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glycogen synthase in skeletal muscles. To investigate whether this may be a primary defect, we studied 20 young (25 +/-
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metabolism (5.0 +/- 0.5 vs 7.5 +/- 0.4 mg/kg fat-free mass per min, P less than 0.001). The insulin-stimulated, fractional
glycogen synthase activity (0.1/10 mmol liter glucose-6-phosphate) was decreased in the relatives (46.9 +/- 2.3 vs 56.4
+/- 3.2%, P less than 0.01), and there was a significant correlation between insulin-stimulated, fractional glycogen
synthase activity and nonoxidative glucose metabolism in relatives (r = 0.76, P less than 0.001) and controls (r = 0.63, P
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Odense; and Hvidore Hospital, Klampenborg, Denmark

Abstract

Insulin resistance in non-insulin-dependent diabetes is asso-
ciated with a defective insulin activation of the enzyme glycogen
synthase in skeletal muscles. To investigate whether this may
be a primary defect, we studied 20 young (25+1 yr) Caucasian
first-degree relatives (children) of patients with non-insulin-
dependent diabetes, and 20 matched controls without a family
history of diabetes. Relatives and controls had a normal oral
glucose tolerance, and were studied by means of the euglycemic
hyperinsulinemic clamp technique, which included perfor-
mance of indirect calorimetry and muscle biopsies. Insulin-sti-
mulated glucose disposal was decreased in the relatives
(9.2+0.6 vs 11.5+0.5 mg/kg fat-free mass per (FFM) min, P
< 0.02), and was due to a decreased rate of insulin-stimulated
nonoxidative glucose metabolism (5.0+0.5 vs 7.5+0.4 mg/kg
fat-free mass per min, P < 0.001). The insulin-stimulated, frac-
tional glycogen synthase activity (0.1/10 mmol liter
glucose-6-phosphate) was decreased in the relatives (46.9+2.3
vs 56.4+3.2%, P < 0.01), and there was a significant correlation
between insulin-stimulated, fractional glycogen synthase activ-
ity and nonoxidative glucose metabolism in relatives (r = 0.76,
P < 0.001) and controls (r = 0.63, P < 0.01). Furthermore, the
insulin-stimulated increase in muscle glycogen content over ba-
sal values was lower in the relatives (13+25 vs 46+9 mmol/kg
dry wt, P = 0.05). We conclude that the defect in insulin activa-
tion of muscle glycogen synthase may be a primary, possibly
genetically determined, defect that contributes to the develop-
ment of non-insulin-dependent diabetes. (J. Clin. Invest. 1992.
89:782-788.) Key words: glycogen synthase « skeletal muscles
non-insulin-dependent diabetes mellitus « insulin resistance ¢
relatives

Introduction

Decreased rates of glucose disposal in response to a euglycemic,
intravenous insulin infusion, defined as insulin resistance, may
play an important role in the pathophysiology of non-insulin-
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dependent diabetes mellitus (NIDDM)! (1-4). The intracellu-
lar metabolic fate of glucose after passing the cell membrane is
either through nonoxidative pathways, largely accounted for
by storage of glucose as glycogen, or through oxidation of glu-
cose in the Krebs cycle. The insulin resistance in NIDDM oc-
curs in both oxidative and nonoxidative pathways, although
the predominant defect is in nonoxidative glucose metabolism
(3-8). The main site of the insulin resistance is considered to be
in skeletal muscle (3, 5, 9), and the reduced insulin-stimulated
glucose disposal in NIDDM has been shown primarily to be
due to decreased rates of muscle glucose storage as glycogen (9).
The rate limiting key enzyme in this pathway is glycogen syn-
thase (10, 11). Muscle glycogen synthase is dephosphorylated,
and thus stimulated covalently by insulin (11, 12), and a close
correlation between in vivo insulin-stimulated muscle glyco-
gen synthase activity, and whole body nonoxidative glucose
disposal has been demonstrated in normal Caucasian subjects
(4, 5, 11), in Caucasian patients with NIDDM (4, 5), and in a
mixture of American Pima Indians with and without NIDDM
(13). In addition, a defect insulin activation of glycogen syn-
thase in skeletal muscles has now become a well-established
and consistent finding in NIDDM (4, 5, 14, 15).

