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Infusion of insulin impairs human adipocyte glucose metabolism in vitro
without decreasing adipocyte insulin receptor binding
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Summary. To determine whether hyperinsulinaemia can cause
insulin resistance in man and, if so, whether this occurs at a re-
ceptor or post-receptor site, nine normal volunteers were in-
fused with insulin for 6 h at a rate 2 mU-kg~!-min~") which
resulted in steady-state plasma insulin concentrations of
140 £13mU/1 and four subjects were infused with saline
(0.45%). Isolated adipocytes and monocytes were used as
models for studying insulin binding, while adipocytes were al-
so used to study insulin action in vitro. Adipocyte insulin
binding did not decrease following infusion of insulin (4.6 £
0.5 versus 4.4 = 0.4% per 2 x 10° cells, before and after, respec-
tively), whereas monocyte insulin binding did (7.2 £ 0.6 versus
6.2+0.6% per 107 cells, p<0.05). Initial rates of adipocyte
3-0-methyl glucose transport were decreased in the absence of
insulin (basal) and at submaximally effective (33.3 pmol/I)

but not at maximally effective insulin concentrations. At all
insulin concentrations and in the absence of insulin, rates of
glucose conversion to lipids were decreased more than 50%
(p<0.05), whereas rates of glucose oxidation were unaffected.
This decrease in the rates of conversion of glucose to lipids
could not be accounted for by the decrease in rates of glucose
transport. These results suggest that hyperinsulinaemia can
cause insulin resistance in man and that, at least initially, this
occurs at a post-receptor site. Furthermore, the discordant ef-
fect of hyperinsulinaemia on monocyte and adipocyte insulin
binding indicates that monocyte insulin binding may not al-
ways reflect insulin binding in insulin-sensitive tissues.

Key words: Hyperinsulinaemia, insulin resistance, adipocytes,
receptors.

Insulin resistant states, such as obesity and Type 2 (non-
insulin-dependent) diabetes mellitus, are often associat-
ed with hyperinsulinaemia, decreased insulin receptor
binding, and post-receptor defects in insulin action [1].
It has been suggested that hyperinsulinaemia seen in
human obesity may produce insulin resistance second-
arily at a post-receptor site [1-4] as a consequence of
prolonged compensatory hyperinsulinaemia due to an
initial decrease in insulin receptor binding. Moreover,
the post-receptor defect in insulin action, as well as the
insulin receptor down-regulation found in Type 1 (insu-
lin-dependent) diabetes, has been attributed to the hy-
perinsulinaemia resulting from insulin treatment [5].

Although studies in vitro indicate that insulin itself
may cause insulin resistance at receptor as well as post-
receptor sites [6-15], it is uncertain to what extent the
hyperinsulinaemia observed in insulin resistant states in
man may contribute to impaired insulin action or mere-
ly be a consequence of insulin resistance. Moreover, if
hyperinsulinaemia does contribute to insulin resistance,
it is unclear whether this occurs primarily at a receptor
or post-receptor site.

Short-term infusions of insulin have been reported
to decrease monocyte and erythrocyte insulin binding
in normal human volunteers [16-19]. However, to date
there is no direct evidence that insulin excess can cause
insulin resistance. Studies in which rats were injected
with insulin for 1-2 weeks [20-33] have yielded conflict-
ing results, suggesting that either no insulin resistance
resulted or insulin resistance occurred which was solely
explicable by a decrease in insulin-receptor binding.

Because of the uncertainties regarding the role of
hyperinsulinaemia in the pathogenesis of insulin resis-
tance, the present study was undertaken to determine
whether infusions of insulin can produce insulin resis-
tance in man and, if so, whether this is due initially to a
receptor or post-receptor defect.

Materials and methods

Subjects

Informed written consent was obtained from 13 normal volunteers af-
ter these studies were approved by the Mayo Clinic Human Studies
Committee. All subjects were within 15% of their ideal body weight
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(Metropolitan Life Insurance Company Tables) and had no family
history of diabetes mellitus. For 72 h before the study, subjects ate
standard meals at the Clinical Research Center consisting of 45% car-
bohydrate, 35% fat and 20% protein (30 kcal/kg).

Experimental design

At 0700 h on the day of study the subjects, having fasted for 12-14h,
were admitted to the Clinical Research Center. Monocyte and adipo-
cyte insulin binding, as well as adipocyte glucose transport, oxidation
and conversion to lipids were determined before and after a 6-h infu-
sion of insulin (eight women, one man, mean + SEM age 25+ 1 years)
or a 6-h infusion of 7.7 mmol/1 saline (three women, one man, mean
age 35+ 5Syears). During this insulin infusion (2mU-kg~!-min~?),
plasma glucose was maintained at approximately 5.3 mmol/1 using
the glucose clamp technique described previously [16].

