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Abstract

The effects of chronic insulin administration on the metabolism
of isolated adipose cells and muscle were studied. Adipose
cells from 2 and 6 wk insulin-treated and control rats, fed
either chow or chow plus sucrose, were prepared, and insulin
binding, 3-0-methylglucose transport, glucose metabolism, and
lipolysis were measured at various insulin concentrations. After
2 wk of treatment, adipose cell size and basal glucose transport
and metabolism were unaltered, but insulin-stimulated transport
and glucose metabolism were increased two- to threefold when
cells were incubated in either 0.1 mMglucose (transport rate
limiting) or 10 mMglucose (maximum glucose metabolism).
Insulin binding was increased by 30%, but no shift in the
insulin dose-response curve for transport or metabolism oc-
curred. After 6 wk of treatment, the effects of hyperinsulinemia
on insulin binding and glucose metabolism persisted and were
superimposed on the changes in cell function that occurred
with increasing cell size in aging rats. Hyperinsulinemia for 2
or 6 wk did not alter basal or epinephrine-stimulated lipolysis
in adipose cells or the antilipolytic effect of insulin. In incubated
soleus muscle strips, insulin-stimulated glucose metabolism
was significantly increased after 2 wk of hyperinsulinemia, but
these increases were not observed after 6 wk of treatment. We
conclude that 2 wk of continuous hyperinsulinemia results in
increased insulin-stimulated glucose metabolism in both adipose
cells and soleus muscle. Despite increased insulin binding to
adipose cells, no changes in insulin sensitivity were observed
in adipose cells or muscle. In adipose cells, the increased
glucose utilization resulted from both increased transport (2
wk only) and intracellular glucose metabolism (2 and 6 wk).
In muscle, after 2 wk of treatment, both glycogen synthesis
and total glucose metabolism were increased. These effects of
hyperinsulinemia were lost in muscle after 6 wk of treatment,
when compared with sucrose-supplemented controls.

Introduction

Hyperinsulinemia and insulin resistance of adipose and muscle
tissue have been observed in several animal models (1-1 1) of
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obesity. Although the cause of the insulin resistance in these
models is not completely understood, it has been proposed
that it is secondary to increased plasma insulin concentrations
(8-12). It has been shown by several investigators that chronic
hyperinsulinemia is associated with decreased tissue respon-
siveness (7, 8, 12). Gavin et al. (13) have proposed that this
may be secondary to a loss of cellular insulin receptors.

Recently, Kobayashi and Olefsky (14) and Whittaker et al.
(15) have demonstrated that chronic hyperinsulinemia, induced
by daily injections of insulin, is associated with a reduced
concentration of insulin receptors in adipose cells and a
decrease in cellular insulin sensitivity consistent with the
concept of down-regulation of the insulin receptor. However,
Kobayashi and Olefsky (14, 16) have also reported that chronic
hyperinsulinemia has significant postreceptor effects on glucose
transport and metabolism. Both basal and insulin-stimulated
glucose transport were found to be increased and insulin
sensitivity decreased after 2 wk of insulin administration. In
addition, the capacity for intracellular glucose metabolism was
increased (17). In contrast, Whittaker et al. (15) found no
change in maximal insulin-stimulated glucose transport, al-
though they did confirm a rightward shift in the insulin dose-
response curve and an increase in insulin-stimulated glucose
metabolism. These results suggest that chronic hyperinsulinemia
has different long-term effects on the down-regulation of the
insulin receptor and on glucose transport and metabolism.

The present study was designed to clarify the effects of
long-term hyperinsulinemia on insulin binding, glucose trans-
port, and metabolism in adipose cells and to determine if
hyperinsulinemia has similar effects on muscle. To determine
the relative importance of these parameters of insulin action
in the development of insulin resistance, continuous hyperin-
sulinemia was produced in rats for 2 and 6 wk using subcu-
taneously implanted osmotic minipumps.

Methods
Insulin administration. Male CD-strain rats weighing 125 g were
obtained from the Charles River Breeding Laboratories, Boston, MA.
Animals were housed three per cage in a room with a 12-h light/dark
cycle. The animals were divided into three experimental groups: chow-
fed controls, sucrose supplemented chow-fed controls, and insulin-
treated animals with sucrose also supplemented to their chow. The
insulin-treated rats received a continuous infusion of regular purified
pork insulin (Iletin II, Eli Lilly & Co., Indianapolis, IN) for either 2
or 6 wk from osmotic minipumps (Alzet No. 2002, Alza Corp., Palo
Alto, CA) implanted subcutaneously on their backs. The insulin dose
was increased gradually over the treatment period with the following
schedule: 2 U/d for 4 d, 4 U/d for 4 d, 6 U/d for either 6 d or 5 wk,
depending upon the length of the study. The insulin was prepared as
described by Bringer et al. ( 18) to prevent aggregation of a concentrated
insulin solution.