Recently, insulin resistance in the glucose storage pathway
was demonstrated in obese “prediabetic”” Pima Indians (16),
and in middle-aged obese Caucasian glucose tolerant, first-de-
gree relatives of patients with NIDDM (17). It was suggested
that the insulin resistance could be a primary, and perhaps
genetically determined, defect of nonoxidative glucose metabo-
lism that leads to the development of NIDDM. In addition, the
localization of this defect was inferred to be due to an impair-
ment in activation by insulin of glycogen synthase in skeletal
muscle (16, 17). In these studies, however, no direct evidence
for a defect of this pathway in skeletal muscle was provided.
Furthermore, the possibility that the defect of nonoxidative
glucose metabolism in the prediabetic Pima Indians and in the
Caucasian relatives was due to obesity itself, cannot be ex-
cluded. Thus, we recently demonstrated that obesity in nondia-
betic Caucasian subjects is associated with insulin resistance in
the nonoxidative glucose metabolism, and furthermore, with a
decreased insulin activation of glycogen synthase in skeletal
muscle (4).

Therefore, the aim of the present study was to measure in
skeletal muscle the activation of glycogen synthase by insulin
in nonobese, glucose-tolerant, Caucasian first-degree relatives
of patients with NIDDM, a group known to be at risk for devel-
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oping NIDDM (18). Importantly, we elected to investigate rela-
tives below the age of 30 yr, in order to establish whether a
defect in nonoxidative glucose metabolism and/or in glycogen
synthase activity in skeletal muscle is present several decades
before a person is destined to develop NIDDM.

Methods

Subjects

Initially, 22 first-degree relatives (children) of patients with NIDDM
were recruited to the study. These relatives were traced by questioning
patients with verified NIDDM at the outpatient clinics at Hvidere Hos-
pital, and the Department of Endocrinology and Internal Medicine at
Odense University Hospital. Subjects who fulfilled the inclusion crite-
ria and who agreed to participate were included consecutively into the
study. Inclusion criteria were the presence of at least two first-degree
relatives with NIDDM, or alternatively, the presence of one first-degree
relative and at least two second-degree relatives with NIDDM. All rela-
tives who participated in the study had at least one parent with verified
NIDDM. Furthermore, only relatives between the age of 18 and 30 yr,
and with normal oral glucose tolerance tests, were included in the
study. Thus, two relatives were excluded from the study after perform-
ing the oral glucose tolerance test. One of these relatives had previously
unrecognized NIDDM, and the other had impaired glucose tolerance.
The 20 relatives who participated in the study were compared with 20
control subjects with normal oral glucose tolerance, and without any
family history of NIDDM. Relatives and control subjects were care-
fully matched according to age, sex, and body mass index (Table I).
None of the subjects had clinical evidence of endocrine, cardiac, he-
patic, or renal disease, and none of the subjects were taking any medica-
tion known to influence glucose metabolism. The subjects were not
undertaking arduous exercise, and all subjects were instructed to avoid
excessive physical exercise at least 2 d before clamp studies. All studies
in relatives and controls were run in parallel to eliminate time and
season variation in any of the measurements. Informed consent was
obtained. The study was approved by the regional ethical committee,
and the procedure was performed according to the principles of the
Helsinki Declaration.

Table I. Clinical Characteristics of First-Degree Relatives
of Patients with NIDDM, and Control Subjects
Without a Family History of NIDDM

Control
subjects Relatives
Females/males 10/10 10/10
Age (yr) 24.5+0.6 25.3+0.6
Body mass index
(kg/m?) 23.60.5 23.840.6
Weight (kg) 72.6+2.3 72.8+2.9
Height (m) 1.75+0.02 1.7410.02
Fat free mass (FFM, kg) 56.3+2.7 54.0£2.5
Fasting plasma glucose
(mmol/liter) 5.2+0.1 5.3+0.1
Fasting plasma insulin
(nmol/liter) 0.04+0.01 0.07+£0.01*
Fasting plasma C-peptide
(nmol/liter) 0.50+0.04 0.66+0.04*
Glycosylated hemoglobin (%) 5.2+0.1 5.240.1

Fasting glucose, insulin, and C-peptide concentrations are all the
means of four determinations. Mean+SEM. * P < 0.01.

