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Glycogen synthase (GS) is the rate-limiting enzyme controlling nonoxidative glucose disposal in skeletal muscle. A reduction

in GS activity and an impaired insulin responsiveness are characteristic features of skeletal muscle in type 2 diabetes. These

properties also exist in human skeletal muscle cell cultures from type 2 diabetic subjects. To determine the effect of an isolated

reduction in GS on skeletal muscle insulin action, cultures from nondiabetic subjects were treated with antisense

oligonucleotides (ODNs) to GS to interfere with expression of the gene. Treatment with antisense ODNs reduced GS protein

expression by 70% compared with control (scrambled) ODNs (P F .01). GS activity measured at 0.01mmol/L glucose-6-

phosphate (G-6-P) was reduced by antisense ODN treatment. The insulin responsiveness of GS was impaired. Insulin also

failed to stimulate glucose incorporation into glycogen after antisense ODN treatment. The cellular glycogen content was

lower in antisense ODN–treated cells compared with control ODN. The insulin responsiveness of glucose uptake was

abolished by antisense ODN treatment. Thus, reductions in GS expression in human skeletal muscle cells lead to impairments

in insulin responsiveness and may play an important role in insulin-resistant states.
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SKELETAL MUSCLE is the principal glucose-utilizing
tissue in the insulin-stimulated state and a major site of

insulin resistance in type 2 diabetes.1,2 Following insulin
stimulation, glycogen synthesis is a major pathway of glucose
disposal in skeletal muscle and is regulated by the rate-limiting
enzyme glycogen synthase (GS).3,4 In type 2 diabetes, an
impaired rate of insulin-stimulated glucose uptake is associated
with decreased glycogen formation and impaired GS activity.4-6

Our group and others have previously shown that both basal and
insulin-stimulated muscle GS activity are reduced in type 2
diabetes and defective GS activity has a major role in impaired
glycogen formation in diabetes.4,7 It has also been reported that
GS activity is reduced in nondiabetic subjects with a strong
family history of type 2 diabetes.8 These findings led to the
hypothesis that certain genetic determinants impair GS activity,
although environmental factors such as hyperinsulinemia or
hyperglycemia can also exert effects.9

Further evidence for a genetic determinant of glycogen
synthesis is derived from a report showing that glycogen
synthesis is reduced in fibroblasts cultured from type 2 diabetic
subjects.10 Recent studies demonstrated that GS mRNA expres-
sion in muscle is decreased by about one third in insulin-
resistant type 2 patients compared with matched control sub-
jects, although GS protein expression is normal.11,12A possible
explanation for this discrepancy may be the existence of
compensatory mechanisms in diabetes that ensure an increased
translation of GS mRNA or increased stability of GS protein.
Using the human skeletal muscle culture system, in which the

cells are responsive to insulin and display the morphologic,
biochemical, and metabolic characteristics of intact skeletal
muscle tissue,13 we found that muscle cells from type 2 diabetic
subjects cultured in physiologic concentrations of glucose and
insulin demonstrated reduced GS protein expression in parallel
with defects in both glucose uptake and GS activity,14 reflecting
the in vivo behavior of diabetic skeletal muscle. However, the
physiologic significance of a reduction in this pivotal protein to
the defects in insulin action remains uncertain.

The present study was undertaken to determine the effects of
an isolated reduction of GS protein on GS activity, glycogen
synthesis, glucose uptake, and insulin responsiveness in human
skeletal muscle cultures from nondiabetic subjects. The expres-
sion of GS protein was reduced by the use of antisense
oligonucleotides directed against GS mRNA.

SUBJECTS AND METHODS

Subjects

Seven healthy nondiabetic subjects without a family history of type 2
diabetes provided muscle tissue for GS gene inhibition studies. Subject
characteristics are summarized in Table 1. All subjects underwent a
2-hour 75-g oral glucose tolerance test to confirm normal glucose
levels. None of the subjects displayed any evidence of fasting or
postprandial hyperinsulinemia. Normal glucose tolerance was defined
by American Diabetes Association criteria as fasting glucose less than
126 mg/dL and 2-hour glucose less than 140 mg/dL.15 Insulin action
was determined by a 3-hour hyperinsulinemic (300 mU/m2/min)-
euglycemic (5.0 to 5.5 mmol/L) clamp as described in detail previ-
ously.4 The glucose disposal rates (GDRs) determined during the last 30
minutes of the clamp were normal in these subjects (Table 1). The
experimental protocol was approved by the Committee on Human
Investigation of the University of California, San Diego. Informed
written consent was obtained from all subjects after an explanation of
the protocol.

