%. Before hormone treatment, cells were incubated for at least 2 h in
serum-free medium.
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Cellular glycogen content determination. Total cellular glycogen content
was assessed by modification of a previous method (15). After treatment, cells
were washed rapidly in ice-cold phosphate-buffered saline (PBS) and scraped
into 100 l of 0.2 mol/l sodium acetate, pH 4.8. Extracts were briefly sonicated
using a Soniprep 150, before the addition of 250 mU amyloglucosidase per
sample. Samples were incubated for 2 h at 40°C and vortexed regularly to
avoid sedimentation. The sample (10 l) was incubated with an assay cocktail
(0.1 mol/l Tris-HCl [pH 8.0], 0.3 mmol/l ATP, 6 mmol/l MgCl2, 5 mmol/l
dithiothreitol, 60 mol/l NADP⫹, 2.5 U/ml hexokinase, and 1 g/ml G6Pdehydrogenase) for 30 min at room temperature. Changes in fluorescence, as
a result of NADPH production, were determined using an excitation wavelength of 355 nm and an emission wavelength of 460 nm. Reaction blanks were
determined as the fluorescence of samples before enzymatic treatment with
amyloglucosidase.
Measurement of glycogen synthesis. Glycogen synthesis was determined
as 14C-glucose incorporation into glycogen over a 1-h period, as previously
described (13). Results were expressed as picomoles of glucose incorporated
into glycogen per minute per milligram of cell protein.
Estimation of glucose uptake. Glucose uptake was determined as the rate
of 2-deoxy-D-[6-3H]glucose uptake, using a modification of a previous method
(16). Cells were maintained in the absence of serum for 2 h before the
replacement of media with glucose-free (Glu–) Dulbecco’s modified Eagle’s
medium (DMEM) for 15 min at 37°C. The rate of 2-deoxy-D-[6-3H]glucose
uptake was determined during a 5-min incubation with 10 mol/l 2-deoxy-D[6-3H]glucose (specific activity 400 dpm/pmol). Reaction blanks were determined as the rate of 2-deoxy-D-[6-3H]glucose uptake in the presence of 0.1
mmol/l cytochalasin B.
After incubation, cells were washed with ice-cold PBS several times and
solubilized in 0.05% SDS for 30 min at room temperature. Protein content of
samples was assayed using Coomassie protein assay reagent, and uptake of
2-deoxy-D-[6-3H]glucose was determined by liquid scintillation counting.
Assay of glycogen synthase. Following the indicated treatments, cells were
rapidly washed three times with ice-cold PBS and collected, by scraping, into
GS extraction buffer (10 mmol/l Tris-HCl [pH 7.8], 150 mmol/l KF, 15 mmol/l
EDTA, 60 mmol/l sucrose, 1 mmol/l 2-mercaptoethanol, 10 g/ml leupeptin, 1
mmol/l benzamidine, and 1 mmol/l phenylmethylsulfonyl fluoride). Cells were
then disrupted by briefly sonicating using a Soniprep 150. Glycogen synthase
activity was determined in whole lysates as the incorporation of 3H-glucose
from uridine-5⬘-diphosphate [U-3H] glucose into glycogen, as previously
described (17). Samples were incubated with reaction cocktail (50 mmol/l
Tris-HCl [pH 7.8], 20 mmol/l EDTA, 25 mmol/l KF, 1% glycogen, and 0.4 mmol/l
UDP-[3H]glucose [specific activity 3,000 dpm/nmol]), containing either 0.1
mmol/l (active) or 10 mmol/l (total) glucose-6-phosphate for 30 min at 30°C.
Results were expressed as fractional activities (active/total). This assay has
been optimized to detect the activity changes resulting from dephosphorylation of glycogen synthase (17).
Determination of GSK-3 activity. Following treatment, cells were washed
three times with ice-cold PBS and excess liquid was removed. Cells were then
scraped into kinase extraction buffer (100 mmol/l Tris-HCl [pH 7.4] containing
100 mmol/l KCl, 2 mmol/l EDTA, 25 mmol/l KF, 0.1% [vol/vol] Triton X-100, 1
mmol/l benzamidine, 0.1 mmol/l Na3VO4, 1 g/ml pepstatin, 1 g/ml antipain,
and 1 g/ml leupeptin), transferred to 1.5 ml Eppendorf tubes, and immediately frozen in liquid nitrogen. GSK-3 activity was determined by a modification of the method reported by Ryves et al. (18), in the presence or absence of
50 mmol/l LiCl (an allosteric inhibitor of GSK-3). Samples (15 g) were
incubated with reaction mixture (50 mmol/l Tris-HCl [pH 7.5] containing 0.1
mmol/l EGTA, 100 mmol/l Mg-Acetate, 5 mol/l protein kinase inhibitor, 100
mol/l [␥-32P]ATP [⬃600 cpm/pmol], and 0.2 mg/ml phospho-eIF2B peptide
substrate) (14) for 15 min at 30°C. After incubation, samples containing the
radiolabelled peptide product were spotted onto 3 cm2 Whatman P81 phosphocellulose paper squares. After washing in 175 mmol/l phosphoric acid with
four changes, the papers were dried, and phosphate incorporation was
determined by liquid scintillation counting. Phosphate incorporation into
peptide substrate in the presence of lithium was equivalent to that observed
using control dephosphopeptide. GSK-3 activity was regarded as the difference between values in the absence and presence of lithium. Enzyme activity
was defined as that which catalyzes the incorporation of 1 nmol of phosphate
into peptide substrate in 1 min.
Western blotting. Samples were fractionated on 10% gels by SDS-PAGE.
After separation, proteins were transferred onto polyvinylidine fluoride membrane and probed with anti–GSK-3␣ and GSK-3␤ phosphospecific antibodies
(1:1,000). Anti-rabbit peroxidase conjugate (1:2,000) was used as secondary
antibody, and immunoreactive proteins were determined using enhanced
chemiluminescence. Membranes were stained with protein-reactive copper
stain (0.05% [wt/vol] copper phthalocyanine 3,4⬘,4⬘,4⬘-tetrasulphonic acid in 12
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FIG. 1. Total glycogen content and GS activity in myoblasts cultured in
the absence of glucose; effect of glucose readdition. Myoblasts were
maintained for up to 6 h in DMEM Gluⴚ. At the times indicated, total
glycogen content of the cultures was determined (– – – –, right y-axis).
In the absence of glucose readdition, the GS activity was less, at every
time point, then what was observed in nonstarved cultures. In separate
cultures, DMEM Gluⴚ was replaced with media containing 6.1 mmol/l
glucose (Ham’s F-10) for 15 min before extraction. The fractional
activity of glycogen synthase was determined in these extracts (——–,
left y-axis). Results represent the mean ⴞ SE (n ⴝ 7) in at least three
subjects.
mmol/l HCl) to allow molecular weight estimation of immunoreactive proteins, as compared with those of proteins of known molecular weight.