In vivo methods

Oral glucose-tolerance test. This test was performed on a separate day
before clamp studies in order to ensure normal glucose tolerance in all
study subjects. After a 10-h overnight fast, the subjects were given a
75-g oral glucose load. Venous blood samples were taken before the
glucose was administered, every 15 min during the first hour after glu-
cose administration, and finally every 30 min from 1 to 4 hr after
glucose administration.

Euglycemic hyperinsulinemic clamp. Studies were started at 07.30
after a 10-h overnight fast. A polyethylene catheter was inserted into an
antecubital vein for infusion of test substances. Another polyethylene
catheter was inserted into a contralateral wrist vein for blood sampling.
This hand was placed and maintained in a heated Plexiglas box to
obtain arterialized venous blood (19). After a 120-min basal equilibra-
tion period for basal measurements (Fig. 1), insulin (Actrapid; Novo-
Nordisk, Bagsvaerd, Denmark) was infused for 180 min at a constant
rate of 40 mU/m? per min in both relatives and control subjects.
Plasma glucose concentration was maintained censtant at euglycemia,
using a variable glucose infusion (180 g/liter). Plasma glucose concen-
tration was monitored in arterialized blood every 5-10 min using an
automated glucose-oxidase method (Glucose Analyzer 2; Beckman
Instruments, Inc., Fullerton, CA). Steady-state periods were defined as
the last 30 min during basal measurements (—30-0 min), and the last
30 min during insulin-stimulated measurements (150-180 min).

Tritiated glucose. The glucose-clamp studies were combined with a
primed continuous infusion of 3[*H]glucose (New England Nuclear;
Boston, MA) (Fig. 1). The radiochemical purity of the tracer was 100%,
as determined by HPLC. To ensure achievement of isotope equilib-
rium, the continuous infusion of 3[*H]glucose (0.22 xCi/min) was be-
gun 90-120 min before measurements of glucose turnover were per-
formed. Blood samples were drawn in fluoride-treated tubes every 10
min during basal (—30-0 min) and insulin-stimulated (150-180 min)
steady-state periods for determination of plasma glucose and plasma
3[*H]glucose activity. During the rest of the study period (—120-—30
min and 0-150 min), plasma glucose and 3[*H]glucose activity was
measured every 30 min.

Indirect calorimetry. Indirect calorimetry was performed using a
computerized, flowthrough canopy gas analyzer system (Deltatrac; Da-
tex, Helsinki, Finland). Briefly, air was suctioned at a rate of 40 liter per
min through a canopy placed over the head of the subject. Samples of
inspired and expired air were analyzed for oxygen concentration, using
a paramagnetic differential oxygen sensor, and were analysed for car-
bon dioxide using an infrared carbon dioxide sensor. Signals from the
gas analyzers were processed by the computer, and oxygen consump-
tion, and carbon dioxide production was calculated and recorded once
a minute. After an equilibration period of 10 min, the average gas
exchange rates recorded over the two 30-min steady-state periods (Fig.
1) were used to calculate rates of glucose oxidation, lipid oxidation, and
energy expenditure, as previously described (20, 21). The protein oxi-
dation rate was estimated from urinary urea nitrogen excretion (1 g
nitrogen = 6.25 g protein) and corrected for changes in pool size (22).

Muscle biopsy. Muscle biopsies were performed using a modified
Bergstrom needle (including suction) under local anesthesia. The biop-
sies were rapidly (within 10-15 s) frozen, and stored in liquid nitrogen
for later analysis. Before the biochemical analysis, the muscle samples
were freeze dried and dissected free of visible connective tissue, fat, and
blood.

Calculations. During the steady-state periods, glucose turnover
rates (hepatic glucose output [HGO] and total peripheral glucose dis-
posal) were calculated at 10-min intervals using Steele’s equations (23).
In these calculations, the distribution volume of glucose was taken as
200 ml/kg body wt, and the pool fraction as 0.65 (24). During the
insulin infusion periods, negative rates of HGO were calculated in all
subjects. Such underestimation of glucose turnover by the tracer
method is largely accounted for by a model error emerging at high rates
of glucose metabolism (25). We took the negative numbers to indicate a
nil HGO. Thus, because HGO was negative during the insulin infusion
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Figure 1. Experimental study design. Plasma glucose concentration
was clamped at euglycemia in the study subjects. Each clamp study
was preceded by a 120-min period for basal measurements (solid
bars). Insulin was infused for 180 min at a rate of 40 mU/m? per min.
Steady-state measurements of glucose turnover were made, and indi-
rect calorimetry was carried out during last 30 min of basal and clamp
periods. During this time, plasma was analyzed for glucose, insulin,
C-peptide, and NEFA. Muscle biopsies were taken from the vastus
lateralis muscle in the basal state, and after 180 min insulin infusion.

