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Abstract

 

A decreased ratio of fat to carbohydrate oxidation rate (an
elevated respiratory quotient) predicts the development of
obesity. Skeletal muscle accounts for a major fraction of to-
tal body lipid oxidation and is the principle site for reduced
glucose storage in insulin-resistant subjects. The potentially
important role that muscle has in promoting obesity or insu-
lin resistance may be based on metabolic control intrinsic to
skeletal muscle. Cultured skeletal muscle provides a system
to examine the importance of inherent metabolic traits in
muscle biopsies from obese and insulin-resistant subjects.
Glycogen synthase fractional activity (GSFA) was mea-
sured in cultured myoblasts from 21 Pima Indians charac-
terized in vivo using indirect calorimetry and a euglycemic
hyperinsulinemic clamp. Basal GSFA in cultured muscle
cells is inversely correlated with postabsorptive respiratory
quotient of the muscle donors (

 

r

 

 5 2

 

0.66,

 

 P 

 

5 

 

0.001) and
with in vivo high dose insulin-stimulated glucose storage
rates (

 

r

 

 5 

 

0.47,

 

 P 

 

5 

 

0.04). These results indicate that the
postabsorptive respiratory quotients and insulin-mediated
glucose storage rates in vivo share a common regulatory
mechanism with GSFA in cultured myoblasts. Abnormal
regulation of glycogen synthase phosphorylation state may
be an intrinsic defect in skeletal muscle associated with obe-
sity and insulin resistance. (
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Introduction

 

Both obesity and insulin resistance increase the risk for devel-
oping type II diabetes mellitus (1, 2). Resistance to insulin-
mediated glucose disposal in vivo primarily involves abnormal
glucose storage in skeletal muscle (1). Recent investigations
indicate that the ratio of glucose to lipid oxidation rate predicts
an increase in body fat (3–5). Skeletal muscle, as the largest
single tissue mass, has been suggested to have a principle role
in determining in vivo rates of lipid oxidation (6). These obser-
vations suggest that primary origins and interactions of obesity
and insulin resistance could reside in skeletal muscle.

To understand the potential contribution of inherent skele-
tal muscle metabolism to obesity and insulin resistance, we

have examined the glycogen synthase activity in cultured mus-
cle cells from subjects over a range of obesity. Glycogen syn-
thase was selected for analysis in cultured muscle because sub-
jects with reduced insulin-mediated uptake of glucose into
skeletal muscle glycogen in vivo (7) also have reduced insulin-
stimulated glycogen synthase activity measured in skeletal
muscle biopsies at the end of a euglycemic hyperinsulinemic
clamp. The primary mechanism leading to abnormal glycogen
synthase activity has been difficult to identify in studies of bi-
opsied muscle because of the potential effects of the hormonal
and nutritional state of the muscle donor at the time of the tis-
sue biopsy. In this study, the muscle from all subjects is cul-
tured for a minimum of one month in the same environment
before analysis of myoblast glycogen synthase activity. This
system allows expression of possible individual metabolic dif-
ferences inherent to muscle cells from different subjects, inde-
pendent of the unique regulatory environment provided by
each individual’s circulating hormonal and nutrient composi-
tion. The data for glycogen synthase activity in cultured cells
are compared with clinical parameters of obesity and insulin
resistance of the muscle donors.

 

Methods

 

21 Pima Indians were admitted to the metabolic ward of the Clinical
Diabetes and Nutrition Section of the National Institutes of Health
(NIH, Phoenix, AZ). They gave informed consent for the studies that
were approved by the Ethics Committees of the NIH and the Tribal
Council of the Gila River Indian Community. Fitness for the study
was determined by medical history, physical examination, electrocar-
diography, and routine biochemical, hematological, and urine testing.
None of the subjects were taking any medication, and no subject had
any clinically significant abnormalities on these examinations. The
subjects’ characteristics are shown in Table I. Subjects were studied
after 5–7 d on a weight-maintaining diet (20% protein, 50% carbohy-
drate, and 30% fat). Body composition was determined by dual-
energy x-ray absorptiometry (8), and fat-free mass and percent body
fat were calculated. Diabetics were excluded after an oral glucose tol-
erance test. After an overnight fast, in vivo glucose disposal and sub-
strate oxidation rates were measured using ventilated hood indirect
calorimetry before (basal) and during a hyperinsulinemic euglycemic
clamp (9). Postabsorptive or basal appearance rate of glucose in
plasma was calculated from (3-H