Materials

Lipofectin and OptiMEM1 were purchased from GIBCO-BRL
(Gaithersburg, MD). Phosphorothioate oligodeoxynucleotides were
obtained from Quality Controlled Biochemicals (Hopkinton, MA). All
radioisotopes were obtained from DuPont-NEN (Boston, MA). Bovine
serum albumin (fraction V) was purchased from Boehringer Mannheim
(Indianapolis, IN). 2-Deoxyglucose,L-glucose, pepstatin, leupeptin,
phenylmethylsulfonyl fluoride, and all other reagents were purchased
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from Sigma Chemical (St Louis, MO). Anti–rabbit and anti–mouse
immunoglobulin G conjugated with horseradish peroxidase were pur-
chased from Amersham (Arlington Heights, IL). SuperSubstrate chemi-
luminescence substrate was from Pierce (Rockford, IL).

Human Skeletal Muscle Cultures

Percutaneous muscle biopsies were obtained from the lateral aspect
of the quadriceps femoris (vastus lateralis) using local anesthesia and a
5-mm side-cutting needle as described previously.4 Muscle tissue (200
to 300 mg) was obtained and immediately processed, and cultures were
established from satellite cells of dissociated muscle tissue using
modifications of the methods of Blau and Webster17 and Sarabia et al18

as described in detail previously.13

GS Gene Inhibition With Antisense ODNs; Antisense ODN
Design and Synthesis

A region of GS mRNA overlapping the start codon was chosen in the
design of antisense ODNs.19 A Genbank homology search was per-
formed to ensure that the sequences chosen did not share homology
with other known gene sequences. The GS antisense phosphorothioate
oligodeoxynucleotide overlapping the start codon (58-TAAAGGCATG-
GCTGGCGC-38) and the control oligodeoxynucleotide (the same base
composition as the GS antisense with the sequence scrambled (58-CGG
AGC CAG ACG GTG TAT-38) were synthesized on an automated
solid-phase DNA synthesizer using standard phosphoramidite chemis-
try with purification through Sep-Pak columns (Applied Biotechnology,
Milford, MA). Lyophilized ODNs were dissolved in water, and their
concentration was determined by spectrophotometry.

Inhibition of GS Gene Expression

Human myoblasts were grown at 37°C in a 5% CO2 incubator until
70% to 80% confluence was reached. At this stage, the cells were
uniformly fused and differentiated into phenotypically mature myo-
tubes.13 Fusion and differentiation was achieved by 4-day growth in
a-minimum essential medium (a-MEM) with 2% FBS and 1%
fungibact and confirmed by visual estimates of multinucleated myo-
tubes. On the first day of fusion, the cells were rinsed with serum-free
OptiMEM1 and incubated in the presence of antisense or control ODNs
using Lipofectin as the ODN carrier. ODNs (0.5 µmol/L) and Lipofectin
(5 µg/mL) were mixed in 1 mL serum-free OptiMEM1 and incubated at
room temperature for 15 minutes. The ODNs-Lipofectin mixture was
then added to the appropriate culture wells and incubated at 37°C for 4
hours. After transfection, the excess ODNs were washed away and 2 mL
a-MEM with 2% FBS was added to each well. The ODNs-Lipofectin
mixture was added repeatedly every 2 days for 6 days followed by
harvesting of cells for assay of GS activity, glycogen synthesis, total
glycogen content, glucose uptake, and GS and glucose transporter
protein determination.

Immunoblot Detection of GS

The sample preparation for Western blot analysis and detection of GS
protein for human skeletal muscle cell cultures has recently been
described in detail.13 GS protein was blotted using affinity-purified
polyclonal antibodies raised in rabbits against an oligopeptide specific

for the COOH-terminal sequence (kindly provided by Dr Leif Groop,
Malmo, Sweden). Immune complexes were detected using an enhanced
chemiluminescence kit and quantified by scanning densitometry (Strato-
scan 7000; Stratagene, La Jolla, CA).

GS Activity

Enzyme activity was measured according to methods described in
detail previously for human skeletal muscle cell cultures.7 At the end of
the transfection experiments, GS activity was measured at 0.1 and 10
mmol/L glucose-6-phosphate (G-6-P) in the absence and presence of 33
nmol/L insulin. Results are expressed as nanomoles of UDP glucose
(UDPG) incorporated into glycogen per milligram protein per minute.
Fractional velocity ([FV] activity at 0.1 mmol/L G-6-P/activity at 10
mmol/L G-6-P) is presented as percent activity.

Glucose Flux Through Glycogen

Glucose incorporation into muscle glycogen was determined at the
completion of transfection as previously described,20 from the incorpo-
ration of D-[14C-U]glucose (0.5 µCi/reaction, 5 mmol/L final glucose
concentration) in the absence or presence of maximal (33 nmol/L)
insulin concentrations for 2 hours. Results are expressed as nanomoles
of glucose converted to glycogen per milligram of protein per hour.
Total cellular protein was determined by the Bradford method.21

Total Glycogen Content

The total glycogen content of the cells was measured by the method
of Hassid and Abraham.22 Results are expressed as milligrams of
glycogen per milligram of protein.