RESULTS

Effects of glucose withdrawal on glycogen content
and GS activity. Human myoblasts were routinely maintained in Ham’s F-10 medium, which contains physiological levels of glucose (6.1 mmol/l). Under these culture
conditions, the cells accumulate significant amounts of
glycogen. To deplete these stores of glycogen, cells were
deprived of glucose for increasing periods of time in a
glucose-deficient medium of similar composition to Ham’s
F-10, i.e., DMEM Glu⫺ (Ham’s F-10 lacking glucose is not
commercially available) (Fig. 1). A decrease in cellular glycogen content of ⬃50% was observed in myoblasts maintained in DMEM Glu⫺ for 6 h, as compared with control
cells maintained in the presence of glucose (glycogen
content of 0.54 ⫾ 0.07 mol glucose/mg protein in glucosedeprived myoblasts vs. 1.12 ⫾ 0.06 mol glucose/mg protein in control myoblasts). This decrease was timedependent, with a significant effect being observed after
2 h. During this time period, the fractional activity of GS
also fell slightly, decreasing after 5 h of glucose starvation
from 0.032 ⫾ 0.008 in control cells to 0.014 ⫾ 0.005 (n ⫽ 7,
from three different subjects). However, if after incubation
in the absence of glucose for 6 h Ham’s F-10 media
(containing 6.1 mmol/l glucose) was returned to the cells
for 15 min, a dramatic increase in the fractional activity of
GS to 0.390 ⫾ 0.03 was observed (Fig. 1). To confirm that
the stimulatory effect is because of glucose restoration,
after incubation in DMEM Glu⫺ for 6 h, cells were exposed
to DMEM containing 5 mmol/l glucose. This again caused
a dramatic activation of GS to a fractional activity of
0.064 ⫾ 0.01. Supplementation of DMEM with pyruvate (1
mmol/l) and glucose further increased this value to
0.186 ⫾ 0.02 (pyruvate alone had no effect), whereas
DMEM, which contains 5.5 mmol/l glucose and 1 mmol/l
pyruvate, activated GS to 0.345 ⫾ 0.033. To confirm that
alterations in GS activity were a result of previous glucose
721