Monocyte and adipocyte isolation

Mononuclear cells were isolated from heparinized blood by a modifi-
cation of the Ficoll-Hypaque technique [24]. Adipocytes were isolated
by a modification [25] of the collagenase digestion method of Rodbell
[26]. Approximately 6 g of subcutaneous adipose tissue were obtained
from the left or right lower abdominal quadrant from the centre of an
area anaesthetized locally in a square-field fashion [3]. The tissue was
washed in warm (37 °C) saline (0.15 mmol/I) and 1 g portions, which
had been cut into 5 x 5 mm pieces, were placed into polyethylene ves-
sels. Each vessel contained 6 ml Krebs-Ringer-bicarbonate buffer (pH
7.6, at 37°C after gassing with 95% O,:5% CO,) containing 3.5% bo-
vine plasma albumin (Armour Pharmaceuticals, Kankakee, Illinois,
USA), glucose (5 mmol/1), and collagenase (3 mg) (Worthington Bio-
chemicals, Millipore Corporation, Frechold, New Jersey, USA). After
shaking for 1 h at 37°C, the digested tissue was passed first through a
1000 micron and then through a 250 micron nylon mesh. Care was
taken to maintain the adipocytes at 37°C at all times. The cells were
then centrifuged at 100 g in 16 x 100 mm polyethylene tubes (A/S
Nunc, Roskilde, Denmark), the infranatant was removed, and an
equal volume of Krebs-Ringer bicarbonate buffer at 37 °C was added.
After resuspension by gentle inversion, the cells were recentrifuged
and washed twice in the same manner into a Hepes buffer [(N-2-hy-
droxyethyl-piperazine-N’-2-ethane sulphonic acid) (10 mmol/l);
NaCl, (135mmoi/1); KCl (4.8 mmol/l); CaCl,-H,0 (2.5 mmol/1);
MgSO, (1.7 mmol/1); NaH,PO, (1.0 mmol/1); pH 7.6, at 37°C after
gassing)] containing 5% bovine plasma albumin with bacitracin
(0.5 mg/ml) (Sigma, St. Louis, Missouri) and either glucose (5 mmol/1)
(for determination of insulin binding) or no glucose (see below, for
determination of ["*C]-3-0-methyl-D-glucose transport or incorpora-
tion of U-["*C]-D-glucose into [*C]-CO, or [“C]-lipids). Following fi-
nal resuspension of the cells, an aliquot was fixed in 1% osmium te-
troxide in collidine-HC] buffer for cell counting and size analysis by a
modification of the method of Hirsch and Gallian [27].

Insulin binding

["*I}-insulin was prepared to a Sp. act. of 150-200 pCi/ug from puri-
fied crystalline pork insulin (courtesy of Dr M. Root, Eli Lilly, India-
napolis, Indiana) as outlined by De Meyts [28], using stepwise addi-
tion of chloramine-T. Monocyte insulin binding was determined as
previously described, using 1% bovine serum albumin (Sigma) [18].
Adipocyte insulin binding was determined by a modification of the
method of Pedersen and Hjollund [5]. Isolated adipocytes (approxi-
mately 5 x 10°/ml) were incubated in triplicate in a final volume of
0.5ml Hepes buffer, containing 0.825 U/1 [®I]-insulin and 0, 5 or
625mU/1 unlabelled insulin. Non-specific binding was defined as
['»T}-insulin bound in the presence of 250000 mU/1 unlabelled insulin
and was subtracted from all other values. Incubations were carried
out with slow shaking at 37°C for 1h. Following incubation, dupli-
cate 0.2 ml aliquots were removed from each tube and centrifuged at
10000 g for 90s through 0.2 ml silicone oil (Silwet 722, Union Car-
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bide, Danbury, Connecticut) in a Beckman microcentrifuge (Palo Al-
to, California, USA). The portion of the centrifuge tube containing the
cells, which float on the oil, was excised and its radioactivity was
counted using a gamma counter (Searle, Des Plaines, Illinois, USA).
Results were expressed as insulin bound specifically/2 x 10° adipo-
cytes. Incubations carried out in this manner result in steady-state
binding at 30-45 min which is maintained for at least 150 min.