in all of the study subjects, the infusion rate of exogenous glucose was
used to estimate total peripheral glucose disposal. Nonoxidative glu-
cose metabolism (glucose storage) was calculated as the difference be-
tween total body glucose utilization, and glucose oxidation, as deter-
mined by indirect calorimetry. The insulin sensitivity index was calcu-
lated as the measure of insulin action, as described by Bergman et al.
(26). Glucose and lipid metabolism data were expressed as mg per kg
fat-free mass (FFM) per min. Total body fat, and thus FFM, were
measured using the bioimpedance method (27).

In vitro methods

Glycogen and metabolite concentrations in muscle biopsies. Glycogen
was measured as glucose residues after hydrolysis of the muscle sam-
ples, in 1 M HCl at 100°C for 2 h (28). Glucose and glucose 6-phos-
phate (G6P) were measured flurometrically on neutralized perchloric
acid extracts (28). Intracellular concentrations of free glucose and G6P
were calculated as millimoles per liter intracellular water, assuming an
extracellular water content in the biopsies of 0.3 liter/kg dry weight,
and an intracellular water content of 2.8 liters/kg dry weight (29, 30).
The intracellular concentrations of free glucose were corrected for ex-
tracellular concentrations using the above assumptions of intracellular
and extracellular water content in the biopsies.

Glycogen synthase activity. Extraction of muscle samples and as-
says for glycogen synthase (GS) were performed as we previously de-
scribed (4, 11), by a modification of the method of Thomas et al. (31).
Glycogen synthase activity was assayed without adding G6P, in the
presence of a near physiological concentration of G6P (0.1 mmol/
liters), and in the presence of a high concentration of G6P (10 mmol/
liters). The concentration of 10 mmol/liters was used to determine
maximal enzyme activity. The total concentration of uridine diphos-
phate glucose (['*CJUDPG + cold UDPG) in the reaction mixture was
0.31 mM. Glycogen synthase activity was expressed as nanomoles of
UDPG incorporated into glycogen per minute per milligram extract
protein. Fractional velocities (FV) were calculated as the ratio between
glycogen synthase activities assayed at 0 mM G6P and 10 mM G6P
(FV 0.0), and at 0.1 mM G6P and 10 mM G6P (FV 0.1). Protein
content of the extracts was determined by the method of Lowry (32).

Analytical determinations. Glucose in plasma and urine was deter-
mined by a hexokinase method (33). Tritiated glucose activity was
measured as described by Hother-Nielsen and Beck-Nielsen (34).
Plasma insulin (35) and C-peptide (36) concentrations were measured
with radioimmunological methods. Nonesterified fatty acids (NEFA)
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in plasma were determined by the method of Itaya and Michio (37).
Plasma concentrations of glucose, insulin, and NEFA were measured
every 10 min during both steady-state periods. Hemoglobin (HbA,,)
was measured by isoelectric focusing (38) (normal range 4.1-6.1%).

Statistical analysis. Nonparametric statistical methods (Wilcoxon
test for paired data, Mann-Whitney test for unpaired data, and Spear-
man’s rho [39] for correlation analysis) were employed in analysis of
data. P values < 0.05 were considered significant. Data in text and
figures are presented as the mean+SE.

Results

The relatives had normal fasting plasma glucose concentra-
tions and normal levels of glycosylated hemoglobin, whereas
fasting concentrations of insulin and C-peptide (mean values of
four determinations) were significantly elevated (Table I).

Plasma glucose and insulin concentrations during the oral
glucose tolerance tests are given in Fig. 2. Despite only margin-
ally elevated plasma glucose concentrations in the relatives,
insulin concentrations in these subjects were clearly elevated
during the oral glucose tolerance test (net area under curve
47.4+6.8 vs 23.943.2 min - nmol/liters, P < 0.005).

