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The Stimulation-Induced Increase in Skeletal
Muscle Glycogen Synthase Content Is Impaired
in Carriers of the Glycogen Synthase XbaI
Gene Polymorphism
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G

lycogen synthase (GS) is a key regulatory enzyme
in glucose metabolism and plays a role in the
perturbed insulin-stimulated glucose storage of
skeletal muscle in obese nondiabetic and type 2
diabetic patients (1–3). Because states of altered insulinstimulated glucose metabolism appear to be strongly genet-
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ically determined, the identification of mutations that might
cause a defect in GS protein expression is a logical next step.
Several polymorphic sites have been identified for the glycogen synthase gene (GYS1). Among the most frequently studied GYS1 polymorphisms are the XbaI and Met416Val mutations located in intron 14 and exon 10, respectively (4,5).
A number of studies have shown significant associations
between these two GYS1 gene markers and type 2 diabetes
and hypertension (4,6–8), although this is not seen in all
reports (5,9–12). To our knowledge, whether carriers or noncarriers of a specific GYS1 polymorphism have different GS
protein content in their skeletal muscle has only been verified
by Groop et al. (4). The authors conclude that the skeletal
muscle of individuals carrying the XbaI A1A1 wild-type
alleles contains a similar amount of GS protein to that of
individuals with the A1A2 alleles. However, this study
included only type 2 diabetic patients, and it cannot be
excluded that the similarity between the two groups was
due to long-term and confounding skeletal muscle metabolic
changes caused by the diabetic state. The current study was
undertaken to explore whether healthy subjects possessing
GYS1 polymorphisms (i.e., XbaI or Met416Val) have a different GS protein content in their skeletal muscle compared
with noncarriers under basal conditions or after a chronic
increase in muscular contractile activity.
As recently described for other populations (Swedish [0%]
and Danish [0.4%] [13]), the genotype frequency of the
Met416Val mutation was relatively low (only 1.3%) in our
cohort of French-Canadian subjects (116 men and 41 women)
when compared with Finnish (17%) (5) or Japanese (~10%) (8)
groups. Only two subjects in our cohort were heterozygous for
this mutation (i.e., a carrier genotype frequency of 1.3%).
Because of this low number of carrier subjects, no further
investigation was pursued with this mutation. Interestingly,
none of a cohort of 130 French individuals carried the
Met416Val mutation (J.S.-O., J.-A.S., C. Bouchard, unpublished data). Given its low frequency in many different populations, it is unlikely that the Met416Val mutation contributes
significantly to insulin resistance in the general population. In
addition, a recent report showed no effect of Met416Val on GS
activity (13), further casting doubt on its potential role in
insulin resistance. However, the genotype frequency of the
XbaI variant in French-Canadians (17.2%) was similar to that
previously reported in other ethnic groups (4,7,9,11,12). Of the
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Associations between glycogen synthase gene (GYS1)
polymorphism and states of insulin resistance and
type 2 diabetes have been reported. The purpose of this
study was to establish if the GYS1 genotype impacts on
the content of glycogen synthase (GS) protein in muscle measured under basal and stimulated conditions. To
examine this, GYS1 XbaI and Met416Val polymorphisms
and thigh muscle GYS1 protein content were determined
at rest, both before and after several weeks of neuromuscular electrical stimulation in carriers and noncarriers of the mutations. The allelic frequency was 0.086
for the XbaI mutation (A2) and 0.006 for the Met416Val
in our cohort of French-Canadian subjects. When measured at rest, the GS protein content in muscle was
similar among carriers and noncarriers of the XbaI variant. However, the stimulation-induced increase (23%) in
the amount of GS muscle protein normally seen in wildtype individuals was impaired in those carrying the
XbaI mutation. These data demonstrate that some individuals, because of their genetic background, are unable
to stimulate the process of GS protein accumulation
in skeletal muscle. These results could explain why
some individuals appear to be genetically predisposed
to developing skeletal muscle insulin resistance when
exposed to unfavorable metabolic environments. Diabetes 50:195–198, 2001
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157 subjects, 27 were identified as carrying the A1A2 alleles,
whereas all others were homozygous for the A1 allele.
To determine if the XbaI polymorphism influences GS
protein content in skeletal muscle (measured by dot blot,
Fig. 1), vastus lateralis muscle biopsies (14) were taken from
21 carriers and 21 noncarriers pair-matched for sex, age,
BMI, and level of physical activity. As shown in Fig. 2, no difference was found under basal conditions in GS protein content measured in muscle from carriers of the XbaI variant
allele (46.9 ± 12.2 U/g) and noncarriers (44.9 ± 10.2 U/g),
which is in agreement with the work of Groop et al. (4).
