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Insulin-mediated glycogen synthase activity in skeletal muscle correlates with the rate of insulin-mediated glycogen
deposition and is reduced in human subjects with insulin resistance. To assess the role of glycogen synthase
phosphatase as a possible mediator of reduced glycogen synthase activity, we studied 30 Southwestern American
Indians with a broad range of insulin action in vivo. Percutaneous biopsies of the vastus lateralis muscle were performed
before and during a 440-min euglycemic clamp at plasma insulin concentrations of 89 +/- 5 and 1,470 +/- 49 microU/ml
(mean +/- SEM); simultaneous glucose oxidation was determined by indirect calorimetry. After insulin stimulation,
glycogen synthase activity was correlated with the total and nonoxidative glucose disposal at both low (r = 0.73, P less
than 0.0001; r = 0.68, P less than 0.0001) and high (r = 0.75, P less than 0.0001; r = 0.74, P less than 0.0001) plasma
insulin concentrations. Fasting muscle glycogen synthase phosphatase activity was correlated with both total and
nonoxidative glucose disposal rates at the low (r = 0.48, P less than 0.005; r = 0.41, P less than 0.05) and high (r = 0.47,
P less than 0.05; r = 0.43, P less than 0.05) plasma insulin concentrations. In addition, fasting glycogen synthase
phosphatase activity was correlated with glycogen synthase activity after low- (r = 0.47, P less than [...]
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Impaired Insulin-stimulated Muscle Glycogen Synthase Activation In Vivo in Man
Is Related to Low Fasting Glycogen Synthase Phosphatase Activity
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Clinical Diabetes and Nutrition Section, National Institute of Diabetes and Digestive and Kidney Diseases,

NMational Institutes of Health, Phoenix, Arizona 85016

Abstract

Insulin-mediated glycogen synthase activity in skeletal muscle
correlates with the rate of insulin-mediated glycogen deposi-
tion and is reduced in human subjects with insulin resistance.
To assess the role of glycogen synthase phosphatase as a pos-
sible mediator of reduced glycogen synthase activity, we stud-
ied 30 Southwestern American Indians with a broad range of
insulin action in vivo. Percutaneous biopsies of the vastus la-
teralis muscle were performed before and during a 440-min
euglycemic clamp at plasma insulin concentrations of 89+5
and 1,470+49 pU/ml (mean+SEM); simultaneous glucose ox-
idation was determined by indirect calorimetry. After insulin
stimulation, glycogen synthase activity was correlated with the
total and nonoxidative glucose disposal at both low (r = 0.73,
P < 0.0001; r = 0.68, P < 0.0001) and high (r = 0.75, P
< 0.0001; r = 0.74, P < 0.0001) plasma insulin concentrations.
Fasting muscle glycogen synthase phosphatase activity was
correlated with both total and nonoxidative glucose disposal
rates at the low (r = 0.48, P < 0.005; r = 0.41, P < 0.05) and
high (r = 0.47, P < 0.05; r = 0.43, P < 0.05) plasma insulin
concentrations. In addition, fasting glycogen synthase phos-
phatase activity was correlated with glycogen synthase activity
after low- (r = 0.47, P < 0.05) and high- (r = 0.50, P < 0.01)
dose insulin stimulations. These data suggest that the de-
creased insulin-stimulated glucose disposal and reduced glyco-
gen synthase activation observed in insulin resistance could be
secondary to a low fasting glycogen synthase phosphatase
activity.

Introduction

In vivo, insulin-stimulated skeletal muscle glycogen synthase
activity is correlated with the rate of insulin-mediated glucose
disposal in man (1), and these two parameters decreased in
subjects with insulin resistance (2, 3). Glycogen synthase is the
rate-limiting enzyme for glycogen synthesis (4). Its activity can
be modulated by allosteric or covalent (phosphorylation or
dephosphorylation) modifications of the molecule (5, 6). The
dephosphorylated form (I form) is spontaneously active and
virtually independent from the allosteric activation by glu-
cose-6-phosphate (G6P);! the phosphorylated form (D form) is
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inactive and sensitive to the action of the allosteric activator,
G6P. The change from the dephosphorylated to the phosphor-
ylated state is carried out by several protein kinases (5, 6); the
inverse reaction is catalyzed by glycogen synthase phosphatase
(protein phosphatase) (7). Insulin enhances glycogen synthase
activity by a mechanism involving the activation of glycogen
synthase phosphatase (8-10) and the inhibition of cAMP-de-
pendent protein kinase (11, 12). The inhibition of this kinase
has recently been reported to lower the phosphorylation of
inhibitor-1, leading to the activation of glycogen synthase
phosphatase (7).