2-Deoxyglucose Uptake

The procedure for glucose uptake has been described previously.23

Briefly, following completion of the transfection, cells were incubated
in serum-free media in the absence or presence of 33 nmol/L insulin for
1 hour. Glucose uptake was determined in triplicate after the addition of
10 µL [2-3H]deoxyglucose/L-[14C]glucose (0.1 µCi, final concentration
0.01 mmol/L) to conditions under which cell membrane transport is
rate-limiting.24 Each measurement was performed in triplicate and each
value was corrected for trapping and diffusion withL-glucose. Results
were normalized to total cellular protein determined by the Bradford
method21 and are expressed as picomoles per milligram of protein per
minute.

Membrane Preparation

Cells for membrane preparation were grown in 100-mm dishes and
treated as described for uptake assays. Total membranes were prepared
by the method developed by Walker et al25 and described previously.23

The cells were scraped from the dishes, collected by centrifugation, and
homogenized with a Dounce homogenizer. After centrifugation at
7503 g for 3 minutes, the pellet was rehomogenized and recentrifuged
and the supernatants were combined. Centrifugation of the supernatant
at 190,0003 g for 60 minutes produced a total membrane pellet. The
membranes were resuspended in homogenization buffer and protein
content was determined.

Detection of Glucose Transporter Proteins

Membrane preparations were diluted 1:1 in 23 Laemmli buffer
withoutb-mercaptoethanol26 and heated for 5 minutes at 90°C. Proteins
were separated on 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis gels and then transferred to nitrocellulose.27 GLUT1
was identified using rabbit polyclonal antisera against the rat brain
glucose transporter (Chemicon, Temecula, CA). A monoclonal antibody
specific for GLUT4 (1F8; Biogenesis, Brentwood, NH)) was also used.
The second antibody was anti–rabbit or anti–mouse IgG conjugated

Table 1. Subject Characteristics (N 5 7)

Age
(yr)

BMI
(kg/m2)

Fasting
Plasma
Glucose
(mmol/L)

Fasting
Plasma
Insulin

(pmol/L)

2-Hour OGTT

GDR
(mg/kg/min)

Glucose
(mmol/L)

Insulin
(pmol/L)

36 6 2 25.9 6 1.0 4.9 6 0.1 30 6 6 5.5 6 0.4 192 6 42 11.2 6 2.3

Abbreviations: BMI, body mass index; OGTT, 75-g oral glucose
tolerance test.16
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with horseradish peroxidase. Immune complexes were detected using
an enhanced chemiluminescence kit. Quantitation was performed with a
scanning laser densitometer (ScanAnalysis; BioSoft, Palo Alto, CA).

Data Analysis

Data analysis was performed with the paired or unpairedt test as
appropriate. Paired comparisons were made to 3 separate sets of
controls on cells from the same individual (intraindividual pair): no
treatment, Lipofectin alone, and Lipofectin1 scrambled (control, GS3)
ODN. Differences between GS1 and GS3 would indicate effects of the
antisense ODN. The expression of the results as a percent of the control
was obtained by comparison to the appropriate paired control for each
set of cells. All data calculations and statistical analyses were performed
using the Statview II program (Abacus Concepts, Berkeley, CA).

RESULTS

Effect of GS Antisense ODN Treatment on GS Protein
Expression

Neither Lipofectin nor the control ODN (GS3) had any effect
on GS protein content. However, GS protein expression was
decreased significantly following antisense ODN (GS1) treat-
ment (Fig 1). GS protein levels were reduced to 29%6 6% of
the level in control ODN-treated cells (P , .01). The content of
sarcomerica-actin protein, a marker of the muscle phenotype,
was unaltered by treatment with either ODN or Lipofectin alone
(data not shown), suggesting little nonspecific change in protein
expression.

Effect of GS Antisense ODN Treatment on GS Activity

GS activity measured at a low concentration (0.1 mmol/L) of
the allosteric activator G-6-P reflects both the amount of
enzyme protein and, primarily, the influence of allosteric
regulation. Lipofectin treatment alone caused a modest but
nonsignificant increase in GS0.1 activity in the absence of
insulin (118%6 8% of control; Fig 2A). Treatment with
control ODN reduced GS0.1 activity (80%6 8% of untreated
control, P , .05), but antisense ODN reduced GS0.1 even
further (to 50%6 11% of control ODN,P , .05). With regard
to insulin-stimulated GS0.1 activity, Lipofectin treatment had no
effect, while the activity was reduced in both control ODN
(65%6 8% of control, P , .01) and antisense ODN
(50%6 6%, P , .0005) cells. The impairment in insulin-
stimulated GS0.1 activity was greatest after antisense ODN
treatment (to 73%6 7% of control ODN, P , .05). Acute
insulin exposure caused a significant stimulation of GS0.1 in
untreated (P , .02v paired basal), Lipofectin-treated (P , .05),
and control ODN–treated (P , .05) cells, but antisense ODN–
treated cells did not display a significant response to insulin
(P 5 .62 v without insulin) and could be considered insulin-
resistant for this effect (Fig 2A).