Plasma glucose, insulin, and NEFA concentrations during
clamp studies are given in Table II. Plasma concentrations of
glucose and insulin were constant during the predefined basal
and insulin-stimulated steady-state periods, indicating that
steady state was achieved during these two intervals. The mean
coefficient of variation of plasma glucose concentrations dur-
ing insulin infusions was 5% in both relatives and control stud-
ies. Plasma glucose concentrations were similar in relatives and
control subjects during both basal and insulin-stimulated
steady-state periods. Plasma insulin concentrations were ele-
vated in the relatives in the basal state, but were similar during
insulin infusion. Plasma NEFA concentrations were similar in
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Figure 2. Plasma glucose and insulin concentrations during oral glu-
cose-tolerance tests in 20 first-degree relatives of patients with
NIDDM (open circles), and in 20 normal control subjects without a
family history of NIDDM (closed circles).



relatives and controls during both basal and insulin-stimulated
steady-state periods.

Rates of insulin-stimulated glucose disposal were decreased
in the relatives of patients with NIDDM (11.5+0.5 vs 9.2+0.6
mg/kg FFM per min, P < 0.02, Fig. 3). Furthermore, the insu-
lin sensitivity index was also significantly lower in the relatives
(0.52+0.05 vs 0.72+0.04[(liter)?- (kg FFM)~2.(nmol insu-
lin)~2- (min)~%], P < 0.01). .

Insulin-stimulated rates of glucose oxidation were similar
in control subjects and relatives (4.0+0.2 vs 4.2+0.3 mg/kg
FFM per min, NS), and thus the insulin resistance in the rela-
tives was solely due to decreased rates of insulin-stimulated
nonoxidative glucose disposal (7.5%0.4 vs 5.0+0.4 mg/kg FFM
per min, P < 0.001).

In the basal state, rates of total peripheral glucose disposal
(2.5%0.1 vs 2.6+0.1 mg/kg FFM per min, NS), glucose oxida-
tion (1.5+0.2 vs 1.8+0.1 mg/kg FFM per min, NS), and nonox-
idative glucose disposal (1.0+0.1 vs 0.8+0.2 mg/kg FFM per
min, NS) were similar in control subjects and relatives (Fig. 3).

HGO was the same in control subjects and relatives in the
basal state (2.6+0.1 vs 2.5+0.1 mg/kg FFM per min, NS), and
was fully suppressed in both groups during insulin infusion
(—3.0+0.3 vs —1.7+0.3 mg/kg FFM per min, NS).

Rates of lipid oxidation were similar in controls and rela-
tives in the basal state (1.420.1 vs 1.3+0.1 mg/kg FFM per
min, NS), and during insulin infusion (0.6+0.1 vs 0.5+0.1 mg/
kg FFM per min, NS). Furthermore, rates of whole body en-
ergy expenditure were identical in controls and relatives in the
basal state (92+3 vs 92+3 J/kg FFM per min), and during insu-
lin infusion (93+3 vs 963 J/kg FFM per min).

The fractional skeletal muscle glycogen synthase activity at
the physiological 0.1 mM G6P concentration (FV 0.1) was sig-
nificantly decreased in the relatives during insulin infusion (Ta-
ble III). In addition, the insulin-stimulated increments in frac-
tional muscle glycogen synthase activities over basal values
were significantly lower in the relatives compared to the con-
trols, when measured both without G6P (FV 0.0), and in the
presence of the physiological G6P concentration (FV 0.1), (Ta-
ble III). Insulin-stimulated increments in fractional glycogen
synthase activities at 0.1 mmol/liter G6P (FV 0.1) correlated
significantly with insulin-stimulated increments in whole body

Table II. Plasma Glucose, Insulin, and Nonesterified Fatty Acid
during Clamp Studies

Control

subjects Relatives
Glucose (mmol/liter)
Basal 5.2+0.1 5.3+0.1
Insulin 5.3+0.1 5.3+0.1
Insulin (nmol/liter)
Basal 0.04+0.01 0.07+0.01*
Insulin 0.42+0.02 0.47+0.05
NEFA (mmol/liter)
Basal 0.62+0.06 0.57+0.06
Insulin 0.05+0.01 0.05+0.01