Several studies using animal models of diabetes mellitus
(13-18) have shown that diminished insulin or glucose-stimu-
lated glycogen synthase activities are associated with decreased
levels of glycogen synthase phosphatase. Such results have not
been reported on human muscle. In this study, we measured
fasting human muscle glycogen synthase phosphatase activity
to determine its relationship with insulin-stimulated glycogen

synthase activity.

Methods

30 Southwestern American Indians, 11 women and 19 men, were
admitted to the clinical research ward of the Clinical Diabetes and
Nutrition Section to be studied. They were selected to represent a
broad range of insulin sensitivity. Their characteristics are shown in
Table I. After giving written informed consent, each subject underwent
a complete physical examination and an electrocardiogram. After an
overnight fast, blood was drawn for complete blood count, liver func-
tion tests, blood-urea nitrogen, creatinine, electrolytes, calcium, total
plasma protein, albumin, prothrombin, and partial thromboplastin
times. Urinalysis was also performed. None of the subjects were taking
any medication and all had a normal physical examination, electro-
cardiogram, and blood and urine analyses. After being on a weight-
maintaining diet for at least 2 d (20% protein, 50% carbohydrate, and
30% fat), each subject had an oral glucose tolerance test (19), and the
next morning after a 10-h overnight fast, a hyperinsulinemic euglyce-
mic clamp was performed. Body fat was estimated in each subject by
underwater weighing with simultaneous measurement of residual lung
volume (20).

FEuglycemic clamp (Fig. 1). After a 10-h overnight fast, an intrave-
nous catheter was placed in an antecubital vein for infusion of insulin,
glucose, and 3-[*H]glucose. Another catheter was inserted retrograde
in a dorsal hand vein of the contralateral hand for blood withdrawal.
The hand was kept in a warming box (70°C) during the entire clamp
procedure. The clamp was initiated by a primed continuous low-dose
insulin infusion (40 mU/m? per min) for 360 min. The fasting plasma
insulin concentration, determined on plasma samples drawn at time
—27 and —16 min before the start of the insulin infusion was
(mean+SEM) 20+2 pU/ml (mean coefficient of variation (CV)
= 8.2+1.3%), and was 89+5 uU/ml (mean CV = 4.8+0.6%) in plasma
samples drawn at times 315 and 330 min of the low-dose insulin
infusion. A primed (30 uCi)-continuous (0.30 xCi/min) infusion of
3-[*H]glucose was begun at 180 min of the low-dose insulin infusion
and continued until 340 min. Another primed-continuous insulin in-
fusion (400 mU/m? per min) was started after 360 min and continued
for 80 min. This resulted in a mean plasma insulin concentration of
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Table I. Subjects’ Characteristics