GLYCOGEN SYNTHESIS IN HUMAN MYOBLASTS

withdrawal, cells were incubated with DMEM supplemented with 5.5 mmol/l glucose for 5 h before treatment
with Ham’s F-10. No increase in the GS activity was
observed after Ham’s F-10 readmission (data not shown).
These data indicate that the stimulation of GS is predominantly due to the action of glucose and requires previous
glycogen depletion because of glucose removal, but other
components of the different media may modulate the
magnitude of the response. In subsequent experiments,
Ham’s F-10 was used for glucose replenishment, except in
Fig. 2C, where the effects of varying amounts of glucose
were examined, and in Fig. 5, where DMEM Glu⫺ was
supplemented by glucose at t ⫽ 0, because of the necessity
of adding glucose after preincubation with inhibitors.
The increase in GS fractional activity in response to
glucose was dependent on the duration of previous glucose deprivation and, hence, inversely related to the glycogen content of the cells. In the absence of glycogen
depletion, no significant activation of GS by glucose was
observed (Fig. 1). Total GS activity remained essentially
unchanged in all conditions, indicating that alteration in
the expression of the GS polypeptide was not involved
(not shown).
Time and concentration dependence of GS activation
by glucose in glycogen-depleted myoblasts. Myoblasts
were incubated in DMEM Glu⫺ for 5 h before treatment
with glucose-containing media for increasing periods of
time. Glucose treatment (6.1 mmol/l) caused a rapid timedependent increase in the fractional activity of GS, with
stimulation being observed within 2 min and reaching a
maximum fractional activity of ⬃0.3 after 10 –15 min (Fig.
2A). After 30 min of glucose re-administration, the fractional activity of GS started to decrease, reaching ⬃0.1
after 4 h, but remaining constant thereafter up to 8 h (Fig.
2B). During the same period, the glycogen content of the
cells increased, reaching a value ⬃80% of that in control
cells. The stimulation of GS was dependent on the concentration of glucose added, with significant stimulatory
effects being observed in response to 1.5 mmol/l (Fig. 2C).
Combined effect of insulin and glucose on GS activity
and glycogen synthesis in glycogen-depleted myoblasts. The combined effects of glucose readdition and
insulin on cells cultured in the absence of glucose was
then examined. Treatment of cells with 100 nmol/l insulin
for 15 min after preincubation in glucose-containing media
for 5 h led to an ⬃1.6-fold increase in the fractional activity
of GS from 0.040 ⫾ 0.010 to 0.071 ⫾ 0.020 (Fig. 3A).
Similarly, GS activity was increased by insulin ⬃1.7-fold
from 0.214 ⫾ 0.021 to 0.337 ⫾ 0.037 in myoblasts that had
been glucose-depleted for 5 h and that had glucose readministered during the 15 min of insulin treatment; this
finding indicates that the effects of glucose and insulin are
additive and act by different mechanisms. In the absence
of readministration of glucose, stimulatory effects of insulin on GS activity were minimal after glycogen depletion
(data not shown).
Treatment of control cultures with 100 nmol/l insulin for
1 h led to an ⬃1.9-fold increase in the rate of glycogen
synthesis from 134.7 ⫾ 23.45 to 259.8 ⫾ 31.11 pmol 䡠 min–1
䡠 mg –1 protein (Fig. 3B). The rate of glycogen synthesis
after glucose re-administation for 1 h to cells preincubated
in DMEM Glu⫺ for 5 h was increased dramatically to
722

FIG. 2. Concentration- and time-dependent effects of glucose on GS
activity in cells cultured in the absence of glucose. Myoblasts were
incubated in DMEM Gluⴚ growth media for 5 h before replacement of
media with Ham’s F-10 (containing 6.1 mmol/l glucose) for the times
indicated (A and B). Total cellular glycogen content was also determined in cells after chronic refeeding (B) ( – – – –, right axis). Alternatively, myoblasts were incubated in DMEM Gluⴚ growth media for
5 h before replacement of media with DMEM Gluⴚ supplemented with
different concentrations of glucose for 15 min (C). Extracts were
prepared and the fractional activity of glycogen synthase determined.
The resulting fractional activities represent the mean ⴞ SE (n ⴝ 6) in
at least three subjects.