Body weight and food consumption were measured throughout the
treatment period in some experiments. After the treatment period,
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groups of control and insulin-treated animals were killed by a blow to
the head and decapitation. Blood was collected for measurements of
plasma glucose, insulin, triglyceride, and free fatty acid concentrations.
The soleus muscle was rapidly removed for studies of muscle metabolism
and for glycogen (19) and triglyceride (20) content. Epididymal adipose
tissue was removed for preparation of isolated adipose cells for studies
of glucose metabolism, glucose transport, lipolysis, and insulin binding.
Samples of liver and gastrocnemius muscle were also obtained for
measurement of glycogen and triglyceride content. The carcasses of six
insulin treated and six sugar-supplemented control animals treated for
6 wk were prepared for body composition analysis. The gastrointestinal
tract was washed clean and the carcasses frozen until analyzed. Before
analysis, carcasses were homogenized in a Waring blender and weighed
aliquots of the homogenate were freeze dried and ground in a Wiley
mill. Nitrogen, fat, and residual ash content were then measured by
standard procedures (21).

Preparation of isolated adipose cells. For each experiment, two
groups of either chow-fed controls, sugar-supplemented controls, or
insulin-treated rats were used (3-4 animals/group). Both epididymal
fat pads were removed from each animal, weighed, and placed in
Krebs-bicarbonate-Hepes buffer (standard Krebs-Ringer-bicarbonate
buffer (KRB)' reduced to 10 mMHCO3supplemented with 30 mM
Hepes, Sigma Chemical Co., St. Louis, MO). Adipose cells were
isolated by the method described by Rodbell (22) as modified by
Cushman (23). Adipose cell size was measured using the osmic acid
fixation-Coulter electronic counter method described by Hirsch and
Gallian (24) for intact tissue fiagments and modified for isolated cell
suspensions by Cushman and Salans (25).

Glucose metabolism. Adipose cells were distributed in 20-ml plastic
vials. Final incubation volume was 1.5 ml of KRB-Hepes buffer (pH
7.4), containing isolated cells, 30 mg bovine serum albumin/ml,
varying concentrations of insulin (Eli Lilly & Co.), and 0.1 mMglucose
at a specific activity of -300 ,Ci [1-'4C]glucose/mmol (New England
Nuclear, Boston, MA). In a separate series of experiments, cells were
incubated in the presence of 10 mMglucose with insulin (1,000 1sU/
ml). The final cell concentration was -100 X 103 cells/ml. After 60
min of incubation at 370C, 14CO2 was collected and 1'4C]triglyceride
glycerol and fatty acids were measured. All incubations were carried
out in triplicate and all analyses corrected for appropriate blank values
obtained from samples incubated in the absence of cells.

Glucose transport. Glucose transport was assessed by the L-
['4C]arabinose uptake method of Foley et al. (26), except that 3-0-
['4C]methylglucose was used as the substrate. The uptake of 3-0-
methylglucose was measured at 37°C before and at equilibrium. The
initial uptake velocity or rate of transport was then calculated from
these values after correction for nonspecific 3-0-methylglucose binding,
diffusion, and extracellular space. This technique has been validated
as a measure of glucose transport activity in cells of widely different
sizes, both in the absence and presence of insulin.

After isolation, adipose cells were equally distributed for preincu-
bation at 37°C into a series of 5-ml plastic vials so that the final
incubation volume was 0.4 ml of KRB-Hepes buffer (pH 7.4) containing
isolated cells and 30 mg/ml bovine serum albumin with or without
insulin. The final cell concentration was -750 X 103 cells/ml. After
60 min of preincubation under these conditions, 0.05 ml of KRB-
Hepes buffer containing unlabeled 3-0-methylglucose (Sigma Chemical
Co.), 3-0-[14C]methylglucose (New England Nuclear), L-glucose (Sigma
Chemical Co.), and L-l1-3H]glucose (New England Nuclear) was added
so that the final concentrations of 3-0-methylglucose and L-glucose
would be 0.1 mM(5 mCi/mmol) and 0.1 mM(25 mCi/mmol),
respectively. Incubation at 37°C was then carried out for additional
periods chosen to yield approximately half-maximal uptakes (2-15 s).
After the appropriate incubation periods, 20 Ml of 10 mMcytochalasin
B (Aldrich Chemical Co., Milwaukee, WI) in ethanol was added to

1. Abbreviation used in this paper: KRB, Krebs-Ringer-bicarbonate
buffer.

stop the facilitated uptake of 3-O-methylglucose. The samples were
then placed at room temperature for a short period during which no
additional diffusion was observed before sampling. A 0.2-ml sample of
cells and incubation medium was separated by centrifugation through
oil (27), and assayed for 3-O-['4C]methylglucose and L-[l-3H]glucose
uptake. L-glucose uptake was used to correct 3-O-methylglucose uptake
for diffusion and extracellular space. The initial velocity of uptake, or
rate of 3-O-tnethylglucose transport, was then calculated from these
values and from simultaneous estimates of equilibrium 3-O-methylglu-
cose uptake (measured after a 60-min incubation at 370C) and
nonspecific 3-O-methylglucose binding (measured in the presence of
cytochalasin B). All incubations were done in sextuplicate.