The GS fractional velocity (FV) is indicative of the activation
state of the enzyme. The basal GS FV was similarly reduced by
control ODN (74%6 8% of untreated control,P , .02) and
antisense ODN (80%6 4%, P , .01) treatment (Table 2).
There was no significant difference between control and anti-
sense ODN. Insulin stimulated GS FV by 30% to 60% in the 3
control groups; only antisense ODN–treated cells failed to show
a significant response to insulin (2%6 13% increase) and could
be considered insulin-resistant for this response.

GS activity measured at a maximal concentration (10 mmol/L)
of G-6-P has been considered as an indicator of the total enzyme
activity. Lipofectin and control ODN treatment had no appre-
ciable effects on GS activity measured at 10 mmol/L G-6-P in
either the absence or the presence of insulin (Fig 2B). However,
with antisense ODN treatment, both basal (to 69%6 10% of
control ODN,P , .05) and insulin-stimulated (64%6 8% of
control ODN, P , .02) GS activity decreased significantly.
Thus, the effects of antisense ODN on fully activated enzyme
activity (Fig 2B) are in general agreement with those on GS
protein expression (Fig 1).

Effect of GS Antisense ODN Treatment on Glucose
Incorporation Into Glycogen and Glycogen Content

GS measurements assess only the activity of the isolated
enzyme. Net glycogen synthesis from glucose reflects the
balance within the cell of substrate delivery, GS activity, and
other pathways for glucose metabolism, as well as the effects of
intracellular modulators. The rates of new glycogen synthesis
from glucose measured in cells after the various treatments are
presented in Fig 3. The flux of glucose through glycogen was

Fig 1. Effect of antisense ODN treatment on GS protein expres-

sion in human skeletal muscle cultures from nondiabetic subjects.

Cultured muscle cells were pretreated with Lipofectin (5 mg/mL) and

0.5 mmol/L of either a GS antisense ODN (GS1) or GS control ODN

(GS3) for 6 days. Control, no addition; Lipofectin, vehicle only; GS1,

GS antisense ODN 1 Lipofectin; GS3, GS control ODN 1 Lipofectin.

(A) Representative autoradiogram of a GS Western blot on muscle

cells from a nondiabetic subject. (B) Quantitation of immunoreactive

GS protein in cells of 6 nondiabetic subjects. Results are the mean 6

SEM. †P F .01 v untreated control, ‡P F .05 v Lipofectin, §P F .05 v

GS3.
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not reduced in antisense ODN–treated cells. While insulin
caused a 50% to 60% increase in glucose incorporation into
glycogen in all control conditions, acute insulin stimulation of
glycogen synthesis was impaired in antisense ODN–treated
cells. The insulin-induced fold increase was significantly lower
in antisense ODN–treated compared with control ODN–treated
cells (72%6 6% of the insulin increment in control ODN–
treated cells,P , .05).

The total glycogen content, reflecting the long-term balance
of metabolic processes, was significantly lower in antisense

ODN–treated muscle cells (2.616 0.26 mg glycogen/mg pro-
tein) versus control ODN treatment (3.336 0.32,P , .001).

Effect of GS Antisense ODN Treatment on Glucose Uptake

Glucose uptake in the absence of insulin was increased
significantly (P , .005) following Lipofectin treatment (Fig 4).
The combination of Lipofectin and ODNs showed additive
effects to further increase basal glucose uptake (P , .005 v
untreated control for both antisense and control ODN). Glucose
uptake was even higher in cells treated with antisense ODN
versus control ODN–treated cells (133%6 9% of control

Fig 2. Effect of antisense ODN treatment on GS activity. (A) GS

activity at 0.1 mmol/L G-6-P. Basal state, no insulin added to serum-

free media; insulin-stimulated state, 33 nmol/L insulin added to

serum-free media for 1 hour. (B) GS activity at 10 mmol/L G-6-P.

Results are the mean 6 SEM (n 5 7). *P F .05 v corresponding basal,

†P F .05 v paired untreated control, ‡P F .05 v paired Lipofection,

§P F .05 v paired GS3.

Table 2. Effect of Antisense ODN Treatment on GS FV

Treatment

Control Lipofectin GS1 GS3

Basal 6.4 6 1.1 6.4 6 1.2 5.2 6 0.9 4.8 6 1.1
1Insulin 8.6 6 1.0* 9.2 6 1.5* 6.8 6 1.1 6.4 6 1.5*

NOTE. Values are the mean 6 SEM. Basal state, no insulin added to
serum-free media; insulin-stimulated state, 33 nmol/L insulin added to
serum-free media for 1 hour. GS FV 5 (activity at 0.1 mmol/L G-6-P/10
mmol/L G-6-P) 3 100 and is expressed as a %.