[1*CJ-3-0-methyl-D-glucose transport

Adipocyte glucose transport was assessed using ["“C]-3-0-methyl-D-
glucose, a non-metabolizable glucose derivative [29, 30]. Transport of
this analogue was determined following exposure in duplicate of iso-
lated adipocytes (approximately 10°%/ml) to 0, 5 or 625 mU/1 insulin in
16 x 100 mm polyethylene tubes in a final volume of 0.4ml Hepes
buffer (without glucose) at 37 °C with slow shaking for 1 h. Following
exposure to insulin, triplicate 50 pl aliquots of cells were pipetted di-
rectly into 20 ul of 0.15 mol/1 NaCl containing 0.4 nCi [**C]-3-0-meth-
yl-D-giucose (New England Nuclear Corporation, Cambridge, Mas-
sachusetts) and 0.4 uCi PH]-L-glucose (New England Nuclear) as a
marker for non-specific cell-associated radioactivity. The final con-
centration of 3-0-methyl-D-glucose was 17.4 umol/1. Reactions were
terminated after 15s by the rapid addition with a syringe pipettor of
8 ml cold 0.3 mmol/1 phloretin (Sigma) in 0.15 mol/1 NaCl to block
further glucose transport. Approximately 2 ml silicone oil was layered
onto the phloretin cell mixture, and the tubes were centrifuged at
1500 g for 30 s. The adipocytes, which float on top of the oil, were col-
lected and placed in scintillation fluid (Safety Solve Research Prod-
ucts International, Mount Prospect, Illinois) for dual counting of triti-
um and carbon-14. Results corrected for non-specific cell associated
radioactivity were expressed as pmol 3-0-methyl-D-glucose transport-
ed per 2 x 10° adipocytes in 15 s. Using this technique, transport rates
were found to be linear for approximately 20 s following exposure to
3-0-methyl-D-glucose.

Glucose oxidation

Production of [“C]-CO; from U-["*C]-D-glucose (New England Nu-
clear) was determined by incubating isolated adipocytes (approxi-
mately 5x 10°cells/ml) in duplicate in 16 x 100 mm polyethylene
tubes in a volume of 0.5 ml Hepes buffer (without unlabelled glucose)
containing 0.033 or 4.25 nmol/1 insulin and labelled glucose (1 uCi, fi-
nal concentration 5.6 umol/1) at 37°C with slow shaking for 90 min.
After the addition of adipocytes, tubes were sealed with rubber stop-
pers through which plastic centre wells were suspended. After incuba-
tion, 0.2 ml H,SO4 (0.5 mol/1) was injected through the stopper into
the cell suspension to liberate [*C]-CO,, and 0.2ml 1 N hyamine hy-
droxide was injected through the stopper into the centre well for col-
lection of [“C]-CO,. After radioactivity was collected overnight, the
centre wells were removed and placed in scintillation fluid for count-
ing. Results were expressed as pmol glucose converted to
CO,/2 x 10° cells in 90 min. [“C]-CO, produced by tissue blanks was
less than 1% of values in the presence of adipocytes.

Incorporation of glucose into lipids

Incorporation of U-["*C]-D-glucose into total adipocyte lipids was
determined by incubating isolated adipocytes (approximately
5 10° cells/ml) in duplicate in 16 x 100 mm polyethylene tubes in a
volume of 0.5ml Hepes buffer (without unlabelled glucose) contain-
ing 0, 0.033 or 4.25 nmol/1 insulin and labelled glucose (1 nCi) at 37 °C
with slow shaking for 90 min. After the incubation, total lipids in
0.4ml aliquots of cell suspension from each tube were extracted in
chloroform-methanol [31]. The resulting organic phase was dried with
air and redissolved in scintillation fluid for counting. [*Hl}-triolein
(0.1 uCi, New England Nuclear) was added to each extraction tube to
determine extraction recoveries. These recoveries ranged from 75 to
95%, and all data were corrected accordingly.
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Table1. Glucose infusion rates necessary to maintain euglycaemia
during 6-h insulin infusions

Time (h)

1 2 3 4 5 6
Glucose 6.07 6.72 7.6 8.66 9.28 9.47
infusion rates +099 +£0.86 =+0.67 =066 =+0.64 +0.68
(mg-kg'-
min~")

Results expressed as mean + SEM for nine experiments

Table 2. Effect of hyperinsulinaemia on monocyte and adipocyte in-
sulin binding

Insulin binding
G mU/1? (625 mU/1y
Monocytes (% per 10V cells)
Saline infusion (n=4)
Before 89+0.6 14+01
After 9.0£1.1 1.6%£0.3
Insulin infusion (n=9)
Before 72+06 13+0.1
After 6.2£0.6° 11£0.1°
Adipocytes (% per 2 x 10 cells)
Saline infusion (n=4)
Before 40+08 0.7+041
After 3.8+0.8 0.7£0.2
Insulin infusion (n=9)
Before 46+05 0.8%0.1
After 44+04 0.8+0.1

Results expressed as mean + SEM; ® concentration of insulin present
in binding assay; ® p<0.05, significant change from before insulin in-
fusion

Plasma glucose and insulin determinations

Plasma glucose and insulin determinations were made on arterialized-
venous specimens using a glucose analyzer (Yellow Springs Instru-
ments, Yellow Springs, Ohio) and a dextran-coated charcoal tech-
nique [32), respectively.