Steady state '25I-insulin binding Adipose cells were distributed
among 5-ml plastic incubation vials so that the final incubation volume
was 0.5 ml of KRB-Hepes buffer containing isolated cells, 0.25 ng
(tracer) '25I-insulin/ml (porcine, - 100 jCi/Isg, NewEngland Nuclear),
and 0-1 X l0s ng native insulin/ml. The final cell concentration was
-850 X 103 cells/ml. All incubations were done at 240C in triplicate.

After 60 min of incubation, 0.2-ml samples of cells and incubation
medium were removed, cells were separated from medium by centrif-
ugation through oil, and the separated cells were analyzed for '25I-
radioactivity (Auto-Gamma scintillation spectrometer, Packard Instru-
ment Co., Downers Grove, IL) and corrected for the appropriate
blanks. 125I-insulin specific activities were determined in samples of
the stock solutions of labeled hormone.

Lipolysis measurements. Adipose cells were distributed among 20-
ml plastic incubation vials to provide a final incubation volume of 0.5
ml of KRB-Hepes buffer containing isolated cells, 1.0 mg glucose/ml,
and 1-10 tg epinephrine/ml (Sigma Chemical Co.), and, in some
experiments, varying concentrations of insulin (0-100 MU/ml).

The final cell concentration was 100 X 103 cells/ml. All incubations
were done in triplicate, and all analyses were corrected for the
appropriate blank values obtained from samples of cells incubated for
1 min in an ice bath. At the end of the 30-min incubation, a 0.5-ml
sample of cell-free medium was aspirated from each tube and chilled
in an ice bath. Glycerol was assayed enzymatically in 0.2 ml of the
cell-free medium (28). Fatty acids were extracted from 0.2 ml of the
cell-free medium, as described by Dole (29). Free fatty acids were
assayed by the radioactive method described by Ho and Meng (30), as
modified by Cushman et al. (31).

Incubation of soleus muscles and biochemical measurements. Rats
were killed by cervical dislocation. Weight-standardized (25-35 mg
wet weight) strips of soleus muscle with their respective tendons were
removed, and incubated as previously described (1). Incubations were
carried out in a shaking incubator at 37°C, in 25-ml Erlenmeyer flasks
with 4 ml KRB containing 1.5% defatted bovine serum albumin.
Flasks were sealed with rubber stoppers and gassed continuously with
02/CO2 mixture (19:1). Actual incubations were preceded by 30-min
preincubations with continuous gassing, at the end of which flasks and
medium were changed. Basal and insulin-stimulated (0-1,000 MU/ml)
glycolysis and de novo glycogen synthesis were measured, respectively,
from the rate of incorporation of 3H from D-[5-3H]glucose (5 mM)
into the 3H20 released into incubation medium and of 3H into glycogen
(32). Total glucose metabolism was assessed by summing these two
parameters.

Results

Body composition and characteristics of experimental animals.
Total body weight, epididymal fat pad weight and adipose cell
size, liver weight, triglyceride and glycogen content, muscle
triglyceride and glycogen content, and plasma concentrations
of glucose, insulin, free fatty acids, and triglycerides for the
three experimental groups after 2 wk of treatment are given
in Table I. Similar data for the groups treated for 6 wk are
shown in Table II.
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Table I. Group Comparisons at End of 2-wk Study

Chow-fed Sugar-supplemented Insulin-treated Group
controls controls animals comparisons

Body and organ weights

Body weight (g)

Liver weight (g)

Epididymal fat pad weight (g)

Adipose cell size (Mg lipid/cell)

Plasma concentrations

Glucose (mg/dl)

Insulin (,uU/ml)

FFA (Mmol/liter)

Triglyceride (mg/dl)

261±4
(19)

13.20±0.72
(8)

1.68±0.11
(19)

0.137±0.018
(5)

148±3
(19)

54.1±7.6
(19)

434±21
(19)

152±18
(19)

264±5
(22)

13.82±0.92
(8)

1.85±0.11
(22)

0.150±0.016
(6)

157±4
(22)

62.4±9.9
(22)

451±24
(22)

217±9
(22)

257±5
(23)

11.43±0.57
(12)

2.00±0.13
(23)

0.144±0.009
(6)

71±16
(23)

588.8±89.7
(23)

429±42
(23)

109±9
(23)

S/I P < 0.05

S/I P < 0.001
C/I P < 0.001

S/I P < 0.001
C/I P < 0.001

C/S P < 0.005
S/I P < 0.001
C/I P < 0.05

Liver and muscle triglyceride glycogen concentrations

Liver triglyceride (gmol/g)

Gastrocnemius triglyceride
(Amol/g)

Liver glycogen (Mg/mg)

Soleus glycogen (Mg/mg)

15.1±0.6
(6)

7.7±1.1
(6)

82.4±4.3
(8)

5.9±0.5
(7)

18.0±0.3
(6)

11.8±2.4
(6)

110.1±5.6
(8)

5.7±0.6
(8)

17.9±2.1
(6)

7.2±0.9
(6)

77.2±9.7
(1 1)

5.0±0.4
(1 1)

C/S P < 0.05

C/S P < 0.05
S/I P < 0.01

Results are mean±SEM. C, Chow-fed controls; S, sugar-supplemented controls; I, insulin-treated animals. Number of determinations shown in
parentheses.