2-h oral glucose tolerance

Fasting plasma test plasma
Subjects Sex Age Body weight Body fat Glucose Insulin Glucose Insulin
yr kg % mgy/dl wU/ml mg/dl uU/ml
1 M 23 93.1 23 85 4 112 15
2 M 21 55.2 10 87 9 106 21
3 M 23 58.6 16 88 5 129 58
4 M 30 71.0 27 89 7 100 68
5 M 26 72.8 20 89 14 115 91
6 M 21 120.6 30 95 38 101 75
7 M 26 714 19 96 11 109 32
8 M 20 96.3 27 96 7 90 15
9 M 30 97.9 28 96 8 92 26
10 F 18 90.4 34 98 19 101 60
11 F 38 121.5 45 100 35 153 245
12 M 34 73.6 13 102 6 71 76
13 M 42 148.1 42 103 33 128 236
14 M 19 57.2 13 103 4 96 13
15 M 41 127.5 43 105 27 73 68
16 M 39 115.3 37 106 13 150 89
17 F 36 107.4 40 109 33 195 239
18 F 21 124.3 41 117 34 127 145
19 F 31 98.9 42 124 56 184 399
20 M 26 124.6 36 132 46 265 137
21 M 24 120.1 30 134 20 167 41
22 M 30 93.5 29 190 6 285 8
23 M 28 100.4 31 200 28 315 68
24 F 21 104.1 32 205 23 651 33
25 F 25 129.7 45 206 19 308 31
26 M 35 86.1 25 218 10 328 10
27 F 31 154.6 46 255 14 341 14
28 F 38 120.2 42 261 6 344 8
29 F 31 92.1 36 262 29 371 35
30 F 34 116.1 43 296 20 430 32

1,470+49 wU/ml (mean CV = 6.0+0.7%) on plasma samples drawn at
410 and 425 min.

The lower plasma insulin concentration reached during the low-
dose insulin infusion was considered to be within the physiologic range
for this study population, since mean peak plasma insulin concentra-
tion during the oral glucose tolerance test was 137+21 pU/ml. The

INSULIN INFUSION (mU/m2 min)

higher plasma insulin concentration reached during the high-dose in-
sulin infusion was assumed to be a maximally stimulating insulin
concentration (21).

After the start of the initial insulin infusion, a variable infusion of
20% glucose was given as necessary to maintain the plasma glucose
concentration between 100 and 105 mg/dl for all subjects. In the hy-
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-20 0 80 160 240 320 400 Figure 1. Synoptic diagram of the hyperin-
TIME (min) sulinemic, euglycemic clamp.
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perglycemic subjects, the glucose infusion was not begun until the
plasma glucose concentration had declined to 100 mg/dl. Blood for
plasma glucose determination was drawn every 10 min until the start
of the glucose infusion in the hyperglycemic patients, and then every 5
min throughout the rest of the test, as for the remaining patients. The
mean plasma glucose concentration for all subjects was 103+0.5 mg/dl
(mean CV = 2.5+0.3%) during the 300-340-min period of the low-
dose insulin infusion and was 103+0.5 mg/dl (mean CV = 3.9+0.3%)
between 400 and 440 min of the high-dose insulin infusion. Blood for
plasma 3-[*H]glucose specific activity determination was drawn every
10 min from 300 to 340 min to calculate the glucose appearance rate
(see below).

Indirect calorimetry. Starting at 280 min of the low-dose insulin
infusion for the rest of the clamp, indirect calorimetric measurements
were performed as follows: a clear plastic, ventilated hood was placed
over the subject’s head. Room air was drawn through the hood and its
flow rate measured by a pneumotachograph (Gould Inc., Recording
Systems Div., Cleveland, OH). A constant amount of expired air
mixed with room air within the hood was aspirated and analyzed for its
carbon dioxide and oxygen fractions. The oxygen analyzer was a Zirco-
nium cell analyzer and the carbon dioxide analyzer was an infrared
analyzer (both by Applied Electrochemistry Inc., Sunnyvale, CA). The
gas analyzers and the flowmeter were connected to a desktop computer
(Hewlett-Packard Co., Palo Alto, CA). The computer recorded contin-
uous, integrated, 5-min calorimetric measurements used for calcula-
tions between 300 and 340 and 400 and 440 min, according to the start
of the insulin infusion. The protein oxidation rate during the test was
estimated from urea nitrogen production rate measured in the urine
collected during the clamp. The nonprotein respiratory quotient was
then calculated and the substrate oxidation rates were determined
from the equations of Lusk (22).

Muscle biopsy, glycogen synthase, and glycogen synthase phospha-
tase determination. During the 15 min before the start of the insulin
infusion, the first of three percutaneous muscle biopsies of the vastus
lateralis muscle was performed with local anesthesia. The samples were
collected in two or three passes with a Bergstrom (Depuy, Phoenix,
AZ) muscle biopsy needle, to which vacuum was applied by a 60-ml
syringe via a 100-cm plastic connecting tube. The specimens were
frozen in liquid nitrogen within 15 s.