944.8 ⫾ 63.79 pmol 䡠 min–1 䡠 mg –1. This value further increased to 1,493.8 ⫾ 110.47 pmol 䡠 min–1 䡠 mg –1 when
insulin was additionally present during the 1 h of glucose
refeeding, representing a 1.6-fold stimulation by insulin.
DIABETES, VOL. 50, APRIL 2001
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FIG. 3. Combined effects of insulin and glucose on GS activity and
glycogen synthesis in cells cultured in the absence or presence of
glucose. Cells were incubated in DMEM Gluⴚ (䡺) or Ham’s F-10 (6.1
mmol/l glucose) (f) for 5 h. Media were then replaced with Ham’s F-10
containing 100 nmol/l insulin (Ins) for 15 min or not replaced (Bas) for
15 min and GS activity was determined (A); or media were replaced for
1 h and the rate of glycogen synthesis was determined (B). Results
represent the mean ⴞ SE (n ⴝ 6) in at least three subjects. The
insulin-mediated fold-activation over basal values is also indicated.

Effect of glucose deprivation on 2-deoxyglucose uptake in human myoblasts. An increase in the rate of
2-deoxyglucose uptake was observed in myoblasts deprived of glucose for increasing time, reaching 1.7-fold
after 5 h (Fig. 4A). The most significant increase in the rate
of 2-deoxyglucose uptake was observed after the first 2 h
in DMEM Glu⫺: 35.45 ⫾ 1.99 pmol 䡠 min–1 䡠 mg –1 in cells
maintained in the presence of glucose and 49.58 ⫾ 3.93
pmol 䡠 min–1 䡠 mg –1 in cells deprived of glucose for 2 h.
The effect of insulin treatment on 2-deoxyglucose uptake was examined in control and glucose-starved myoblasts (Fig. 4B). Incubation of control cells with 100 nmol/l
insulin for 15 min led to a modest 1.3-fold increase in the
rate of 2-deoxyglucose uptake. Insulin (100 nmol/l) treatment failed to further increase 2-deoxyglucose uptake
above the increased basal rate observed in glucose-starved
myoblasts.
Mechanisms involved in activation of GS by glucose.
To investigate the mechanisms by which glucose activates
GS, selective inhibitors of signaling pathways known to be
stimulated by insulin were used (Fig. 5). DMEM Glu⫺
supplemented with 5.5 mmol/l glucose was added for 15
DIABETES, VOL. 50, APRIL 2001

FIG. 4. 2-Deoxyglucose uptake in cells preincubated in the absence of
glucose. Cells were maintained in DMEM Gluⴚ growth media for up to
5 h. At the times indicated, the rate of glucose uptake was determined
(A). Alternatively, cells were maintained in DMEM Gluⴚ (䡺) or Ham’s
F-10 (6.1 mmol/l glucose) (f) for 5 h before the addition of 100 nmol/l
insulin (Ins) or not adding insulin (Bas) for 15 min and the rate of
glucose uptake determined (B). Results represent the mean ⴞ SE (n ⴝ
8) in three subjects.

min to myoblasts previously depleted of glucose for 5 h,
resulting in an ⬃4.2-fold increase in GS activity ratio.
Preincubation of cells with rapamycin, which selectively

FIG. 5. Effect of selective inhibitors on activation of GS by glucose.
Cells were maintained in DMEM Gluⴚ for 5 h before further incubation
for 15 min in DMEM Gluⴚ (Bas) or DMEM growth media supplemented
with 5.5 mmol/l glucose. Alternatively, cells were treated with 100
nmol/l rapamycin (Rap) for 15 min , 50 mol/l PD98059 (PD) for 1 h, or
100 nmol/l wortmannin (Wor) for 15 min before the addition of glucose
(Glu). Extracts were prepared and the activity of GS determined.
Results are expressed as the fold-activity over basal (Bas) and represent the mean ⴞ SE (n ⴝ 3) in three subjects.
723
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FIG. 6. Effects of insulin and glucose on GSK-3 activity and phosphorylation. Myoblasts were incubated in DMEM Gluⴚ growth media for 5 h
before replacement of media with Ham’s F-10 (containing 6.1 mmol/l
glucose) for the times indicated. Alternatively, cells were incubated in
Ham’s F-10 for 5 h before the addition of insulin (100 nmol/l) for the
times indicated. Extracts were prepared and GSK-3 activity determined. Data are % of basal activity and mean ⴞ SE (n ⴝ 6) in three
subjects. Serine phosphorylation of GSK-3␣ and GSK-3␤ was probed
using phosphospecific antibodies in extracts from samples treated with
100 nmol/l insulin (Ins) or without 100 nmol/l insulin (Bas) for 15 min,
or alternatively in myoblasts deprived of glucose for 5 h before
readmission of Ham’s F-10 for the times indicated. *P < 0.05 compared
with basal values.