After 2 wk of treatment there were no differences in body
weight, epididymal fat pad weight, or adipose cell size among
the three experimental groups. In insulin-treated animals,
mean plasma glucose concentration, measured in the morning
without food restriction, was -50% that of control animals,
and mean plasma insulin concentration was tenfold greater,
confirming a significant degree of hyperinsulinemia. There
were no differences in plasma free fatty acid concentration,
but triglyceride concentration was significantly increased in
sugar-supplemented controls and was lowest in the insulin-
treated animals. Liver weight and glycogen content were
highest in the sugar-supplemented control groups and no
differences were observed in muscle triglyceride or glycogen
content among the three experimental groups.

After 2 wk of insulin treatment, chow consumptions for
the insulin-treated animals and sugar-supplemented controls
were equal (15.5±0.6 and 15.5±0.5 g/d per rat, respectively),

but lower than that of chow-fed controls (20.6±0.7 g/d per
rat). However, the lower chow intakes were compensated by
equivalent increases in sucrose consumption in these two
groups (6.0±1.0 and 5.1±0.7 g/d per rat, respectively). Total
caloric intake for all groups was, therefore, approximately the
same.

After 6 wk of treatment, the mean daily consumption of
chow and sucrose was the same ih insulin-treated animals and
the sugar-supplemented controls (chow: 15.5±0.7 vs. 15.5±0.6;
sucrose: 6.8±0.7 vs. 5.8±0.5 g/rat per d, respectively). Chow
fed controls weighed slightly more than insulin-treated animals,
but there was no significant difference in body weight between
insulin-treated animals and sugar-supplemented controls. Ep-
ididymal fat pad weight and adipose cell size were greatest in
insulin-treated animals, but not significantly so. Mean plasma
glucose concentration in insulin-treated animals continued to
be slightly <50% that of controls. However, plasma insulin
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Table I. Group Comparisons at End of 6-wk Study

Chow-fed Sugar-supplemented Insulin-treated Group
controls controls animals comparisons

Body and organ weights

Body weight (g)

Liver weight (g)

Fat pad weight (g)

Adipose cell size (jig lipid/cell)

Plasma concentrations

Glucose (mg/dl)

Insulin (iiU/ml)

FFA (jomol/liter)

425±7
(5)

15.90±0.46
(5)

4.08±0.35
(5)

0.268±0.014
(2)

142±5
(5)

55.0±3.1
(5)

840±75
(5)

Triglyceride (mg/dl) 142±
(5

Liver and muscle triglyceride and glycogen concentrations

Liver triglyceride (jumollg) 20.1 ±

(5

Gastrocnemius triglyceride (gmol/g) 13.0+
(5

Liver glycogen (.g/mg)

Soleus glycogen (jig/mg)

407±11
(20)

18.60±0.80
(10)

4.90±0.31
(13)

0.308±0.025
(5)

134±3
(20)

51.5±4.9
(20)

1,027±113
(20)

207±17
(20)

:4

-2.4

-1.7

64.9±3.9
(5)

6.0±0.4
(5)

Gastrocnemius glycogen (jug/mg)

15.8±0.4
(10)

12.6±1.3
(10)

94.0±5.2
(16)

6.8±0.3
(16)

6.7±0.5
(6)

399±10
(14)

16.31±1.00
(5)

4.97±0.32
(8)

0.359±0.039
(3)

63±10
(14)

701±73
(14)

140±16
(14)

14.2±1.0
(5)

13.8±0.8
(5)

80.9±8.1
(11)

6.9±0.4
(11)

6.5±0.7
(6)

C/I P < 0.05

C/S P < 0.02

S/I P < 0.001
C/I P < 0.001

S/I P < 0.02

C/S P < 0.005
S/I P < 0.001

C/S P < 0.001

Reports are mean±SEM. C, Chow-fed controls; S, sugar-supplemented controls; I, insulin-treated animals. Number of determinations shown in
parentheses.

concentrations could not be measured accurately in these
animals because of the presence of nonspecific binding of 125I-
insulin tracer, presumably due to the development of circulating
anti-insulin antibodies.

Mean plasma free fatty acids and triglycerides were highest
in sugar-supplemented controls, as were liver weight and
glycogen content. There were no significant differences in
muscle glycogen or triglyceride content among the groups.