 

3

 

) glucose-specific activities using
Steele’s steady state equation (10). Two insulin infusion rates of 40
and 400 

 

m

 

U/m

 

2

 

 per minute were used to reach steady state plasma in-
sulin concentrations of 1070

 

6

 

60 (low dose) and 17504

 

6

 

1002 (high
dose) pM. Substrate disposal and oxidation rates are normalized to
kilograms of metabolic body size 

 

5 

 

KGMBS (1). Nonoxidative glu-
cose disposal is referred to as glucose storage; postabsorptive respira-
tory quotient is referred to as basal respiratory quotient (RQ).
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After an overnight fast, percutaneous muscle biopsies were ob-
tained from the quadriceps femoris muscle after local anesthesia of
skin and fascia with lidocaine (11). Primary myoblast cultures were
established from human muscle using a previously reported method
from this laboratory (12). Up to 300 mg of skeletal muscle was col-
lected in cold DME and finely minced. The cells were dissociated by
incubation with 0.25% (wt/vol) trypsin, 0.1% (wt/vol) type IV colla-
genase, and 0.1% (wt/vol) BSA at 37

 

8

 

C for 30 min with agitation. The
cells were collected by centrifugation at 350 

 

g

 

. Cells were plated in
uncoated 60-mm dishes for 1 h at 37

 

8

 

C to remove fibroblasts. The re-
sidual cellular material was transferred to 25 cm

 

2

 

 rat tail collagen–
coated flasks (Biocoat; Becton Dickinson, Bedford, MA). All subse-
quent culture ware was collagen coated. Myoblasts were allowed to
grow until 100% confluent in DME supplemented with 25 mM
Hepes, 17% FCS, 2 mM glutamine, 0.5% chick embryo extract, 100
U/ml penicillin, 10 

 

m

 

g/ml streptomycin, 0.25 

 

m

 

g/ml amphotericin B.
The immunoreactivity of skeletal muscle proteins myosin and actinin,
and the activity of creatinine kinase in these muscle cultures was re-
ported previously by this laboratory (12). Primary cultures were
trypsinized and subcultured in the above media with 10% FCS. Cells
between three and six cell population doublings (primary cell mono-
layers are designated as one cell population doubling) were plated at
10

 

5

 

 cells per 60-mm dish and allowed to reach 80–90% confluence.
These cells were used for measures of glycogen synthase activity after
preincubation conditions modified from a previously described
method (13). Monolayers were washed twice with Dulbecco’s phos-
phate buffered saline (DPBS) and cultured for 24 h in IM media
(DPBS supplemented with 21 mM NaHCO

 

3

 

, 2 mM glutamine, 1 mg/
ml BSA, basal media eagle amino acids and vitamins) containing 25 mM
glucose. After two washes with DPBS, monolayers were incubated 17 h
in IM media (no glucose) and one additional hour in fresh IM media
(no glucose) 

 

6

 

10

 

2

 

7

 

 M insulin. The cells at this point remain precon-
fluent and contain 

 

, 

 

2.0% multinucleated myotubes.
After 1-h incubation

 

6

 

insulin, cell monolayers for assay of glyco-
gen synthase activity were washed at 4

 

8

 

C with 0.3 mM phloretin in
DPBS and with DPBS. Cell monolayers were covered with 200 

 

m

 

l per
dish 30% glycerol, 10 mM EDTA, and 50 mM KF, pH 7.0, and frozen
by floating the 60 mm dish on liquid N

 

2

 

. Frozen monolayers were
stored at 

 

2

 

70

 

8

 

C. Monolayer cells were collected by scraping the dish
at 4

 

8

 

C, homogenized (Omni International, Waterbury, CT), and the
4

 

8

 