Plasma concentrations are the means of four determinations in each
subject during basal and insulin-stimulated (3 h, 40 mU/m? per min)
steady-state periods. Mean+SEM. * P < 0.01 vs control subjects.

mg/kg FFM/min
12

C p<002

[ Glucose oxidation

D Non-oxidative
glucose metabolism

Basal insulin

Figure 3. Rates of total body glucose disposal, glucose oxidation, and
nonoxidative glucose metabolism in the basal postprandial state, and
during insulin infusion (3 h, 40 mU/m, per min) in 20 first-degree
relatives of patients with NIDDM (R), and 20 control subjects without
a family history of NIDDM (C).

nonoxidative glucose metabolism, in both controls and rela-
tives (r = 0.63, P < 0.005 and r = 0.76, P < 0.0005, respec-
tively, Fig. 4).

The insulin-stimulated increase in muscle glycogen content
over basal values was significantly lower in the relatives (Table
IV). Intracellular concentrations of free glucose and G6P were
unchanged in both groups during insulin infusion, and were
similar in control subjects and relatives (Table IV).

Discussion

The present study demonstrates that insulin resistance is pres-
ent in young nonobese Caucasian persons with a known in-
creased risk for developing NIDDM decades before they are
believed to contract the disease. The insulin resistance is lo-
cated in the nonoxidative glucose metabolic pathway, and is
closery correlated with a defect in insulin activation of muscle
glycogen synthase. The decreased storage of glucose as muscle
glycogen in response to the physiological insulin infusion pro-
vides further and direct evidence for a defect in this pathway in
the first-degree relatives of patients with NIDDM.

Several lines of evidence indicate that genetic factors con-
tribute to the development of NIDDM (18, 40-42). Thus, twin
studies have demonstrated concordance rates of NIDDM in
identical twins > 60% (41, 42). Furthermore it was recently
demonstrated in a prospective study that offsprings of two par-
ents with NIDDM (first-degree relatives) have eight times the
general population risk for development of NIDDM (183).
American Pima Indians are an ethnic population also at high
risk for NIDDM. Previous studies in nondiabetic Pima indians
have shown that in vivo insulin action is a familial characteris-
tic independent of age, sex, degree of obesity, and physical fit-
ness (43). Longitudinal studies in Pima indians (16) and in
rhesus monkeys (44) have demonstrated that insulin resistance
precedes the development of NIDDM. In addition, the recent
prospective study of children of two diabetic parents demon-
strated that a slow glucose-removal rate was associated with
hyperinsulinemia, implying insulin resistance, and preceded
the development of NIDDM in these subjects (18). Insulin resis-
tance in the nonoxidative pathway has been demonstrated in
obese prediabetic Pima Indians (16), in obese and middle-aged,
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Table I11. Activities of Skeletal Muscle Glycogen Synthase in 20 First-Degree Relatives of Patients with NIDDM,

and in 20 Control Subjects wi;hout a Family History of NIDDM

Control subjects Relatives
Basal Insulin Basal Insulin

0.0 G6P (mmol) 0.47+0.16 1.00£0.25* 0.40+0.76 0.83+0.17*
0.1 G6P (mmol) 2.25+0.51 3.35+0.45* 1.85+0.24 2.98+0.31*
10 G6P (mmol) 6.39+0.89 5.90+0.55 6.28+0.58 6.38+0.51
FV 0.0 6.3+x1.4 16.3+2.0* 5.9+0.9 12.3+1.6*
FV 0.1 32.8+2.9 56.4+3.2* 28.9+2.3 46.9+2.3%*
AFV 0.0 9.9+1.1 6.3+0.8¢

AFV 0.1 23.5+1.6 18.0+1.5%

Mean+SEM. * P < 0.01 vs basal values; ¥ P < 0.01 vs control subjects; and § P < 0.05 vs control subjects. Biopsies were taken from the vastus
lateralis muscle in the basal post absorptive state and after 3 h insulin infusion (40 mU/m? per min). Glycogen synthase activities are given as
UDP-glucose incorporated into glycogen per extract protein per min. Glycogen synthase activities were measured in the absence of its allosteric
modulator glucose-6-phosphate (0.0 mmol/liter G6P), in the presence of a physiologic G6P concentration (0.1 mmol/liter), and in the presence
of a maximal stimulatory G6P concentration (10 mmol/liter). FV are given in percentages. AFV values are insulin-stimulated increments in

fractional velocities over basal values.