The compositional analyses of carcasses from sugar-sup-
plemented controls and animals treated with insulin for 6 wk
are shown in Table III. Total carcass weight was the same in
both groups. Although fat content was greater and fat-free
mass lower in insulin-treated animals, these differences were
not statistically significant. There were no differences in protein
or askh content.

Adipose cell size of chow-fed control, sucrose-supplemented
control, and insulin-treated animals. 2 wk of insulin treatment
did not alter the size of the cells as compared with either
control group (Table I). After 6 wk of treatment, cell size was
increased in all groups and, although the insulin treated
animals had the largest cell size, the differences were not
statistically significant.

Total glucose, utilization in adipose cells. The effect of
insulin (0-1,000 AU/ml) on total glucose utilization, defined
as the sum of the 1-carbon atom of glucose incorporated into
'4CO2 and ['4C]triglyceride glycerol and fatty acids, was com-
pared in adipose cells isolated from chow-fed controls, sugar-
supplemented controls, and insulin-infused animals after 2
and 6 wk of treatment. Total glucose utilization was not
significantly different in cells from the three experimental
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Table III. Carcass Composition of Control
and Insulin-treated Rats at End of 6-wk Study

Sugar supplemented Insulin treated

Total carcass weight (g) 352.5±9.1 358.7±12.4

Dried weight (g) 117.1±9.0 129.6±8.1
%Total weight 33.2 36.1

Water (g) 235.4± 12.8 229.1±7.3
%Total weight 67.8 63.9

Protein (g) 62.9±3.1 62.2±6.0
%Total weight 17.8 17.6

Ash (g) 10.9±0.7 10.5±1.1
%Total weight 3. i 2.9

Fat (g) 37.4±5.8 52.8±4.2
%Total weight 10.6 14.7

Fat-free mass (g) 315.2±10.0 306.0±12.3
%Total weight 89.4 85.3

Results are mean±SEM. There were no statistically significant differ-
ences between the groups. Six animals were included in each group.

groups at low insulin concentrations (0-10 ,gU/ml) after 2 wk,
nor in the absence of insulin after 6 wk of treatment. Increasing
insulin concentrations, in the presence of 0.1 mMglucose,
enhanced total glucose utilization in adipose cells from all
groups in a dose-dependent manner (Figs. 1 and 2). Adipose
cells from rats treated with insulin for 2 and 6 wk utilized,
approximately two times more glucose than cells from either
control group over most of the insulin dose-response curve,
but the concentrations of insulin needed to reach half-maximal
stimulation (- 15 gU/ml) did not change.

Maximal rates of total glucose utilization were assessed in
adipose cells from control and insulin-treated rats by measuring
glucose utilization in the presence of 10 mMglucose and
1,000 ,uU/ml insulin. Compared with both control groups,
insulin treatment increased the maximal capacity for glucose

INSULIN IMU/ml)

Figure 2. Effect of 6-wk insulin treatment on insulin-dependent
stimulation of total [I -'4C]glucose utilization in rat adipose cells.
"Total" glucose utilization: sum of glucose carbon incorporation into
labeled CO2 plus labeled triglyceride. Incubation time, 60 min. Data
are mean±SE of 4-6 experiments.

utilization two- to threefold. After 2 wk of insulin treatment,
the maximal capacity for glucose utilization was 2,154±139
fmol/cell per h in cells from insulin-treated rats, compared
with 679±56 and 802±92 in cells from chow fed and sugar-
supplemented controls, respectively. After 6 wk of treatment,
the corresponding maximal rates of glucose utilization were
1,058±249, 480±32, and 457±27 fmol/cell per h, respectively.

When incorporation of [1-'4C]glucose into C02, triglyceride-
glycerol, and triglyceride fatty acids was examined, insulin
treatment resulted in increases in the incorporation of glucose
into CO2and triglyceride fatty acids without significant changes
in the incorporation into triglyceride glycerol in both 2- (Fig.
3) and 6-wk (Fig. 4) treated rats.
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Figure 1. Effect of 2-wk insulin treatment on insulin-dependent
stimulation of total [1-'4C]glucose utilization in rat adipose cells.
"Total" glucose utilization: sum of glucose carbon incorporation into
labeled CO2 plus labeled triglyceride. Incubation time, 60 min. Data
are mean±SE of 4-6 experiments. o, Chow-fed controls; o, sugar-
supplemented controls; *, insulin treated.
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Figure 3. Effect of 2-wk insulin treatment on insulin-dependent
stimulation of [1-'4C]glucose metabolism in rat adipose cells. Labeled
carbon incorporation into respective parameters is indicated. Incuba-
tion time, 60 min. Data are mean±SE of 4-6 experiments. o, Chow-
fed controls; o, sugar-supplemented controls, *, insulin treated.
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Steady state '25I-insulin binding to adipose cells. Exami-
nation of steady state '251-insulin binding to adipose cells
isolated from the three groups revealed that 2 and 6 wk of
insulin treatment increased insulin binding by -30 and 50%,
respectively, when compared with either the chow fed or the
sugar-supplemented controls (Fig. 5).
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insulin binding to rat adipose cells. Insulin binding measured with
'1251-insulin at 240C for 60 min. Data are mean±SE of three experi-
ments. o, Chow-fed controls; o, sugar-supplemented controls; ., insu-
lin treated.