The second muscle biopsy was performed on the contralateral
thigh between 340 and 360 min, while insulin continued to be infused
at the same speed and the glycemia was controlled; the third muscle
biopsy was performed between 440 and 460 min at a site that was 10
cm more proximal than the first muscle biopsy. 10 times more insulin
continued to be infused than was infused during the second muscle
biopsy.

The samples were stored at —70°C and assayed later for glycogen
synthase activity (2). Physiologically active glycogen synthase was as-
sayed at a low G6P concentration (0.17 mM) and is expressed as units
per gram wet weight. Total glycogen synthase activity (U/g wet wt) was
assayed at a high G6P concentration (10.8 mM). Glycogen synthase
phosphatase activity was assayed as follows: muscle pieces were ho-
mogenized 1:32 (wt/vol) in 50 mM Tris, 10 mM EDTA, and 50 mM
2-mercaptoethanol, pH 7.8, for 3 s at 4°C on the VirTis 45 homogen-
izer (VirTis Co., Gardiner, NY). The homogenate was centrifuged at
10,000 g for 20 min at 4°C and the supernatant was used for the
glycogen synthase phosphatase assay. The assay was started by adding
100 ul of supernatant to a mixture containing ~ 25 mU rabbit glyco-
gen synthase D (EC 2.4.1.11, Sigma Chemical Co., St. Louis, MO) in a
final volume of 175 ul, as previously reported (23). Rabbit glycogen
synthase D was preincubated at 30°C for 20 min before use. The
phosphatase reaction at 30°C was stopped by diluting 25 ul of the
incubation mixture with 40 vol of 130 mM potassium fluoride, 50 mM
Tris, and 20 mM EDTA, pH 7.8, at 4°C. Glycogen synthase activity
was then assayed as previously described (2). Glycogen synthase phos-
phatase activity is expressed as the change in the active form of syn-
thase activity per 20 min corrected per gram tissue wet weight. One
unit equals a change of synthase activity equal to the incorporation of 1
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pmol UDP-glucose into glycogen per minute. The phosphatase assay
was linear with time and enzyme concentration under conditions
where fractional glycogen synthase activities (physiologic/total) did not
exceed 0.7. Glycogen and glycogen phosphorylase were assayed as
previously described (2).

Calculations and analyses. The appearance rate of glucose in the
plasma was calculated from the blood 3-[*H]glucose specific activities
using Steele’s nonsteady state equations (24). The total glucose dis-
posal rate during the low-dose insulin infusion (LDM) is equal to the
glucose appearance rate assessed at the same time. When the isotopi-
cally determined appearance rate was equal to or smaller than the
exogenous glucose infusion rate, the endogenous glucose production
rate was assumed to be fully suppressed and then LDM equaled exoge-
nous glucose infusion rate. The glucose infusion rate was calculated for
each 20-min period between 300 and 340 and 400 and 440 min, i.e.,
during the last 40 min of the low- and high-dose insulin infusions,
respectively; they were averaged to obtain the mean total glucose dis-
posal rate during the two insulin infusions. The insulin-stimulated
carbohydrate oxidation rates were calculated from the indirect calo-
rimetry data by also using the mean values obtained during the same
corresponding last 40 min of both infusions. The carbohydrate non-
oxidative disposal rate (storage rate), expressed in mg/kg fat free mass
(FFM) per min was considered as the difference between the total
glucose disposal rate and the carbohydrate oxidation rate. Plasma in-
sulin concentrations were determined by RIA and tritiated glucose
specific activity in blood samples was determined after precipitating
protein with perchloric acid (25).

Statistics. All data are expressed as mean+SEM. Intersituational
comparisons were performed using the paired ¢ test. Sample correla-
tions are Pearson product-moment correlations.

Results

Glycogen synthase (Table II). Muscle glycogen synthase activi-
ties obtained before insulin infusion ranged from 0.12 to 0.64
U/g wet wt. The insulin-stimulated glycogen synthase activi-
ties were positively correlated with the respective mean total
and nonoxidative insulin-stimulated glucose disposal rates at
the end of the low (r = 0.73, P < 0.0001; r = 0.68, P < 0.0001,
respectively) and the high (r = 0.75, P < 0.0001; r = 0.74,
P < 0.0001) insulin infusion rates (Fig. 2, 4 and B).