glucose-tolerant, Caucasian first-degree relatives of patients
with NIDDM (17), and was demonstrated in the present study
in young and carefully weight and sex matched nonobese glu-
cose-tolerant Caucasian first-degree relatives of patients with
NIDDM. Thus, these data taken together indicate that a famil-
iarly and perhaps genetically determined insulin resistance in
the glucose storage pathway may precede the development of
frank NIDDM, and thus may be involved in causing the dis-
ease. Importantly, we demonstrated in the present study that
the biochemical defect responsible for the defect of insulin ac-
tion in these young Caucasian relatives with increased risk for
development of NIDDM was a defect of insulin activation of
the enzyme glycogen synthase in skeletal muscle, which was
furthermore associated with a decreased increment in skeletal
muscle glycogen content in response to the physiological insu-

(mg/kg FFM/min)
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Figure 4. Relationship between increase over basal values of muscle
glycogen synthase activities (FV at 0.1 mM G6P) and whole body
nonoxidative glucose metabolism during insulin infusion (3 h, 40
mU/m? per min) in 20 first-degree relatives of patients with NIDDM
(open circles; r = 0.76, P < 0.0005) and in 20 normal control subjects
without a family history of NIDDM (closed circles; r = 0.63, P
< 0.005).
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lin infusion. Therefore, the defective insulin activation of gly-
cogen synthase may also be an inherited defect involved in the
emergence of NIDDM.

Patients with overt NIDDM often have elevated fasting and
postprandial plasma nonesterified fatty acid concentrations
(45, 46). Through operation of the glucose-fatty acid cycle (47),
it has been suggested that the impaired glucose utilization (in-
sulin resistance) in NIDDM may be secondary to an enhanced
rate of oxidation of lipids (48). In support of this hypothesis, we
recently demonstrated that acute administration of the antili-
polytic nicotinic acid analogue Acipimox improved the insulin
action in NIDDM ~ 30% by improving both the insulin-sti-
mulated oxidative and nonoxidative glucose metabolism (49).
The normal basal and insulin-stimulated NEFA levels, and the
lipid oxidation rates observed in the relatives in the present
study, are in accordance with the findings of Eriksson et al. in

Table IV. Intracellular Concentrations of Free Glucose, Glucose-
6-Phosphate (G6P), and Glycogen in Skeletal Muscles in 20 First
Degree Relatives of Patients with NIDDM and in 20 Control
Subjects without a Family History of NIDDM

Control subjects Relatives
Basal Insulin Basal Insulin
Glucose 0.07+£0.04 0.01+0.06 0.05+0.04 —0.07%0.05
G6P 0.10+£0.01 0.11+0.02  0.11+0.02 0.10+0.02
Glycogen 416120 462+20* 434420 447+31
AGlycogen 469 134254

Mean+SEM. * P < 0.02 vs basal levels. ¥ P = 0.05 vs controls.
Concentrations of free glucose and G6P are given as mmol/liter in-
tracellular water, assuming an extracellular water content in muscle
biopsies of 0.3 liter/kg dry weight, and an intracellular water content
of 2.8 liter/kg dry weight. Muscle glycogen content is given as mmol/
kg dry weight. AGlycogen are insulin-stimulated increments in mus-
cle glycogen over basal content.



obese relatives (17), indicating that the insulin resistance in the
relatives of patients with NIDDM may not be secondary to any
abnormalities in the lipid metabolism. This may also suggest
that the insulin resistance in overt NIDDM, apart from having
a “metabolic” component secondary to an enhanced lipid oxi-
dation, may have a primary, and perhaps genetically deter-
mined, component.