Glucose transport in adipose cells. Glucose transport was
assessed in adipose cells from control and insulin-treated rats
by examining the initial rate of 3-O-methylglucose uptake by
these cells. As illustrated in Figs. 6 and 7, there were no
differences in the basal rates of 3-O-methylglucose transport
among the three experimental groups after 2 or 6 wk of
treatment. After 2 wk, insulin stimulated 3-O-methylglucose
transport was increased approximately twofold over the entire
insulin dose-response curve in cells from insulin-treated rats
compared with the control groups. However, the concentrations
of insulin needed to reach half-maximal stimulation (- 15
jLU/ml) did not change (Fig. 6). This effect of insulin treatment
on insulin-stimulated transport was not observed in rats treated
for 6 wk (Fig. 7).

Epinephrine-stimulated lipolysis in adipose cells. Lipolysis
was determined by measuring the amounts of glycerol and
free fatty acids released into the incubation medium as a
function of increasing concentrations of epinephrine. Epineph-
rine stimulated lipolytic activity by severalfold in cells from
both controls and insulin-treated rats. In addition, insulin
inhibited epinephrine-stimulated lipolytic activity in a dose-
dependent manner (0-100 AU/ml) in cells from controls and
insulin-treated rats (data not shown). However, there were no
significant differences between any of the groups after either 2
or 6 wk of treatment.

Soleus muscle metabolism. The data on basal and insulin-
stimulated glucose metabolism by incubated strips of soleus
muscle from chow fed, sugar supplemented, and insulin-
treated rats after 2 wk treatment are shown in Fig. 8. After 2
wk of treatment, there were no significant differences between
the chow fed and sugar-supplemented controls in either basal
or insulin-stimulated rates of glycolysis, glycogen synthesis, or
total glucose metabolism. In insulin-treated rats, glycogen
synthesis and total glucose metabolism were significantly in-
creased in response to insulin stimulation, compared with
either control group. Maximal rates of insulin stimulated
glycogen synthesis were 5.05±0.36 nmol/mg per h in insulin-
treated rats, compared with 3.76±0.31 (P < 0.05) and 3.61±0.19
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Figure 6. Effect of 2-wk insulin treatment on 3-O-methylglucose
transport in rat adipose cells. Data are mean±SE of 4-5 experiments.
O, Chow-fed controls; o, sugar-supplemented controls; ., insulin
treated.
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Figure 7. Effect of 6-wk insulin treatment on 3-0-methylglucose
transport in rat adipose cells. Data are mean±SE of 4-5 experiments.
o, Chow-fed controls; o, sugar-supplemented controls; *, insulin
treated.

(P < 0.01) in chow fed and sugar-supplemented controls, re-
spectively. Corresponding rates of total glucose metabolism
were 11.49±0.54 nmol/mg per h in muscles from insulin-
treated rats, compared with 9.85±0.42 (P < 0.05) and 9.99±0.42
(P < 0.05) in the controls. However, insulin sensitivity, defined
as the concentration of insulin required to achieve half-
maximal stimulation of glucose metabolism, did not change.
In addition, insulin treatment had no significant effect on
either basal rates of glucose metabolism or on insulin-stimulated
glycolysis.

In contrast to the observed changes in adipose cell metab-
olism, 6 wk of insulin treatment did not alter glycolysis,
glycogenesis, or total glucose utilization in soleus muscle when
compared with sugar-supplemented controls.

Discussion

Previous studies have examined the effects of experimental
chronic hyperinsulinemia on glucose transport and metabolism
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Figure 8. Effect of 2- and 6-wk insulin treatment on glucose metabo-
lism by strips of rat soleus muscle. Data are mean±SE (n = 5-9). o,
Chow-fed controls; o, sugar-supplemented controls; *, insulin treated.

and insulin binding in adipose cells (14-17). In these studies,
the hyperinsulinemia was induced by injection of NPH or
Ultratard insulin over a period of -2 wk. These studies
demonstrated that insulin binding to adipose cells was reduced
by 50-60%, and there was a marked rightward shift in the
insulin-dose response for glucose transport. In contrast to this
evidence for down-regulation of the insulin-stimulated glucose
transport system, a marked increase in total glucose metabolism
was observed in response to hyperinsulinemia.