The originality of our study lies in the fact that we verified
if carriers and noncarriers of the XbaI polymorphism
responded differently to a standardized environmental stimulus recognized to alter GS protein content in skeletal muscle. The knee extensor muscles of seven matched pairs of carriers and noncarriers were subjected to neuromuscular electrical stimulation lasting 6 weeks combined with vastus
lateralis muscle biopsies taken before and after the protocol. Neuromuscular electrical stimulation (NMES) leads to
significant alterations in skeletal muscle characteristics in
humans (15). In addition to functional and contractile property changes, the content or activity of markers of different
metabolic pathways, including GS activity, has been substantially modulated after as little as 4 weeks of chronic lowfrequency NMES (16). Not only was the NMES-induced
increase in skeletal muscle GS protein content recently confirmed in humans, the increase was shown to occur concomitantly with improved insulin-stimulated whole-body glucose uptake (17). However, the magnitude of the changes varied substantially among individuals.
As illustrated in Fig. 3, the key finding of the present study
is that the significant stimulation-induced increase (23%) in
skeletal muscle GS protein content seen in individuals having the XbaI A1A1 wild-type genotype was impaired in the carriers of the A2 variant allele (genotype effect and interaction
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FIG. 2. Skeletal muscle GS protein content in carriers () (n = 21) and
noncarriers () (n = 21) of the XbaI GYS1 gene polymorphism measured under basal conditions.
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FIG. 1. GS protein content in human vastus lateralis. A: Representative Western blot (8 µg total protein per lane) showing GS content in
sedentary individuals (lanes 1 and 2) and highly trained endurance
athletes (lanes 3 and 4). B: Representative dot blot (5 µg total protein
per well, samples run in triplicate) from a carrier and a noncarrier of
the A2 allele before (pre) and after (post) NMES.

P < 0.05). This result does not arise from global differences
in the response of skeletal muscle from the two groups of subjects to NMES. This is evidenced by the similar behaviors of
creatine kinase (CK) activity (unchanged) and cytochrome
c oxidase (COX) activity (increased by 22%; NMES effect
P < 0.05); both of these results are consistent with previous
findings (15). Therefore, the difference measured in GS content after NMES appears to be genotype related.
Our results are particularly interesting in light of the recent
report of Orho-Melander et al. (6), which showed increased
susceptibility of XbaI polymorphism carriers to hypertension,
insulin resistance, and earlier onset of type 2 diabetes. Our data
provide clues to a mechanism that may explain their results.
It is unlikely that the XbaI polymorphism, located in
untranslated intron 14, causes any alteration in the activity of
GS itself. Other than direct effects on mRNA stability, this
genetic variant may be in linkage disequilibrium with other yet
unidentified mutations within the coding or flanking regions
of the GYS1 gene. Our results suggest that whatever the regulatory mechanisms involved, the differences in GS content
become manifest only under certain specific conditions.
Thus, the present study supports the thrifty genotype hypothesis proposed by Neel (18), stipulating that some individuals
have a survival advantage during periods of restrictive energy
intake but, when exposed to periods of decreased energy
expenditure and food abundance, favor fat deposition. Insulin
resistance would be a major factor involved in the channeling
of ingested fat towards tissues such as adipose tissue and
skeletal muscle for storage rather than skeletal muscle for oxidation (19). Indeed, the results of our study show that individuals differ in their capacity to alter the content of an
important metabolic marker of skeletal muscle insulin-stimulated glucose storage in response to a challenge (NMES)
based on their different genetic background. If, in the nonresponder individuals, a similar lack of adjustment is taking
place in response to environmental conditions, such as a positive energy balance or a diabetogenic diet, it follows that this
could increase their likelihood to develop skeletal muscle
insulin resistance and type 2 diabetes over time.

J. ST-ONGE, D.R. JOANISSE, AND J.-A. SIMONEAU

In conclusion, the allelic frequency of the GYS1 XbaI variant observed in the present study was similar to previously
reported results and significantly more frequent than the
Met416Val mutation, which was relatively rare in our cohort
of French-Canadian subjects. Confirming previous results,
muscle biopsies taken under basal conditions from the carriers and noncarriers of the XbaI polymorphism contained
similar GS protein content. However, the novel and important
finding of the present study is that the stimulation-induced
increase in skeletal muscle GS protein content normally seen
in individuals having the wild-type genotype is completely
impaired in those carrying the XbaI mutation. These data
demonstrate that some individuals, because of their genetic
background, are unable to stimulate the processes of GS
protein accumulation in skeletal muscle. These results could
explain why some individuals appear to be genetically predisposed to develop skeletal muscle insulin resistance when
exposed to unfavorable metabolic environments.