*P , .05 v corresponding basal value.

Fig 3. Effect of antisense ODN treatment on rate of glucose

incorporation into glycogen in cultured muscle cells. Results are the

mean 6 SEM (n 5 7). *P F .05 v corresponding basal value.

Fig 4. Effect of antisense ODN treatment on glucose uptake in

human skeletal muscle culture. Cells were washed and incubated in

serum-free a-MEM for 60 minutes in the absence (basal) or presence

(33 nmol/L) of insulin. Cells were then washed free of media, and

2-deoxyglucose uptake was measured. Results are the mean 6 SEM

(n 5 7). *P F .05 v corresponding basal, †P F .05 v paired control,

‡P F .05 v paired Lipofectin, §P F .05 v paired GS3.

GLYCOGEN SYNTHASE GENE INHIBITION 965



ODN, P , .05). While Lipofectin (38%6 10% increase with
insulin, P , .01 v paired basal) and control ODN treatment
(20%6 7% increase,P , .01) maintained the insulin respon-
siveness for uptake, even in the face of elevated basal uptake
rates, insulin responsiveness was abolished in antisense ODN–
treated cells (5%6 6% increase over paired basal).

Effect of GS Antisense ODN Treatment on Glucose Transporter
Expression

To investigate the possible mechanisms by which the various
treatments increased glucose uptake in muscle cells, a total
membrane fraction was prepared and glucose transporter expres-
sion was determined by Western blotting. None of the treat-
ments had any effect on GLUT4 protein expression. This is a
measure of total cellular GLUT4 content and does not reveal
whether the treatments had any influence on the subcellular
distribution of GLUT4. Each of the treatments resulted in an
upregulation of total cellular GLUT1 protein expression, al-
though the increase in Lipofectin-treated cells did not attain
statistical significance (Fig 5). The increase in GLUT1 protein
generally followed the change in glucose uptake activity (Fig
4), being smallest with Lipofectin treatment and largest after
ODN treatment. Interestingly, even though the increase in
GLUT1 protein was similar in control and antisense ODN–
treated cells, glucose uptake activity was significantly higher
with antisense ODN, suggesting some further effect of GS
reduction on glucose transporter activity or localization.

DISCUSSION

A number of approaches have established impaired skeletal
muscle GS activity and glycogen synthesis as common charac-
teristics of type 2 diabetes.4-7 Several lines of evidence suggest
that defects in GS occur early in the development of diabetes.
Skeletal muscle GS activity has been found to be reduced in
nondiabetic subjects with a family history of type 2 diabetes.8

The fact that glycogen synthesis is reduced in cultured fibro-
blasts from type 2 diabetic subjects,10 far removed from the in
vivo metabolic environment, implies that defects in GS may be
an intrinsic property of the diabetic state. GS activity is also
reduced in human skeletal muscle cell cultures from type 2

subjects,14 strengthening this concept in the primary insulin
target tissue.

The impaired GS activity in diabetic muscle has several
characteristics. While GS mRNA has been shown to be
reduced,11 protein expression is essentially normal. Fully acti-
vated (10 mmol/L G-6-P) enzyme activity, a general indicator of
enzyme protein, is also normal in diabetic muscle.11 The
greatest reductions are found for activity measured at low levels
of the regulator G-6-P (GS0.1) and the FV,7 suggesting that the
major defects involve allosteric and covalent regulation of
enzyme activity. Many of these characteristic defects of GS are
retained in skeletal muscle cultures. Both GS0.1 and FV are
reduced in diabetic cultures compared with nondiabetic cells.14

The total activity does not differ significantly from that in
normal human muscle cells but GS protein is lower, possibly
reflecting the removal of compensatory mechanisms such as
hyperinsulinemia that are present in vivo. Beyond the impair-
ments of GS present in diabetic muscle in vivo, as well as in
muscle cells, other characteristics of type 2 diabetes include
reduced glucose uptake and impaired insulin responsiveness for
uptake and glycogen synthesis. The current studies have
addressed 2 questions: What impact will reducing GS activity in
nondiabetic human skeletal muscle cells have on insulin action
and glucose metabolism? In addition, will reducing GS activity
to levels present in diabetic cells cause normal cells to develop
other characteristics of diabetic muscle with regard to glucose
metabolism?

A gene-knockout approach was used to influence GS expres-
sion. In mammalian culture systems, numerous studies have
demonstrated effects of antisense ODNs and have used this
technology to understand the normal function of a particular
gene.28-31We used phosphorothioate ODNs, which are resistant
to intracellular degradation, and cationic lipids to enhance the
uptake and activity of ODNs.32 With GS antisense ODN
treatment, we were able to decrease GS protein expression by
up to 70%, which is similar to the level we observed previously
in diabetic muscle cells (50% reduction14). This effect is
specific to antisense ODN treatment, since GS protein expres-
sion did not change with the scrambled (nonsense) sequence
control ODN.