Total glycogen synthase activity was unchanged from the
fasting (0.64+0.03 U/g wet wt) to the low-dose insulin-stimu-
lated state (0.69+0.03 U/g wet wt), but increased between the
fasting and the high-dose insulin-stimulated conditions
(0.72+0.03 U/g wet wt, P < 0.01). Fasting glycogen synthase
and total glycogen synthase activities were not correlated with
low or high-dose insulin-stimulated total and nonoxidative
glucose disposal rates. )

Glycogen synthase phosphatase. Fasting phosphatase activ-
ity ranged from 0.25 to 1.53 U/g wet wt and was positively
correlated with total and nonoxidative insulin-mediated glu-
cose disposal rates at both low (r = 0.48, P < 0.05; r = 041,
P < 0.05, respectively) and high (r = 0.47, P < 0.05; r = 0.43,
P < 0.05, respectively) rates of insulin infusion (Fig. 3, 4
and B).

Fasting phosphatase activities were also positively corre-
lated with the glycogen synthase activities measured at the end
of the low (r = 0.47, P < 0.05) and high (r = 0.50, P < 0.01)
rates of insulin infusion (Fig. 4, A and B). Fasting muscle
glycogen content and phosphorylase a were not correlated with
glycogen synthase phosphatase (data not shown).

The effect of insulin stimulation on glycogen synthase
phosphatase activity during the euglycemic clamp was mea-
sured in 23 subjects. In this subgroup the fasting phosphatase
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Table II. Muscle Glycogen Synthase and Glycogen Synthase Phosphatase Activities before, during, and at the End of the Clamp

Procedure with Corresponding Glucose Disposal and Oxidation Rates

Glucose disposal rate at Glucose disposal rate at Glycogen
Glycogen synthase activity low-dose insulin high-dose insulin synthase
phosphatase
Subject F L H Total Oxidative Total Oxidative F
U/g wet wt mg/kg FFM per min U/g wet wt
1 0.26 0.45 0.55 9.5 3.1 124 3.7 1.05
2 0.43 0.67 0.68 8.9 34 12.4 4.2 1.27
3 0.36 0.83 0.52 9.5 33 11.8 43 1.12
4 0.36 0.58 0.79 10.9 4.0 16.7 5.2 1.28
5 0.28 0.53 0.58 7.3 29 12.0 39 1.04
6 0.30 0.41 0.53 43 20 11.0 32 1.04
7 0.26 0.54 0.61 10.6 3.2 15.6 43 1.41
8 0.49 0.64 0.63 114 2.6 16.0 3.8 0.69
9 0.33 0.40 0.60 10.5 3.0 14.1 4.7 —
10 0.24 0.51 0.67 6.3 34 16.0 5.6 1.53
11 0.34 0.48 0.57 54 29 13.4 4.4 0.94
12 0.29 0.38 0.55 8.6 25 13.1 3.2 1.07
13 0.48 0.53 0.57 3.5 1.6 9.5 32 1.10
14 0.23 0.67 0.61 12.3 5.3 16.1 6.9 —
15 0.31 0.36 0.43 4.0 24 14.3 438 0.83
16 0.38 0.43 0.77 4.2 23 10.8 3.5 0.72
17 0.28 0.36 0.46 5.3 3.3 12,5 43 0.48
18 0.19 0.37 0.76 32 1.3 11.1 24 1.15
19 0.28 0.29 0.32 3.6 33 11.1 4.0 0.96
20 0.40 0.27 0.40 2.7 1.8 6.9 3.6 0.25
21 0.64 0.58 0.57 39 2.0 13.0 3.2 1.01
22 0.38 0.24 0.60 5.8 3.6 11.4 4.2 1.16
23 0.29 0.13 0.16 2.8 1.1 2.7 2.6 0.70
24 0.25 0.13 0.18 2.8 1.3 4.7 24 0.99
25 0.12 0.11 0.11 2.4 1.9 4.4 3.1 0.82
26 0.33 0.20 0.30 35 1.9 8.9 32 —
27 0.37 0.16 0.31 2.1 1.1 7.2 2.6 0.82
28 0.29 0.16 0.16 2.8 0.6 10.9 2.6 0.64
29 0.32 0.32 0.45 39 1.5 10.5 2.5 0.76
30 0.28 0.35 0.28 2.6 1.2 8.9 2.4 0.84