C, 10,000 g supernatant was diluted 2.3-fold with 50 mM Tris, 130 mM
KF, 20 mM EDTA, pH 7.8, for enzyme assay as described previously
(11). The active forms of glycogen synthase were assayed at 0.17 mM
glucose-6-phosphate (G6P) and maximum glycogen synthase activity
was assayed at 7.2 mM G6P. Fractional activity is expressed as the ac-
tivity ratio of active form to maximum glycogen synthase measured at
0.13 mM UDP-glucose. Three subjects each had two cultures col-
lected and were assayed on separate days for glycogen synthase activ-
ity. The intra-individual coefficients of variation were 14, 12, and 1%
for glycogen synthase fractional activities, and 8, 6, and 2% for maxi-
mum activities, respectively. Intra-assay coefficient of variation on
four replicate frozen monolayers was 9 and 4% for fractional and
maximum activity, respectively. Protein was assayed (Bio-Rad Labo-
ratories, Richmond, CA) on 40-

 

m

 

l aliquots of the undiluted superna-

tant. Statistical significance of differences between groups was calcu-
lated using the unpaired, two tailed 

 

t

 

 test. Data are expressed as
means

 

6

 

SEM unless otherwise indicated. Statistical analyses were
calculated using Statistical Analysis System (SAS Institute, Inc.,
Cary, NC).

 

Results

 

Basal glycogen synthase fractional activity (GSFA) in cultured
muscle cells is inversely correlated with the basal RQ of the
muscle donors (

 

r

 

 5 2

 

0.66,

 

 P 

 

5 

 

0.001; Fig. 1 

 

A

 

). This relation-
ship includes a negative correlation with in vivo basal glucose
oxidation (

 

r

 

 5 2

 

0.61,

 

 P 

 

5 

 

0.003; Fig. 1 

 

B

 

) and a positive asso-
ciation with in vivo basal lipid oxidation (

 

r

 

 5 

 

0.55,

 

 P 

 

5 

 

0.01;
Fig. 1 

 

C

 

) rates. Of these three variables associated with basal
GSFA, insulin-stimulated GSFA is only correlated with basal
glucose oxidation (

 

r

 

 5 2

 

0.56,

 

 P 

 

5 

 

0.01) and basal RQ (

 

r

 

 5
2

 

0.52,

 

 P 

 

5 

 

0.02); data not shown. Maximum glycogen syn-
thase activity measured with or without insulin treatment is
not associated with measures of in vivo glucose or lipid metab-
olism (data not shown).

 

Table I. Subject Characteristics

 

Mean

 

6

 

SD Range

 

M/F 12/9 —
Age (yr) 30

 

6

 

6 19–47
Fasting insulin (pM) 285

 

6

 

176 82–765
Fasting glucose (mM) 4.8

 

6

 

0.6 3.7–6.2
2-h glucose (mM) 7.0

 

6

 

1.8 3.9–10.6
Body fat (%) 34

 

6

 

8 19–50

Figure 1. Relationship between basal GSFA in cultured muscle cells 
and (A) basal RQ, basal carbohydrate oxidation rates (B), and (C) 
basal lipid oxidation rates measured on muscle donors using indirect 
calorimetry in the postabsorptive state.
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The results in Table II compare the characteristics of sub-
jects matched for age and sex at the high and low extremes of
basal RQ. These two groups differ in basal glycogen synthase
activity and have similar percent total body fat and fasting glu-
cose. Although the fasting insulins are not statistically differ-
ent between the two groups, the high basal RQ group tends to
have elevated fasting insulin in order to maintain their fasting
glucose concentrations in the normal range. Maximum glyco-
gen synthase (7.2 mM G6P) is not significantly different be-
tween the two groups. Using 0.17 mM G6P, insulin stimulated
the glycogen synthase activity 1.1 nmol/min mg protein for
both basal RQ groups.

Basal and insulin-stimulated GSFA in cultured muscle cells
are correlated with glucose storage rates measured during a
high dose insulin infusion step of the euglycemic hyperin-
sulinemic clamp (

 

r

 

 5 

 

0.47,

 

 P 

 

5 

 

0.04; and 

 

r

 

 5 

 

0.47,

 

 P 

 

5 

 

0.03;
Fig. 2). During a low dose insulin infusion these relationships
are not significant. These relationships are significant only af-
ter omitting two outliers that exceed 2 SD in storage rate from
the group mean (

 

r

 

 5 

 

0.57,

 

 P 

 

5 

 

0.01, basal; and 

 

r

 

 5 

 

0.51,

 

 P 

 

5

 

0.02, insulin stimulated). Percent fat, insulin-stimulated glu-
cose, and lipid oxidation rates or insulin-stimulated glucose
disposal rates are not correlated with GSFA (data not shown).