We previously found that insulin was unable to signifi-
cantly stimulate the activity of muscle glycogen synthase in
newly presenting obese patients with NIDDM (4). Given the
fact that insulin was able to stimulate the activity of glycogen
synthase in all but one of the relatives (Fig. 4), and furthermore,
that there was considerable overlap of the insulin-stimulated
nonoxidative glucose metabolism and activation of glycogen
synthase between the groups of relatives and controls (Fig. 4), it
may seem unlikely that the degree of defect in insulin action
and in glycogen synthase activation demonstrated in the rela-
tives in this study is by itself sufficient to cause frank NIDDM.
Therefore, other (secondary?) factors such as elevated plasma
NEFA concentrations and/or obesity (4) may be involved in
further unmasking the defect in activation of glycogen synthase
in the group who develops NIDDM, thereby clearly separating
this group from the group who will escape development of
NIDDM. Alternatively, the implication of the considerable
overlap in insulin action and in the activation in glycogen syn-
thase activity between the groups could be that, in addition to
the familiarly determined defect in insulin action, a certain
degree of a (genetically determined ?) defect in insulin secretion
may be required for the development of frank NIDDM.

The present study does not answer the question of whether
the defect glycogen synthase activation in the relatives is due to
a defect in the enzyme per se, or whether it may be secondary
to, and the effect of, other potential defects in the cellular insu-
lin signal transduction before the activation of glycogen syn-
thase. The molecular mechanism by which insulin stimulates
glycogen synthase is complicated and not fully understood
(50). Initially, insulin binds to the receptor (alpha subunit) on
the cell membrane surface. The transmembrane part of the
receptor (beta subunit) is a tyrosine kinase (insulin receptor
tyrosine kinase), which after insulin stimulation is autophos-
phorylated, and may initiate a cascade of phosphorylation-de-
phosphorylation reactions of other proteins. Eventually, this
cascade reaction produces phosphorylation, and subsequently,
activation of the specific glycogen synthase phosphatase (pro-
tein phosphatase one or PP1) that is responsible for the dephos-
phorylation and activation of glycogen synthase (50). A defect
in in vivo insulin activation of the insulin receptor tyrosine
kinase in skeletal muscles was recently reported in Pima In-
dians with NIDDM (51), indicating that this could explain
some of the insulin resistance in this syndrome. On the other
hand, the same study indicated that the site of insulin resis-
tance in nondiabetic Pima Indians was located distal to the
tyrosine kinase (51). Furthermore, it has been demonstrated
that the defect tyrosine kinase activity in adipocytes from
NIDDM patients can be completely reversed after intensive
hypocaloric treatment (52). Thus, a defect insulin receptor ki-
nase activity may not explain the defect insulin stimulation of
muscle glycogen synthase activity in the nondiabetic relatives
in this study. However, other defects in the insulin signal sys-
tem could have caused the defect, as for example, reduced rates
of glycogen synthase phosphatase activities (53), and/or a de-
fective insulin-induced inhibition of cAMP-dependent protein

kinase in skeletal muscle (54). Finally, abnormalities in inositol
metabolism (55) or in as yet unidentified insulin signal trans-
duction systems could theoretically contribute to the observed
impairment of glycogen synthase activation in the relatives.

Despite insulin resistance, the relatives in the present study
had normal fasting plasma glucose concentrations, normal lev-
els of glycosylated hemoglobin, and only marginally elevated
plasma glucose concentrations during the oral glucose toler-
ance tests. This can be explained by the compensatory hyperse-
cretion of insulin from the pancreatic beta-cell in the relatives,
enabling these subjects to overcome the insulin resistance. In
fact, hyperinsulinemia has previously been demonstrated in
nondiabetic relatives to NIDDM patients in the fasting state
(18, 56, 57), after an oral glucose load (56, 57), after an intrave-
nous glucose infusion (second phase insulin response) (18), and
was demonstrated in the relatives in the present study both in
the fasting state and in response to an oral glucose load. The
finding of hyperinsulinemia, in spite of normal plasma glucose
concentrations, also indicates normal beta-cell function in the
relatives, which suggests that the defect insulin secretion in
NIDDM (58) is not an early (primary) defect.

In conclusion, our study demonstrates that insulin resis-
tance is present in young and carefully sex and weight matched
nonobese Caucasian first-degree relatives of patients with
NIDDM, decades before these subjects may develop frank dia-
betes. The insulin resistance is located to the glucose storage
pathway, and is probably due to an impaired activation of the
enzyme glycogen synthase in skeletal muscles. This defect
could be a primary, and perhaps genetically determined, defect
that contributes to the development of non-insulin-dependent
diabetes mellitus.
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