Fig 5. Effect of ODN treatment on glucose

transporter protein expression. (A) GLUT 1

protein expression: top, representative West-

ern blot for GLUT1 in cells from 1 individual;

bottom, quantitation of autoradiographs. Re-

sults are normalized against the untreated

control for each subject. (B) GLUT4 protein

expression—representative Western blot and

quantitation. Mean 6 SEM (n 5 6). †P F .05 v

paired control.
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The behavior of fully active GS was qualitatively reflective
of that of GS protein, with changes only in the antisense
ODN–treated cells. This result differs somewhat from the
diabetic cells, where activity at 10 mmol/L G-6-P is either
normal or slightly reduced.14 There may be several reasons that
GS activity at 10 mmol/L G-6-P after treatment with antisense
ODN (35% decrease) is not reduced to the same extent as GS
protein (70% decrease). GS activity was measured at a single
nonsaturating substrate concentration (0.3 mmol/L UDPG). It is
possible that after antisense ODN treatment, the affinity for
substrate is altered so that enzyme activity would be higher at
0.3 mmol/L UDPG, underestimating the change in enzyme
activity. Most importantly, GS activity at 0.1 mmol/L G-6-P in
antisense ODN–treated cells was reduced to 50% of the control
value, the same relative decrease reported in diabetic muscle
cells.13,14 The GS FV did not differ in antisense ODN–treated
cells versus control ODN–treated cells (Table 2). In diabetic
muscle cells, GS activity at 0.1 mmol/L G-6-P decreased more
markedly than total GS activity, and FV was also significantly
lower.14Thus, in antisense ODN–treated cells, GS is maintained in a
normal activation state and the absolute activity is lower due to the
decrease in GS protein, whereas in diabetic muscle cells, it is both
the expression and the activation state of GS that are impaired.

To control for any nonspecific influence of the experimental
manipulations, paired comparisons were made to Lipofectin
and scrambled ODN–treated cells. These conditions were
neutral, with no change versus the untreated control for total GS
protein and activity expression, as well as GS FV. While GS0.1

appeared lower than the control value in scrambled ODN–
treated cells (Fig 2), this difference was significant only for
insulin-stimulated activity. In addition, there was a significantly
greater decrement in GS0.1 resulting from antisense ODN
treatment. Thus, some portion of the reduction in GS0.1 activity
is a specific result of the decreasing GS protein.

Having attained the goal of diabetic-like 50% reductions in
GS protein and GS0.1 activity, albeit by a different mechanism,
how does glucose metabolism in antisense ODN–treated cells
compare with that in type 2 diabetic cells? As already men-
tioned, GS FV in the absence of insulin is normal in antisense
ODN cells, confirming that the reduced GS activity is due to the
change in protein expression, while in diabetic cells, it is
primarily due to changes in enzyme activation. The absolute
insulin-stimulated increase in GS FV is reduced to 50% of
control or nondiabetic values in both antisense ODN and type 2
diabetic14 cells. Thus, both instances of reducing GS activity
lead to impaired insulin responsiveness for GS stimulation.

Total glycogen content reflects the long-term consequence of
glycogen synthesis and breakdown. Glycogen content in type 2
diabetic muscle is usually normal,33 but this observation may be
influenced by hyperglycemia through a mass-action mecha-
nism. Glycogen content was significantly lower in antisense
ODN–treated cells versus control ODN cells, which might be an
expected consequence of lower GS activity in the presence of
matched glucose levels attained in culture.

Insulin-stimulated skeletal muscle glycogen synthesis is
impaired in type 2 diabetics3,7 and their offspring.33 Unexpect-
edly, the antisense ODN reduction of GS protein did not
significantly alter the rate of new glycogen synthesis in the

absence of added insulin (P 5 NS). However, antisense ODN–
treated cells failed to display normal insulin stimulation of glucose
incorporation into glycogen (P 5 NSvpaired control; Fig 3).

A surprising result is the finding that glucose uptake was
upregulated following treatment (Fig 4). This change could be
accounted for by increases in GLUT1 protein expression (Fig
5). While a portion of these changes are induced by the control
manipulations, through unknown mechanisms, there is a further
increase in uptake that can be attributed to a specific effect of
antisense ODN treatment, as the uptake is significantly higher
compared with control ODN–treated cells. The increase in
uptake could represent an attempt by the muscle cell to
compensate for impaired glucose storage in glycogen through
an increase in substrate delivery, by increasing the ‘‘push’’ of
glucose to overcome the lessened ‘‘pull’’ through GS. Increased
glucose entry into the cell could help explain why basal glucose
incorporation into glycogen was not lower than the control
value in antisense ODN–treated cells (Fig 3) even when GS
protein and activity was reduced. Yet glucose flux through
glycogen in antisense ODN–treated cells could be considered
inappropriately low for the amount of glucose uptake, suggest-
ing that the rate-determining step for glycogen synthesis now
resides at GS rather than glucose uptake. The fate of the
additional glucose entering antisense ODN cells, since it is not
being stored in glycogen, is currently unknown and a question
worthy of further study. It is interesting to note that both glucose
uptake and GLUT1 protein expression are lower in diabetic
compared with nondiabetic muscle cells.23 This suggests that
diabetic muscle cells lack the ability to upregulate glucose
uptake to compensate for defects in GS. Thus, one characteristic
of diabetic muscle may be an inability to adapt appropriately to
changes in the metabolic environment.