inhibits the activation of p70s6k, failed to inhibit this
stimulatory effect of glucose on GS activation. Treatment
of glycogen-depleted myoblasts with either the MEK inhibitor, PD098059, or the PI 3-kinase inhibitor wortmannin
partly reduced the activity state of GS obtained in response to glucose readministration. However, this is essentially attributable to these inhibitors reducing the basal
activity state of GS, as previously observed (13). Therefore, these findings indicate that the mechanisms involved
in the activation of GS by glucose are independent of the
activity of PI 3-kinase, the classical mitogen-activated protein kinase pathway, and the rapamycin-sensitive pathway
leading to activation of p70s6k. Furthermore, during glucose readministration, there was no observable decrease
in the activity of GSK-3 and no detectable phosphorylation
of that protein, as detected by phosphospecific anti–GSK-3
antibodies (Fig. 6). No changes in the activity of protein
kinase B were detected (not shown). Thus, the mechanism
underlying the effects of glucose/glycogen are apparently
distinct from those utilized by insulin.
Glucose-6-phosphate (G6P) is a potent allosteric activator of GS (19), whereas a number of small metabolites,
such as ATP, ADP, and AMP, are capable of inhibiting GS
activity (20). To confirm that the observed alterations in
the fractional activity of GS are because of covalent
modification and not carryover of allosteric activators or
inhibitors, cell extracts were fractionated using Bio-Spin
P-6 polyacrylamide gel spin columns to remove molecules
with a mass ⬍6 kDa. Use of 14C-glucose-1-phosphate as a
marker indicated that ⬎95% of small metabolites were
724

removed by this process. After refeeding of glycogendepleted cells, fractionation of extracts failed to significantly alter GS activity ratio (0.255 ⫾ 0.011 before fractionation and 0.283 ⫾ 0.003 after fractionation), indicating
that activation of GS was not because of allosteric activation by G6P or effects of other small molecules.
The activity of endogenous PPs against GS was then
measured in extracts from control and glycogen-depleted
cells. Because it has been demonstrated that GS becomes
a better substrate for PPs in the presence of G6P (21), this
was carried out over a range of G6P concentrations. No
differences were found in the rate of activation of GS by
endogenous phosphatases in extracts prepared from control and glycogen-depleted cells. For example, at a physiological concentration of 0.25 mmol/l G6P in the extract,
the effect of endogenous phosphatases on GS activity in
extracts of cells preincubated in the presence of glucose
led to an increase of 3.44 ⫾ 0.29 pmol 䡠 min–1 䡠 mg –1 GS
activity in 30 min, compared with an increase of 3.85 ⫾
0.60 pmol 䡠 min–1 䡠 mg –1 in 30 min in cells preincubated in
the absence of glucose for 5 h. Therefore, glycogen depletion does not appear to stimulate phosphatase activity
against GS, at least when measured subsequently in cell
extracts.
DISCUSSION