 

Discussion

 

Skeletal muscle has been identified as the principle site for re-
duced insulin-mediated glucose incorporation into glycogen in
insulin resistant subjects (14). Insulin-stimulated glycogen syn-
thase activity, a rate-limiting step for glycogen synthesis, is
reduced in muscle from insulin resistant subjects (15). Recent
investigations have demonstrated a reduction in insulin-stimu-
lated skeletal muscle glucose storage rates and GSFA as a re-
sult of increased plasma lipid or free fatty acid concentrations

(16–18). An increase in fat mass is predicted by an elevated
RQ (3), but may result from abnormal fat storage, reduced fat
mobilization, or inhibition of lipid oxidation. These results in-
dicate that both obesity and insulin resistance could be initi-
ated by abnormalities of lipid metabolism which originate out-
side of skeletal muscle cells. It is not clear that skeletal muscle
has inherent metabolic defects that contribute to either obesity
or insulin resistance. Cultured muscle cells from subjects over
a range of obesity and insulin resistance provide a system to
identify intrinsic metabolic characteristics of skeletal muscle
that are expressed independent of the host environment. The
purpose of this study was to examine how carbohydrate and
lipid metabolism measured on muscle cell donors, in vivo, re-
late to the glycogen synthase activity of their cultured muscle
cells.

The results in Fig. 1 show that basal myoblast GSFA is re-
duced in subjects with elevated basal RQ. A variety of mecha-
nisms could explain this apparent link between metabolic reg-
ulation in the whole body and in cultured muscle cells.
Cultured muscle cells may retain cytoplasmic metabolic regu-
lators from the in vivo muscle environment of the muscle do-
nor. This explanation is unlikely considering that the cells used
in these experiments are the result of cell population doublings
occurring over one month or more of culture and that each
doubling dilutes the original cell cytoplasm by one half. It is
also possible that each muscle donor’s muscle cell metabolic
characteristics are retained in the replicating nucleic acids
which control early steps in myoblast differentiation. These
metabolic characteristics could be the result of the pre-biopsy
environment of the myoblast or the genotype of each individ-
ual’s muscle tissue. All of these explanations share the concept
that the cause(s) of low GSFA in cell culture and elevated
basal RQ in vivo have a common mechanism in the subjects
studied here.

The basal correlations in Fig. 1 

 

A

 

 do not necessarily indi-
cate that noncultured skeletal muscle biopsies from fasted sub-
jects would have GSFA that is inversely related to their basal
RQ values. We cannot be certain that the metabolic control of
GSFA expressed in myoblasts reflects the regulation of GSFA
in fully differentiated muscle fibers in vivo. The correlation in
Fig. 1 

 

A

 

 does suggest that the differences between subjects in
the regulation of myoblast GSFA reflect differences in regula-
tion of oxidative metabolism in vivo either for skeletal muscle
or other tissues that contribute to the basal RQ. In a previous
study, obese compared with lean subjects had elevated RQ
values and reduced glycogen synthase fractional activities in
noncultured muscle biopsies obtained after hyperglycemia and
basal insulin replacement (19). Regardless of which tissues
make the most significant contribution to basal RQ, the cul-
tured myoblast may be a system to define differences between
subjects in regulation of their oxidative metabolism.

Evidence has been published (20) supporting an important
role for skeletal muscle in explaining individual differences in
metabolic rate. Results on resting measures of forearm O

 

2

 

 up-
take per gram muscle corrected for the 40–50% of body weight
accounted for by skeletal muscle indicated that 40–50% of the
interindividual variability in systemic metabolic rate (adjusted
for differences in fat free mass, fat mass, age, and sex) was ex-
plained by the variability in resting forearm metabolism. This
variability is likely due to differences in individual resting skel-
etal muscle metabolic rate (20). The contribution that skeletal
muscle makes to individual differences in basal substrate oxi-

 

Table II. Characteristics of Subjects at the Extremes of
Basal RQ

 

High and low basal RQ groups*

 

High Low P

 

§

 

M/F 4/2 4/2
Age (yr) 32

 