The present study was undertaken to examine and clarify
the effects of experimental hyperinsulinemia on glucose trans-
port and metabolism and insulin binding in adipose cells and
to determine whether similar effects occur in skeletal muscle.
In contrast to previous studies, continuous hyperinsulinemia
was produced using Alzet osmotic minipumps containing
regular purified pork insulin, and measurements were made
after both 2 and 6 wk of treatment. Wefound that continuous
hyperinsulinemia for either 2 or 6 wk did not result in the
development of insulin resistance in either adipose cells or
skeletal muscle. On the contrary, after 2 wk of insulin admin-
istration, insulin binding to adipose cells was increased rather
than decreased, as has been reported previously by Kobayashi
and Olefsky (14) and Whittaker et al. (15), and nearly twofold
increases in total insulin-stimulated glucose metabolism by
adipose cells were observed at insulin concentrations > 10
,gU/ml. In addition, we have extended the period of hyperinsu-
linemia to 6 wk, following which insulin binding to adipose
cells and insulin-stimulated glucose metabolism remained in-
creased. Despite these increases in insulin binding and glucose
metabolism, the concentration of insulin required to attain
half-maximal stimulation did not change, indicating no change
in insulin sensitivity. Thus, our results are inconsistent with
the hypothesis that high circulating insulin concentrations for
2 to 6 wk result in down-regulation of the insulin receptor.

The explanation for the differences in insulin binding
observed in the present study and those previously reported
after 2 wk of insulin treatment is not clear, but may be due
to the difference in experimental methods. The studies by
Kobayaski and Olefsky (14) and Whittaker et al. ( 15) employed
once or twice daily injections of intermediate or long-acting
insulin preparations, whereas we used a continuous insulin
infusion technique. It is possible that continuous hyperinsulin-
emia produced with osmotic minipumps, compared with in-
termittent insulin administration, may have two opposing
effects on insulin receptors, a growth effect and down-regulation.
Whereas pulsatile insulin treatment may result in a preferential
down-regulation of insulin receptors, it is possible that contin-
uous insulin delivery may cause a greater increase in the
number of insulin receptors through increased protein synthesis
and a smaller down-regulation of receptor number and/or
binding affinity. The net effect would be a moderate increase
in insulin binding.

After 2 wk of continuous hyperinsulinemia, there was also
an increase in insulin-stimulated glucose transport -without
alteration of basal glucose transport activity or insulin sensitiv-
ity, consistent with the changes in glucose metabolism. This
potentiation of glucose transport activity was no longer observed
when insulin was administered for 6 wk, possibly due to the
decreased insulin responsiveness that normally occurs in the
larger adipose cells of older rats where glucose transport may
no longer be the rate-limiting step for glucose metabolism.
Under these conditions, the increased metabolic activity in
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adipose cells from insulin-treated rats may be due to postre-
ceptor increases in glucose metabolism, without an increase in
glucose transport activity. This is supported by the finding that
6 wk of chronic hyperinsulinemia, assessed by measuring
glucose metabolism at a high glucose concentration (10 mM)
and in the presence of a maximally stimulating concentration
of insulin (1,000 gU/ml), increased the total capacity for
glucose metabolism beyond glucose transport by approximately
threefold after 2 wk of insulin treatment and by twofold after
6 wk of treatment. The present studies also suggest that there
is a change in the coupling site between the insulin receptor
and activation of glucose transport. Although an increase in
insulin binding was observed, there were no increases in insulin
sensitivity for glucose transport and metabolism, as would be
expected to occur with increased insulin binding. These effects
of chronic hyperinsulinemia on glucose transport and metab-
olism by the adipose cells occurred in the absence of differences
in cell size.

The effect of hyperinsulinemia on lipolysis, another im-
portant metabolic parameter of the adipose cell, was also
studied. Hyperinsulinemia had no effect on the epinephrine
dose-response stimulation of glycerol or free fatty acid release
from adipose cells. In addition, no changes in the antilipolytic
effect of insulin were observed. These findings indicate that
chronic hyperinsulinemia has differential effects on glucose
metabolism and lipolysis.

The effects of 2 and 6 wk of hyperinsulinemia on muscle
metabolism were also studied. After 2 wk of treatment, insulin-
stimulated glycogen synthesis and total glucose metabolism
were significantly increased in soleus muscle strips. This effect
was not observed after 6 wk of insulin treatment, although
comparisons were only made between insulin-treated animals
and sugar-supplemented controls. These studies suggest that
similar increases in glucose metabolism can be observed in
skeletal muscle as in adipose cells, although the effects are
smaller and apparently lost after 6 wk of treatment.

It is clear from our data that the observed increases in
glucose metabolism in adipose cells and muscle are due to the
chronic hyperinsulinemia (associated with decreased plasma
glucose concentrations), and not to effects of hyperphagia or a
high carbohydrate diet, since total food consumption was not
significantly different among the three experimental groups,
and the animals treated with insulin consumed the same
quantities of chow and sucrose as the sugar-supplemented
controls. Adipose cells from the latter animals metabolized
glucose almost identically to those from animals given access
to chow alone.