The results presented here demonstrate dramatic effects
on both glycogen synthesis and glycogen synthase after
glucose re-administration to human myoblasts that have
previously been depleted of glycogen.
The activation of GS is observed by the use of an assay
optimized to detect activity changes resulting from phosphorylation/dephosphorylation of the enzyme in hepatocytes (17). This is expressed as a fractional activity, i.e.,
activity in the presence of 0.1 mmol/l G6P as a fraction of
the activity in 10 mmol/l G6P. Similar methodologies have
been applied to studies of GS activity in muscle, where
activity has been reported as a fractional velocity or as
A0.5, the G6P concentration required for half maximal
activity (22).
The molecular mechanism responsible for this stimulatory effect of glucose is a primary concern. The alterations
in the fractional activity of GS are almost certainly because of a change in the phosphorylation state of the
enzyme, as the removal of small activatory/inhibitory
molecules from cell extracts failed to alter the elevated GS
activity. Inhibition of GSK-3 is thought to be the key event
in the activation of muscle GS by insulin; however, selective inhibitors of the known insulin-stimulated pathways
leading potentially to GSK-3 inhibition failed to prevent the
activation of GS during the refeeding of glucose to glycogen-depleted cells (Fig. 5). Furthermore, no inhibition or
phosphorylation of GSK-3 was observed in response to
glucose (Fig. 6). However, the involvement of GSK-3
inhibition in this process cannot be completely ruled out,
as GSK-3 could be inhibited by an alternative, yet unidentified, mechanism not involving phosphorylation of the
single serine residue recognized by the phosphospecific
antibodies and not being retained when the enzyme is
assayed in cellular extracts. In that regard, allosteric
regulation of GSK-3 by glycogen or small metabolites must
be considered. A recent study performed in rat skeletal
DIABETES, VOL. 50, APRIL 2001
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muscle demonstrated an exercise-induced increase in GS
activity accompanied by inactivation of GSK-3 (23). However, in this model, GSK-3 inactivation was not associated
with phosphorylation of the serine 9/21 (␣/␤) residues, and
it was suggested that glycogen content might regulate
GSK-3 activity through direct allosteric activation of the
kinase by the glycogen particle, although no evidence was
offered to support this hypothesis.
The activity of GS is dependent on the relative contribution of GSK-3 and PP1 in determining the phosphorylation state of the enzyme. Phosphorylation of the glycogenbinding subunit of PP1 has been postulated as a mechanism for activation of that enzyme in response to insulin;
however, a growing body of evidence suggests that this is
not the case (rev. in [1]). After exercise in human muscle,
no increase in total or glycogen-associated PP activity was
observed; however, the rate of reactivation of GS by
endogenous phosphatases was increased, suggesting that
GS became a better substrate for PP1 after exercise (24).
In the present work, no increase in the phosphatase activity directed toward GS was observed after the glycogen
depletion of human myoblasts. However, it is possible that
PPs, principally PP1, can alter GS activity in vivo, independent of changes in the intrinsic activity of the phosphatase detected in in vitro assays. For example, effects of
changes in intracellular G6P concentration to enhance the
ability of PP1 to dephosphorylate GS (21), or the effect of
overexpression of a glycogen-binding subunit of PP1 in CHO
cells, which results in an increase in basal and insulinstimulated glycogen synthesis (25), would not be detected
as a change in phosphatase activity in cell extracts.
Work in rat adipocytes has previously shown that glucose can activate GS in the absence of insulin (26), an
effect attributed to increased glucose transport leading to
accumulation of G6P, which can then increase PP activity
toward GS. The extent to which such a mechanism contributes to the observations in muscle reported in this
study remains to be established, although studies in mouse
diaphragm have demonstrated a modest stimulatory effect
of glucose on GS activity (27). The model from rat
adipocytes does not account for the effect of glycogen
stores on the activation, and a recent study in human
myotubes has indicated that glycogen repletion, after
glucose administration to cells that have been depleted of
glycogen by overexpression of glycogen phosphorylase, is
not dependent on increases in intracellular G6P concentration (28).
However, metabolic flux through G6P has been suggested as the hub of coordinate regulation of muscle
glycogen synthesis (29); changes in GS activity are a
consequence of alterations in intracellular G6P concentration, a result of increased glucose uptake and hexokinase
activity. G6P is an allosteric activator of GS, but also
serves to make GS a better substrate for dephosphorylation by PPs (21). Low glycogen content in vivo could
increase glucose uptake and hexokinase activity, resulting
in an increase in intracellular G6P concentration and
consequently in an increase in GS activity, although no
obvious mechanism for this is known.
A further consideration is whether glycogen depletion
followed by glucose refeeding alters the distribution of GS
and its regulatory proteins within the myoblast. PP1,
DIABETES, VOL. 50, APRIL 2001

GSK-3, and GS are all capable of redistributing within the
cell in response to metabolic and hormonal stimuli
(5,30,31). If glucose (or one of its metabolites) caused
either increased interaction of GS and PP1 or decreased
interaction of GS and GSK-3 in glycogen-depleted cells,
this could explain the activation of GS in response to this
nutrient.
An exercise-induced increase in glycogen resynthesis
after glycogen depletion can only occur if adequate substrate is available. Indeed, after glucose deprivation of
cultured human muscle cells, there was a twofold increase
in the subsequent rate of 2-deoxyglucose uptake. Increased glucose transporter numbers at the plasma membrane has been suggested as the mechanism for increased
glucose uptake postexercise, and in rat skeletal muscle, a
1.8-fold increase in glucose transporters found at the
plasma membrane was observed after exercise (32). The
relationship between glycogen and membrane permeability to glucose is apparently reciprocal, with increasing
glycogen content postexercise leading to a decrease in
glucose uptake (33).
In summary, the work reported here has highlighted the
important role of glucose in stimulating glycogen synthesis
in muscle after glycogen depletion. Recent elegant work
using 31P nuclear magnetic resonance to study glycogen
metabolism in human muscle in vivo is yielding important
information on the effects of glycogen on glycogen synthesis (34). However, work with human muscle cells in culture has the benefit of providing a means of independently
varying glycogen content, extracellular glucose concentration, and insulin levels. The data reported here are consistent with work in human muscle in vivo showing activation of GS after exercise-mediated glycogen depletion
(22), leading to glycogen repletion in an insulin-independent phase (10). The molecular mechanism leading to
the activation of GS by glucose after glycogen depletion is
as yet undefined, but is apparently distinct from the
upstream signaling mechanisms used in the actions of
insulin on this parameter. Recent evidence suggests that
AMP-activated protein kinase may play a role in insulinindependent exercise-stimulated glucose uptake (35). The
possibility that it is also involved in the stimulation of
glycogen synthesis after glycogen depletion is an attractive
one, although no evidence is currently available to support
this. Clearly, how the two different signaling pathways
interact has implications for the overall control of glycogen synthesis in control subjects and patients with type 2
diabetes.
ACKNOWLEDGMENTS