6

 

2 32

 

6

 

3 NS
Weight (kg) 108

 

6

 

14 95

 

6

 

10 NS
Body fat (%) 36

 

6

 

2 33

 

6

 

4 NS
Fasting glucose (mM) 4.6

 

6

 

0.2 4.9

 

6

 

0.3 NS
2-h glucose (mM) 6.7

 

6

 

0.8 7.3

 

6

 

0.7 NS
Fasting insulin (pM) 360

 

6

 

102 204

 

6

 

54 NS
Basal RQ 0.845

 

6

 

0.005 0.770

 

6

 

0.004 0.0001
Glycogen synthase: 

 

2

 

 insulin

 

‡

 

Low G6P 1.4

 

6

 

0.2 2.6

 

6

 

0.4 0.02
High G6P 3.4

 

6

 

0.5 4.6

 

6

 

0.6 NS
Fractional activity 0.41

 

6

 

0.04 0.57

 

6

 

0.02 0.01
Glycogen synthase: 

 

1

 

 insulin

 

‡

 

Low G6P 2.5

 

6

 

0.5 3.7

 

6

 

0.5 NS
High G6P 3.9

 

6

 

0.8 4.6

 

6

 

0.6 NS
Fractional activity 0.67

 

6

 

0.06 0.80

 

6

 

0.02 0.06

*Subjects are equally divided between groups at extremes for basal RQ,
matched for age and sex. 

 

‡

 

Low (0.17 mM) and high (7.2 mM) G6P activ-
ity units are nmole/min.mg protein. 

 

§

 

NS 

 

5

 

 not significant.



 

2254

 

Mott et al.

 

dation may depend on the same regulatory mechanisms that
produce differences in cultured muscle GSFA.

A high RQ, indicating a low ratio of lipid to glucose oxida-
tion rates, predicts subsequent weight gain in Pima Indians (3)
and in nonobese Caucasian men (4). Percent fat has been posi-
tively correlated with respiratory exchange ratios determined
during low intensity exercise (6), and led to the contention that
skeletal muscle fatty acid oxidation has an important role in
human obesity. This is further supported by the observation of
an inverse correlation between 24-h RQ and skeletal muscle
mitochondrial beta-hydroxyacyl-coenzyme A dehydrogenase
in a group of Caucasian subjects (21). These observations sug-
gest that the subjects with a high basal RQ also have low
GSFA in their cultured myoblasts and are at increased risk for
weight gain.

Previous studies have demonstrated abnormal glycogen
synthase activity in muscle biopsies associated with reduced in-
sulin-mediated glucose storage and incorporation into muscle
glycogen (7). The studies in Fig. 2 show that low GSFA in cul-
tured cells is observed for subjects with reduced insulin-medi-

ated glucose storage rates in vivo. These observations indicate
that the previously described reduced GSFA in cultured mus-
cle from type II diabetics (22) is also present in insulin-resis-
tant nondiabetic subjects, supporting the inherent nature of
this defect in cultured muscle for subjects at risk for NIDDM.
Previous studies on cultured muscle have also demonstrated
reduced glucose transport (23) for NIDDM subjects and re-
duced insulin-stimulated glucose uptake into glycogen for non-
diabetic subjects with reduced insulin-mediated glucose dis-
posal rates (12). These studies support the concept that the
principal elements leading to reduced insulin action for glu-
cose storage in vivo are expressed in cultured skeletal muscle
from nondiabetic insulin resistant subjects.

Investigations of denervated rodent muscle indicate alter-
ations in both glucose and lipid metabolism similar to those
observed in insulin resistance and obesity. Denervation re-
duces basal and insulin stimulated glycogen synthase activity in
hemidiaphrams (24) and reduces glucose uptake in soleus
muscle in conjunction with increased diacyglycerol concentra-
tions and insulin stimulated glucose carbon incorporation into