A common consequence of the decrease in GS expression
was the failure of insulin to significantly stimulate GS FV
(Table 2), glucose incorporation into glycogen (Fig 3), or
glucose uptake (Fig 4) in antisense ODN–treated cells. Thus, a
targeted reduction in GS can not only perturb glucose metabo-
lism but also generate relative insulin resistance. The specific
mechanisms of this insulin resistance, if it involves insulin signal
transduction or the final effector systems, remain to be determined.

Although the identity of the primary defect(s) of glucose
metabolism or insulin action leading to type 2 diabetes is a
controversial topic,8-10,33,34 our results suggest that decreased
skeletal muscle GS protein expression and/or reduced GS
activity can explain impairments in GS activity. This perturba-
tion also leads to impaired insulin responsiveness for multiple
aspects of glucose metabolism, mirroring the insulin resistance
characteristic of type 2 diabetes. However, normal to elevated
basal glycogen synthesis following a decrease of GS protein is
not in agreement with the activities found in type 2 diabetes.
This discrepancy can be accounted for by the elevated glucose
uptake that occurs in GS-knockout cells but not in diabetic
muscle. Impairments in GS activity can contribute to some but
not all of the characteristic features of glucose metabolism in
diabetic skeletal muscle. More likely, as already proposed
previously, type 2 diabetes results from the convergence of an
array of metabolic defects with synergistic effects on metabo-
lism and insulin action.

GLYCOGEN SYNTHASE GENE INHIBITION 967



REFERENCES

1. Mandarino LJ, Wright KS, Verity LS, et al: Effects of insulin
infusion on human skeletal muscle pyruvate dehydrogenase, phospho-
fructokinase, and glycogen synthase. Evidence for their role in oxida-
tive and nonoxidative glucose metabolism. J Clin Invest 80:655-663,
1987

2. Bak JF, Moller N, Schmitz O, et al: In vivo insulin action and
muscle glycogen synthase activity in type 2 (non–insulin-dependent)
diabetes mellitus: Effects of diet treatment. Diabetologia 35:777-784,
1992

3. Shulman GI, Rothman DL, Jue T, et al: Quantitation of muscle
glycogen synthesis in normal subjects and subjects with non–insulin-
dependent diabetes by13C nuclear magnetic resonance spectroscopy. N
Engl J Med 322:223-228, 1990

4. Thorburn AW, Gumbiner B, Bulacan F, et al: Intracellular glucose
oxidation and glycogen synthase activity are reduced in non–insulin
dependent (type II) diabetes independent of impaired glucose uptake. J
Clin Invest 85:522-529, 1990

5. DeFronzo RA, Bonadonna RC, Ferrannini E: Pathogenesis of
NIDDM. A balanced overview. Diabetes Care 15:318-368, 1992

6. Beck-Nielsen H, Vaag A, Damsbo P, et al: Insulin resistance in
skeletal muscles in patients with NIDDM. Diabetes Care 15:418-429,
1992

7. Thorburn AW, Gumbiner B, Bulacan F, et al: Multiple defects of
muscle glycogen synthase activity contribute to reduced glycogen
synthesis in non–insulin dependent diabetes mellitus. J Clin Invest
87:489-495, 1991

8. Eriksson J, Franssila-Kallunki A, Ekstrand A, et al: Early meta-
bolic defects in persons at increased risk for non–insulin-dependent
diabetes mellitus. N Engl J Med 321:337-343, 1989

9. Nikoulina SE, Ciaraldi TP, Abrams-Carter L, et al: Regulation of
glycogen synthase activity in cultured skeletal muscle cells from
subjects with type II diabetes: Role of chronic hyperinsulinemia and
hyperglycemia. Diabetes 46:1017-1024, 1997

10. Wells AM, Sutcliffe IC, Johnson AB, et al: Abnormal activation
of glycogen synthesis in fibroblasts from NIDDM subjects. Evidence
for an abnormality specific to glucose metabolism. Diabetes 42:583-
589, 1993

11. Vestergaard H, Bjorbaek C, Andersen PH, et al: Impaired
expression of glycogen synthase mRNA in skeletal muscle of NIDDM
patients. Diabetes 40:1740-1745, 1993