This work was supported by a grant from Diabetes
U.K. R.H. held a Cooperative Awards in Science and
Engineering studentship from the Biotechnology and Biological Sciences Research Council (BBSRC), U.K., partly
funded by Novo Nordisk. J.L.A. holds a studentship from
BBSRC.
We thank Dr. Mark Walker and Prof. Doug Turnbull for
obtaining the initial muscle biopsies and Dorothy Fittes for
technical assistance with the cell culture.
REFERENCES
1. Lawrence JC Jr, Roach PJ: New insights into the role and mechanism of
glycogen synthase activation by insulin. Diabetes 46:541–547, 1997
725

GLYCOGEN SYNTHESIS IN HUMAN MYOBLASTS

2. Parker PJ, Caudwell FB, Cohen P: Glycogen synthase from rabbit skeletal
muscle: effect of insulin on the state of phosphorylation of the seven
phosphoserine residues in vivo. Eur J Biochem 130:227–234, 1983
3. Cohen P: Dissection of the protein phosphorylation cascades involved in
insulin and growth factor action. Biochem Soc Trans 21:555–567, 1993
4. Dent P, Lavoinne A, Nakielny S, Caudwell FB, Watt P, Cohen P: The
molecular mechanism by which insulin stimulates glycogen synthesis in
mammalian skeletal muscle. Nature 348:302–308, 1990
5. Welsh GI, Proud CG: Glycogen synthase kinase-3 is rapidly inactivated in
response to insulin and phosphorylates eukaryotic initiation factor eIF-2B.
Biochem J 294:625– 629, 1993
6. Borthwick AC, Wells AM, Rochford JJ, Hurel SJ, Turnbull DM, Yeaman SJ:
Inhibition of glycogen synthase kinase-3 by insulin in cultured human
skeletal muscle myoblasts. Biochem Biophys Res Commun 210:738 –745,
1995
7. Skurat AV, Dietrich AD, Roach PJ: Glycogen synthase sensitivity to insulin
and glucose-6-phosphate is mediated by both NH2- and COOH-terminal
phosphorylation sites. Diabetes 49:1096 –1105, 2000
8. Ortmeyer HK: Insulin increases liver protein phosphatase-1 and protein
phosphatase-2C activities in lean, young adult rhesus monkeys. Horm
Metab Res 30:705–710, 1998
9. Nikoulina SE, Ciaraldi TP, Mudaliar S, Mohideen P, Carter L, Henry RR:
Potential role of glycogen synthase kinase-3 in skeletal muscle insulin
resistance of type 2 diabetes. Diabetes 49:263–271, 2000
10. Price TB, Rothman DL, Taylor R, Avison MJ, Shulman GI, Shulman RG:
Human muscle glycogen resynthesis after exercise: insulin-dependent and
-independent phases. J Appl Physiol 76:104 –111, 1994
11. Danforth WH: Glycogen synthetase activity in skeletal muscle: interconversion of two forms and control of glycogen synthesis. J Biol Chem
240:588 –593, 1965
12. Hurel SJ, Rochford JJ, Bortwick AC, Wells AM, Vandenheede JR, Turnbull
DM, Yeaman SJ: Insulin action in cultured human myoblasts: contribution
of different signalling pathways to regulation of glycogen synthesis.
Biochem J 320:871– 877, 1996
13. Halse R, Rochford JJ, McCormack JG, Vandenheede JR, Hemmings BA,
Yeaman SJ: Control of glycogen synthesis in cultured human muscle cells.
J Biol Chem 274:776 –780, 1999
14. Welsh GI, Patel JC, Proud CG: Peptide substrates suitable for assaying
glycogen synthase kinase-3 in crude cell extracts. Anal Biochem 244:16 –
21, 1997
15. Lust WD, Passonneau JV, Crites SK: The measurement of glycogen in
tissues by amylo-alpha-1,4-alpha-1,6-glucosidase after the destruction of
pre-existing glucose. Anal Biochem 68:328 –331, 1975
16. Sarabia V, Ramlal T, Klip A: Glucose uptake in human and animal muscle
cells in culture. Biochem Cell Biol 68:536 –542, 1990
17. Guinovart JJ, Salavert A, Massague J, Ciudad CJ, Salsas E, Itarte E:
Glycogen synthase: a new activity ratio assay expressing a high sensitivity
to the phosphorylation state. FEBS Lett 106:284 –288, 1979
18. Ryves WJ, Fryer L, Dale T, Harwood AJ: An assay for glycogen synthase
kinase 3 (GSK-3) for use in crude cell extracts. Anal Biochem 264:124 –127,
1998