Figure 2. Relationship between low (A and B) or high (C and D) dose insulin-stimulated glucose storage rates of muscle cell donors in vivo and 
GSFA determined in basal (A and C) and 1027 M insulin-stimulated (B and D) cultured muscle cells. Correlation coefficients for low dose insu-
lin infusion in vivo were not significant (ns). Omitting two outliers that are . 2 SD beyond the group mean for storage rate in A and B, the cor-
relation coefficients are: r 5 0.57, P 5 0.01; and r 5 0.51, P 5 0.02.
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lipid (25). Investigations studying insulin resistant obese mice
have recently generated a hypothesis for co-ordinate regula-
tion of glucose and lipid metabolism in muscle tissue (26).
These investigators suggest a potentially critical role for ele-
vated malonyl CoA and long chain fatty acid CoA (LCFA-
CoA) in association with reduced lipid oxidation rates in skele-
tal muscle, leading to increased fat mass and inhibition of
insulin action. Malonyl CoA previously has been shown to in-
hibit lipid oxidation (27) and recent investigations have dem-
onstrated the potential effect of elevated muscle triglycerides
on insulin action (28, 29).

The apparent co-ordinate regulation between basal in vitro
GSFA and in vivo basal substrate oxidation rates reported
here, is compatible with the potentially central role of malonyl
CoA and LCFACoA concentrations in regulation of both
muscle glucose and lipid metabolism. The decrease in frac-
tional glycogen synthase activity is assumed to represent an
increase in phosphorylation of glycogen synthase (30). An
increase of in vivo basal RQ may also result from a phosphory-
lation/dephosphorylation step that regulates lipid and carbo-
hydrate oxidation rates (Fig. 3). Type-1 protein phosphatase
bound to a glycogen targeting subunit (PP-1G) dephosphory-
lates glycogen synthase (31) and increased the enzyme frac-
tional activity. Previous studies on noncultured human muscle
biopsies have indicated a significantly reduced fasting PP-1G
activity in insulin resistant subjects (11, 32). The putative tar-
get for PP-1G action leading to altered lipid or carbohydrate
oxidation rates has not been identified. This target would re-
duce lipid oxidation rates leading to reduced insulin action sec-
ondary to increased muscle LCFACoA concentrations as sug-
gested above (26).

The reduced basal GSFA in cultured muscle from subjects
with reduced high dose insulin-mediated carbohydrate storage
rates (Fig. 2) appears to conflict with previous studies (11, 32)

on noncultured muscle biopsies where similar fasting GSFA
was observed for insulin-sensitive and -resistant subjects. Un-
like the noncultured fully differentiated muscle, the myoblasts
are both glucose and serum starved resulting in identical envi-
ronments for comparison of different subjects in the basal
state. Fasting muscle biopsies that are not cultured can reflect
differences in both the plasma glucose and insulin which char-
acterize insulin-resistant and diabetic subjects. The failure of
previous studies to detect abnormal glycogen synthase activity
in noncultured biopsies from fasting insulin-resistant subjects
may be explained, in part, by the fasting hyperinsulinemia in
these subjects.

After a 42-h incubation in serum-free media, reduced basal
glycogen synthase fractional activities in cultured muscle cells
are associated with low insulin-stimulated carbohydrate stor-
age rate in vivo. These low enzyme activities, which also relate
to high basal RQ, occur in the apparent absence of abnormal
short term insulin signal transduction. It is possible that non–
insulin-dependent regulation of basal GSFA in cultured cells
involves regulatory elements that would also lead to elevated
LCFACoA and triglyceride. Resistance to insulin action for
glucose disposal may only occur when sufficient lipid and free
fatty acids accumulate to inhibit insulin signal transduction.

Glycogen synthase fractional activities in these cultured
muscle cells are elevated compared with an earlier report for
cultured fibroblasts (33). A direct comparison of cultured
myoblast and fibroblast fractional activities is difficult because
the activity in the numerator for the two cell types was assayed
with 0.17 mM G6P (34) and no G6P (35), respectively. G6P is
an allosteric activator of glycogen synthase and produces an
apparent increase in cultured muscle compared with cultured
fibroblast fractional activities.

These studies indicate that elements for regulation of basal
RQ and insulin-mediated glucose storage, in vivo, regulate the

Figure 3. Hypothetical mechanisms 
relating reduced basal GSFA with 
reduced basal RQ leading to re-
duced insulin action and increased 
obesity.
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phosphorylation state of glycogen synthase in cultured muscle
cells. Identification of these control mechanisms may explain,
in part, the close relationship between obesity and insulin re-
sistance for glucose disposal.
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