An unanswered question is why the adipose cells from
insulin-treated animals did not become larger than those from
controls when increased rates of lipogenesis were observed in
vitro. A possible explanation is that in vivo, the mean plasma
glucose concentration of hyperinsulinemic rats was only 50%
that of the control animals. This lower glucose concentration
may have been a limiting factor for lipogenesis in vivo. Other
possible contributing factors are that the hyperinsulinemic
animals may have had an insulin-induced increase in the
metabolic rate or activation of sympathetic nervous system-
mediated metabolism secondary to hyperinsulinemia and/or
relative hypoglycemia. Although metabolic rates or plasma
catecholamines were not measured in this study, catecholamine
concentrations have been reported to be increased in chronically
insulin infused rats (33).

It is also possible that the lower plasma glucose concentra-
tions in the insulin-treated animals could have affected insulin
binding and action in adipose cells and muscle tissue, although
the mechanism by which this might occur is unknown. One
possible explanation is that increased insulin-stimulated glucose
transport and metabolism could be secondary to chronic
stimulation of the sympatho-adrenal system by chronic hypo-
glycemia. It has been shown previously that high concentrations
of epinephrine result in an increase in the rate of glucose
transport in both frog (34) and mammalian (35) muscle and
that chronic administration of epinephrine to rats results in
an apparent adaptation so that there is less inhibition of
insulin release and increased sensitivity to exogenous insulin
in vivo (36). These effects appear to be. mediated by beta
adrenergic receptors. In recent studies in humans using the
euglycemic-hyperinsulinemic clamp technique, chronic ad-
ministration of the #2-adrenergic agonist, terbutaline, has been
shown to result in significant increases in both total and
nonoxidative glucose disposal rates during insulin infusion
without any change in basal rates of glucose turnover (37).
These studies suggest that chronic stimulation of the sympatho-
adrenal system may lead to decreased beta receptor sensitivity,
and that this may, in turn, lead to increased insulin action in
peripheral tissues, particularly muscle. This is clearly only one
of many possible mechanisms by which chronic hypoglycemia
could contribute indirectly to the increases in insulin-stimulated
glucose transport and metabolism observed in the insulin-
treated animals in our study.

Recently, investigations of the development of insulin
resistance in the genetically obese Zucker rat (fa/fa) have
indicated that early in the development of this syndrome there
is a marked potentiation of insulin-stimulated glucose transport
and metabolism (2, 38). These studies were undertaken when
the rats were very young but already hyperinsulinemic. The
results parallel the present studies with experimentally induced
hyperinsulinemia and suggest that hyperinsulinemia has at
least two effects. Early in the development of hyperinsulinemia,
insulin could have a growth-promoting effect, increasing overall
cell protein content. This is reflected by increased insulin
binding and glucose transport and metabolism in adipose cells.
It is not until later in the syndrome that insulin resistance
develops, as reflected by decreased responses to insulin. Based
on these data in young obese Zucker rats, it is possible that if
insulin had been administered for longer than 6 wk in our
studies, insulin resistance may have developed. However, this
would be difficult to determine in the present model of
hyperinsulinemia because the changes associated with enlarging
adipose cells are themselves associated with the development
of insulin resistance.

Trimble et al. (33) have also investigated the effect of
hyperinsulinemia, produced by constant intravenous insulin
infusions for 8 d, on in vitro and in vivo insulin responsiveness
in the rat. Their studies demonstrated increases in glucose
metabolism in vivo, as well as increased glucose transport and
lipogenesis in isolated adipose cells. Their data in isolated
adipose cells are very similar to those reported here.

Since glucose transport seems to be a primary site altered
by hyperinsulinemia of 2 wk duration, a possible mechanism
for the potentiation of insulin-stimulated glucose transport in
adipose cells from insulin-treated animals is currently being
investigated. Recently, it has been demonstrated in several
models of insulin resistance that the total number of glucose
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transporters in adipose cells, as shown by Cushman and
Wardzala (39) and Suzuki and Kono (40), is markedly altered
by increased cell size (41), increased fat content in the diet
(42), and the diabetes induced by streptozotocin (43). As
previously hypothesized by Kobayashi and Olefsky (16), the
present studies suggest that the number of glucose transporters
in adipose cells may be increased by chronic hyperinsulinemia.
Measurements of the number of glucose transporters in plasma
membranes and the low density microsomal pool are presently
being undertaken. Recent reports by Kahn et al. (44) and
Guerre-Millo et al. (45) indicate that the hyperinsulinemia
produced by insulin infusion with osmotic minipumps and
the in vivo hyperinsulinemia in young obese Zucker rats (fa/
fa) may result in increases in the number of glucose transporters
in the adipose cells from these animals. An increase in the
number of transporters may be a reflection of the growth effect
of early hyperinsulinemia. The loss of any changes in glucose
transport activity after 6 wk of insulin administration may be
due to loss in total glucose transporters associated with a
greater insulin resistance of the enlarging adipose cell (42).
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