12. Vestergaard H, Lund S, Larsen FS, et al: Glycogen synthase and
phosphofructokinase protein and mRNA levels in skeletal muscle from
insulin-resistant patients with non–insulin-dependent diabetes mellitus.
J Clin Invest 91:2342-2350, 1993

13. Henry RR, Abrams L, Nikoulina S, et al: Insulin action and
glucose metabolism in non-diabetic control and NIDDM subjects.
Comparison using human skeletal muscle cell cultures. Diabetes
44:935-945, 1995

14. Henry RR, Ciaraldi TP, Abrams-Carter L, et al: Glycogen
synthase activity is reduced in cultured skeletal muscle cells of
non–insulin-dependent diabetes mellitus subjects. Biochemical and
molecular mechanisms. J Clin Invest 98:1231-1236, 1996

15. Expert Committee on the Diagnosis and Classification of Diabe-
tes Mellitus: Report of the Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus. Diabetes Care 21:S5-S22, 1998
(suppl 1)

16. Phillips DI, Clark PM, Hales CN, et al: Understanding oral
glucose tolerance: Comparison of glucose or insulin measurements

during the oral glucose tolerance test with specific measurements of
insulin resistance and insulin secretion. Diabet Med 11:286-292, 1994

17. Blau HM, Webster C: Isolation and characterization of human
muscle cells. Proc Natl Acad Sci USA 78:L5623-L5627, 1981

18. Sarabia V, Lam L, Burdett E, et al: Glucose uptake in human and
animal muscle cells in culture. Biochem Cell Biol 68:536-542, 1990

19. Browner MF, Nakano K, Bang AG, et al: Human muscle
glycogen synthase cDNA sequence: A negatively charged protein with
an asymmetric charge distribution. Proc Natl Acad Sci USA 86:1443-
1447, 1989

20. Ciaraldi TP, Goldberg M, Odom R, et al: In vivo effects of
amylin on carbohydrate metabolism in liver cells. Diabetes 41:975-981,
1992

21. Bradford MM: A rapid and sensitive method for the quantitation
of protein utilizing the principle of protein-dye binding. Anal Biochem
71:248-254, 1976

22. Hassid WZ, Abraham S: Chemical procedures for analysis of
polysaccharides. Methods Enzymol 3:34-37, 1957

23. Ciaraldi TP, Abrams L, Nikoulina S, et al: Glucose transport in
cultured human skeletal muscle cells. Regulation by insulin and glucose
in nondiabetic and non–insulin-dependent diabetes mellitus subjects. J
Clin Invest 96:2820-2827, 1995

24. Ziel FH, Venkatesan N, Davidson MB: Glucose transport is rate
limiting for skeletal muscle glucose metabolism in normal and STZ-
induced diabetic rats. Diabetes 37:885-890, 1988

25. Walker PS, Ramlal T, Sarabia V, et al: Glucose transport activity
in L6 muscle cells is regulated by the coordinate control of subcellular
glucose transporter distribution, biosynthesis and mRNA transcription.
J Biol Chem 265:1516-1523, 1995

26. Laemmli UK: Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 22:680-686, 1970

27. Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: Procedure
and some applications. Proc Natl Acad Sci USA 76:4350-4354, 1979

28. Wagner RW: Gene inhibition using antisense oligodeoxynucleo-
tides. Nature 372:333-335, 1994

29. Kindy MS, Verma IM: Anti-sense RNA and DNA, in Melton DA
(ed): Current Communications in Molecular Biology. Cold Spring
Harbor, NY, Cold Spring Harbor Laboratory, 1987 pp 129-133

30. Cazenoue C, Helene C: Antisense oligonucleotides, in Joseph
NM, Alexander M, Van Der Dkol R (eds): Antisense Nucleic Acids and
Proteins. Fundamentals and Applications. New York, NY, Dekker,
1991, pp 47-93

31. Florini JR, Ewton DZ: Highly specific inhibition of IGF-I–
stimulated differentiation by an antisense oligodeoxyribonucleotide to
myogenin mRNA. No effects on other actions of IGF-I. J Biol Chem
265:13435-13437, 1990

32. Bennett CF, Chiang M, Chan H, et al: Cationic lipids enhance
cellular uptake and activity of phosphorothioate antisense oligonucleo-
tides. Mol Pharmacol 41:1023-1033, 1992

33. Rothman DL, Magnusson I, Cline G, et al: Decreased muscle
glucose transport/phosphorylation is an early defect in the pathogenesis
of non–insulin-dependent diabetes mellitus. Proc Natl Acad Sci USA
92:983-987, 1995

34. Fink RI, Wallace P, Brechtel G, et al: Evidence that glucose
transport is rate limiting for in vivo glucose uptake. Metabolism
41:897-902, 1992

968 PARK ET AL