F, fasting condition; L, at the end of the low-dose insulin infusion; H, at the end of the high-dose insulin infusion.

activity (mean = 0.96+0.05 U/g wet wt) remained correlated
with insulin-stimulated glycogen synthase activity (r = 0.46,
P < 0.005; r = 047, P < 0.05) and glucose disposal rates
(r=043, P<0.05; r=0.47, P < 0.05) measured at the end of

Figure 2. Relationships
between the nonoxida-
tive glucose disposal
rate at a plasma glucose
concentration of
103+0.5 mg/dl and gly-
cogen synthase activity
at a plasma insulin con-
centration of (4) 89+5

. 1 (r=0.68, P <0.0001)
. 1 and (B) 1,470+49
pU/ml (r =0.74, P
< 0.0001).
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the low and high rates of insulin infusion, respectively. Phos-
phatase activity measured at the end of the low rate of insulin
infusion (mean = 0.93+0.04 U/g wet wt) was not increased but
did correlate with the low dose insulin-stimulated glycogen
synthase activity (r = 0.43, P < 0.05, data not shown) but not
with the low-dose, insulin-stimulated glucose disposal rate.
Phosphatase activity measured at the end of the high rate of
insulin infusion (mean = 0.91+0.05 U/g wet wt) was not sig-
nificantly different from fasting activity and was not correlated
with either synthase activity or insulin-stimulated glucose dis-
posal rates.

Discussion

We previously reported (2) that insulin-stimulated glucose dis-
posal rates (and nonoxidative glucose disposal rates) were cor-
related with insulin-stimulated skeletal muscle glycogen syn-
thase activity in vivo in man; glycogen synthase activities also
correlated with insulin-stimulated muscle glycogen accretion.
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tase has only been measured in PMN (27, 28). Glycogen syn-
thase and glycogen synthase phosphatase have been studied in
animal experiments in several different tissues. In studies on
rat hepatocytes (13-16), perfused rat hearts (17), and rabbit
skeletal muscle (18), insulin deprivation was associated with a
decrease in glycogen synthase phosphatase levels in proportion
to the severity of insulin deprivation (15, 16). In diabetic ani-
mals, low glycogen synthase phosphatase activities have been
associated with low fasting glycogen synthase activities (14, 15,
17), although in one study on diabetic rat muscle (29), only
glycogen synthase activity is decreased, but not glycogen syn-
thase phosphatase. In this study, human muscle fasting glyco-
gen synthase activity is not correlated with insulin-stimulated
glucose disposal, suggesting that the insulin-resistant subjects
do not have an abnormality in their fasting glycogen synthase
activities.

The total amount of glycogen synthase is not decreased in
diabetic animals (14, 17, 29); it takes 72 h of fasting to show a
decrease in rat heart (30). In our results, the fasting total gly-
cogen synthase activity is not correlated with insulin-stimu-
lated glucose disposal and thus, like fasting glycogen synthase
activity, does not seem to be related to the degree of insulin
resistance. Total glycogen synthase shows a significant increase
after 440 min of insulin infusion, which may be due to de novo
synthesis of the enzyme.

Similar to our results, decreased glycogen synthase phos-
phatase has been associated with decreased acute in vitro acti-
vation of glycogen synthase by glucose (13, 14, 16) or insulin
(14, 17) in animal experiments. Decreased glycogen synthase
phosphatase and reduced insulin-stimulated glycogen synthase
activities have also been observed after fasting in rat heart
(30, 31).