726

19. Friedman DL, Larner J: Studies on UDPG-␣-glucose transglucosylase. III.
Interconversion of two forms of muscle UDPG-␣-glucan transglucosylase
by a phosphorylation-dephosphorylation reaction sequence. Biochemistry
2:669 – 675, 1963
20. Piras R, Rothman LB, Cabib E: Regulation of muscle glycogen synthetase
by metabolites. Biochemistry 7:56 – 66, 1968
21. Villar-Palasi C: Substrate specific activation by glucose 6 phosphate of the
dephosphorylation of muscle glycogen synthase. Biochim Biophys Acta
1095:261–267, 1991
22. Kochan RG, Lamb DR, Reimann EM, Schlender KK: Modified assays to
detect activation of glycogen synthase following exercise. Am J Physiol
240: E197–E202, 1981
23. Markuns JF, Wojtaszewski JFP, Goodyear L J: Insulin and exercise decrease glycogen synthase kinase-3 activity by different mechanisms in rat
skeletal muscle. J Biol Chem 274:24896 –24900, 1999
24. Bak JF, Pedersen O: Exercise-enhanced activation of glycogen synthase in
human skeletal muscle. Am J Physiol 258: E957–E963, 1990
25. Printen JA, Brady MJ, Saltiel AR: PTG, a protein phosphate 1-binding
protein with a role in glycogen metabolism. Science 275:1475–1478, 1997
26. Lawrence JC, Larner J: Activation of glycogen synthase in rat adipocytes
by insulin and glucose involves increased glucose transport and phosphorylation. J Biol Chem 253:2104 –2113, 1978
27. Oron Y, Larner J: Insulin action in intact mouse diaphragm. I. Activation of
glycogen synthase through stimulation of sugar transport and phosphorylation. Mol Cell Biochem 32:153–160, 1980
28. Montell E, Arias A, Gomez-Foix AM: Glycogen depletion rather than
glucose 6-P increments controls early glycogen recovery in human cultured muscle. Am J Physiol 276: R1489 –R1495, 1999
29. Shulman RG, Rothman DL: Enzymatic phosphorylation of muscle glycogen
synthase: a mechanism for maintenance of metabolic homeostasis. Proc
Natl Acad Sci U S A 93:7491–7495, 1996
30. Ragano-Caracciolo M, Berlin WK, Miller MW, Hanover JA: Nuclear glycogen and glycogen synthase kinase 3. Biochem Biophys Res Commun
249:422– 427, 1998
31. Ferrer JC, Baque S, Guinovart JJ: Muscle glycogen synthase translocates
from the cell nucleus to the cytosol in response to glucose. FEBS Lett
415:249 –252, 1997
32. Goodyear L J, Hirshman MF, King PA, Hoirton ED, Thompson CM, Horton
ES: Skeletal muscle plasma membrane glucose transport and glucose
transporters after exercise. J App Physiol 68:193–198, 1990
33. Mathoo JMR, Shi ZQ, Klip A, Vranic M: Opposite effects of acute hypoglycemia and acute hyperglycemia on glucose transport and glucose transporters in perfused rat skeletal muscle. Diabetes 48:1281–1288, 1999
34. Laurent D, Hundal RS, Dresner A, Price TB, Vogel SM, Petersen KF,
Shulman GI: Mechanism of muscle glycogen autoregulation in humans.
Am J Physiol 278:E663–E668, 200
35. Hayashi T, Hirshman MF, Kurth EJ, Winder WW, Goodyear LJ: Evidence
for 5⬘AMP-activated protein kinase mediation of the effect of muscle
contraction on glucose transport. Diabetes 47:1369 –1373, 1998

DIABETES, VOL. 50, APRIL 2001