RESEARCH DESIGN AND METHODS
Subjects. Blood samples were obtained from 157 (116 men and 41 women)
unrelated healthy normal-weight Caucasians aged 18 to 35 years and living in the
Quebec City area. Genomic DNA was extracted from frozen peripheral-blood
leukocytes by standard methods. Among these participants only two subjects were
heterozygotes for the Met416Val mutation and were not tested further. A subgroup
of 21 subjects (14 men and 7 women) of the 27 identified as carrying the A1A2
alleles, as well as a subgroup of 21 noncarriers pair-matched (14 men and 7
women) based on age (25.7 ± 5.3 vs. 25.6 ± 4.4 years, mean ± SD), BMI (22.8 ± 2.4
vs. 23.1 ± 2.5 kg/m2), and level of physical activity (6.7 ± 6.2 vs. 5.7 ± 5.0 h/week),
agreed to undergo a vastus lateralis muscle biopsy (14). Of these subjects, 14
(7 carriers and 7 noncarriers pair-matched on the same criteria as above; 5 men
and 2 women in each group) further agreed to participate in the neuromuscular
stimulation protocol with vastus lateralis muscle biopsies taken before and after
the protocol. The study was approved by the Medical Ethics Committee of Laval
University and appropriate informed consent was obtained from all the subjects.
Determination of the XbaI and Met416Val polymorphisms. The XbaI
polymorphism in intron 14 of the GYS1 gene was genotyped using the previously described polymerase chain reaction (PCR) method (7). The A1 and A2
alleles were determined by the absence or recognition of the XbaI restriction
site formed by the substitution of a cytosine for a thymine in the GYS1 nucleotide sequence of intron 14. The Met416Val polymorphism was genotyped
using the previously described PCR method (20). The wild-type and mutated
alleles were determined by the presence or absence of the NlaIII restriction
site that occurs from a nucleotide substitution changing a methionine to a
valine in the amino acid sequence of the GS protein.
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NMES protocol. The procedures used were previously described (15). Briefly,
knee extensor muscles of both thighs were subjected to 3 h of NMES per day,
6 days per week for 6 weeks. NMES was delivered at a low frequency (8 Hz)
using a portable battery-powered stimulator (Respond II; EMPI) and 3-in
diameter round adhesive electrodes (Pals Plus 9000; EMPI).
GS protein content. Muscle samples of the subjects, frozen in liquid nitrogen and kept at –70°C until used, were homogenized (1:40 wt:vol) in buffer
(Na-K-PO4 100 mmol/l, EDTA 2 mmol/l, pH 7.2). The total protein content of
the muscle homogenates was determined using the Bio-Rad Protein Assay
method. Quantification of the GS protein content was done with the use
of an antibody provided by J. C. Lawrence at the University of Virginia
School of Medicine, Charlottesville, VA. Mini-PROTEAN II and Trans-Blot
Cell equipment (Bio-Rad) were used for sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western blotting following the procedures recommended by the manufacturer. Of the total protein, 8 µg was electrophoretically separated (0.75-mm thick 10% SDS gels) and electrically
transferred (60 min at 100 V) to polyvinylidene fluoride membranes (Immobilon; Millipore). After blocking in 5% powdered milk, membranes were incubated for 1 h with 0.05 µg/ml affinity-purified GS antibody, washed three
times in Tris-buffered saline with 0.1% Tris-buffered saline with Tween-20
(TBST) solution, and incubated with rabbit anti-chicken antibodies conjugated
to alkaline phosphatase (5,000-fold dilution). Membranes were washed again
three times in TBST before antibody binding was detected using the alkaline
phosphatase reaction. A single major band was found at ~84 kDa corresponding to the molecular weight of GS (Fig. 1A). Dot blots (Fig. 2B) (5 µg
of total protein per well) were subsequently used to quantify protein levels,
and these were made in triplicate for each sample. The reaction product of
each blot was scanned and analyzed twice with the use of National Institutes
of Health Image analysis software. A gradient concentration of human latissimus dorsi muscle proteins (from 2 to 18 µg) was deposited on each membrane and served as internal standard. The results were expressed as arbitrary
units of protein per gram of wet weight muscle (U/g).
CK and COX enzyme activities. The activities of CK and COX from pre- and
poststimulated muscles were spectrophotometrically determined by standard methods (21) and expressed in U (µmol substrate consumed/min)/g wet
wt muscle.
Statistical analysis. Unpaired Student’s t tests were used to test for significant differences among genotypes. Two-factor analyses of variance were used
to test for differences in the stimulation-induced changes in muscle GS protein content and CK and COX enzyme activities between carriers and noncarriers of the XbaI gene polymorphism. Data are presented as means ± SD.
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FIG. 3. Skeletal muscle GS protein content and CK and COX enzyme activities in carriers (n = 7) and noncarriers (n = 7) of the XbaI GYS1
gene polymorphism measured before () and after () 6 weeks of low-frequency neuromuscular electrical stimulation. *Significant effect of
genotype; †significant effect of NMES; ‡significant effect of genotype X NMES interaction. Effects are considered significant for P < 0.05.
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