In diabetic animals, acute in vitro activation of glycogen
synthase can be recovered, at least partly, by previous in vivo
(15-17, 29) or in vitro (13, 14) insulin treatment; this is asso-
ciated with restored normal levels of glycogen synthase phos-
phatase, reached in 1-68 h (16, 17). Inhibitors of protein syn-
thesis, administered with insulin in vivo (17) or in vitro (13),
prevent glycogen synthase phosphatase of diabetic tissue from
reaching control levels, and they prevent the acute reactivation
of glycogen synthase by insulin, whereas total glycogen syn-
thase is not influenced.

Based on animal studies, lower fasting glycogen synthase
phosphatase levels in man may be the result of (2) abnormal
regulator activity (inhibition and/or activation), (b) an abnor-
mal substrate, or (c) a decreased amount of the enzyme.

Glycogen synthase phosphatase may be inhibited (27, 32,
33) by phosphorylase a, the active form of phosphorylase; this
regulation mechanism of glycogen synthase phosphatase is
controversial (16, 34). In our study, there is no correlation
between fasting phosphorylase a and glycogen synthase phos-
phatase (data not shown). Tissue glycogen content, referred to
as an inhibitor of glycogen synthase phosphatase (35), was not
correlated in our study with glycogen synthase phosphatase
activity in the fasting condition. The quantitatively and
chronologically adequate rise of intracellular peptidic media-
tors released by insulin (8) may be impaired, leading to a re-
duced inhibition of cAMP-dependent protein kinase by insu-
lin (36), and a sustained phosphorylation rate of inhibitor-1.
Assuming that the concentration (1.8 pM) and affinity (EDso
= 3-4 nM) of inhibitor-1 are similar in humans to those ob-
served in rabbit skeletal muscle (37), an effective concentra-
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tion of phosphorylated inhibitor-1 would be present under the
conditions of the glycogen synthase phosphatase assay used
here. This could account for the results generated by lowering
glycogen synthase phosphatase activity.

In vivo, glycogen synthase may be a less suitable substrate
for glycogen synthase phosphatase (18, 31, 38); because we
assayed human muscle glycogen synthase phosphatase using
purified rabbit glycogen synthase D, the latter phenomenon is
unlikely to explain our results.

That protein synthesis inhibitors prevent (13, 17) insulin
from restoring normal levels of glycogen synthase phosphatase
(13-17) in diabetic animals and that the G component (39) of
protein phosphatase-1 is decreased in diabetic rat hepatocytes
(16) strongly suggest that glycogen synthase phosphatase
would be sensitive to the decreased rates of protein synthesis
encountered in diabetic animal tissues (40).

As noted above, chronic insulin depletion reduces glycogen
synthase phosphatase activity and insulin treatment regener-
ates this activity in animal tissues (14, 17). Results on acute
insulin stimulation of phosphatase, however, have been varied
(9, 14, 17, 30). Insulin stimulation of phosphatase activity was
observed in rat skeletal muscle 10 min after insulin injection
(9) and up to 30 min after insulin injection in rat heart muscle
after starvation (30). Other studies in rat heart (17) and cul-
tured hepatocytes (13) showed no insulin stimulation of phos-
phatase after acute hormone treatment. The results presented
here show no insulin stimulation of phosphatase activity in
human muscle. It is possible that no stimulation was observed
because dilution during the assay procedure may have resulted
in a dissociation of presumed insulin-induced noncovalently
bound regulators of phosphatase activity. In addition, we are
not aware of any report on stimulation of phosphatase activity
beyond 10-30 min after insulin administration. Therefore, it is
possible that an early activation of the phosphatase was missed
by performing the muscle biopsies 30 min or more after be-
ginning the insulin infusion. We thus cannot be certain that
insulin does not activate glycogen synthase phosphatase in
human muscle. In future investigations, we will address
whether the phosphatase is stimulated by insulin in more con-
centrated homogenates, or in muscle biopsies obtained earlier
after the beginning of insulin infusion.

In conclusion, in this study we have shown that insulin-re-
sistant human subjects have decreased insulin-stimulated gly-
cogen synthase activities, at least in part because of a reduced
glycogen synthase phosphatase activity. Further investigation
is needed to understand the mechanism of this decrease.
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