Statistical analyses

Data are given as mean+ SEM. Statistical evaluation was performed
using two-way analysis of variance for repeated measures and posteri-
ori t-tests [33]. A pvalue <0.05 was considered significant.

Results

Plasma glucose and insulin concentrations

Baseline plasma glucose and insulin concentrations pri-
or to infusions of insulin and saline were comparable
(53+0.1 versus 5.2+0.1mmol/l and 10x1 versus
11+ 1 mU/1). During infusion of insulin, plasma insulin
increased to a stable concentration of 140+13 mU/1,
and plasma glucose was maintained at 5.3 £ 0.1 mmol/1
(coefficient of variation 5%). During infusion of saline,
plasma glucose and plasma insulin averaged 5.3+
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Saline
infusion
(n=4)

Insulin
infusion
(n=9)

3-0-Methyl-D-glucose transport
{pmol per 2 x 10° cells per 15 )

Insulin {mU/1)

Fig. 1. Effect of infusion of insulin or saline in normal volunteers on
adipocyte glucose transport in vitro. O : before infusion; B : after in-
fusion (mean + SEM)
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Fig.2. Effect of infusion of insulin or saline in normal volunteers on
adipocyte lipogenesis and glucose oxidation in vitro. O : before infu-
sion; @ after infusion (mean = SEM)

0.1 mmol/1 and 8 =1 mU/], respectively. Glucose infu-
sion rates necessary to maintain euglycaemia are given
at hourly intervals in Table 1. Glucose infusion rates in-
creased progessively until reaching near-steadystate be-
tween 4 and 5 h. Values at 4 h were not significantly dif-
ferent from those at the end of the 6-h infusion.

Monocyte and adipocyte insulin binding

Monocyte insulin binding decreased 15% after infusion
of insulin and did not change after infusion of saline
(p<0.05). In contrast, neither infusion of insulin nor in-
fusion of saline altered adipocyte insulin binding or di-
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ameter (mean£SEM: 91+2 versus 90+ 3 um before
and after insulin; 87 +11 versus 90+ 11 um before and
after saline; Table 1).

Adipocyte glucose transport

After infusion of insulin, glucose transport in the ab-
sence of insulin and at a submaximally effective insulin
concentration (5 mU/1) were both decreased approxi-
mately 30% (p<0.05 and 0.01, respectively), whereas
glucose transport at a maximally effective insulin con-
centration (625mU/1) was unaffected (Fig.1). Since
basal (0 mU/1 insulin) glucose transport rates were de-
creased following infusion of insulin, glucose transport
data were expressed in terms of increment above basal
per pmol insulin bound. When these data were ana-
lyzed, the increment in glucose transport at the submax-
imally effective insulin concentration (5 mU/1) was still
significantly decreased following hyperinsulinaemia
(720 =120 versus 1140 + 180 pmol/pmol insulin bound,
p<0.05). After infusion of saline, glucose transport in
the presence or absence of insulin was not decreased.

Adipocyte glucose conversion to lipids
and glucose oxidation

Conversion of glucose to lipids was decreased more
than 50% after infusion of insulin in the absence of in-
sulin and at both submaximally and maximally effec-
tive insulin concentrations (p<0.05; Fig.2); no change
was observed after infusion of saline. In contrast, both
basal and insulin-stimulated adipocyte glucose oxida-
tion were unaltered after infusion of insulin or saline.

Discussion

Inthe present study, hyperinsulinaemia decreased mono-
cyte insulin binding but did not alter adipocyte insulin
binding. Furthermore, the hyperinsulinaemia decreased
adipocyte glucose transport and conversion of glucose
to lipids but did not affect glucose oxidation. These re-
sults indicate that hyperinsulinaemia may cause insulin
resistance and that, at least initially, this insulin resis-
tance is due to cellular abnormalities not involving the
insulin receptor, i.e., a so-called post-receptor defect. It
is possible that more prolonged hyperinsulinaemia may
have resulted in decreased adipocyte insulin binding,
since other workers found that prolonged experimental-
ly-induced hyperinsulinaemia decreased adipocyte in-
sulin binding in rats [22, 23].

The present study confirms that short-term hyperin-
sulinaemia can decrease monocyte insulin binding
[16-18]. Similar insulin-induced decreases in erythro-
cyte insulin binding have been reported in some [18, 19]
but not all studies [16]. However, in the present study,
adipocyte insulin binding was not affected by short-
term hyperinsulinaemia. Pedersen and Hjollund [5] also
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found a dissociation between monocyte and adipocyte
insulin binding. Taken together, these observations sug-
gest that monocyte insulin binding, which is commonly
thought to reflect insulin binding in insulin-sensitive tis-
sues, may not always do so.

Theoretically it is possible that a small decrease in
adipocyte insulin binding may not have been detected
in the present study. However, it is unlikely for several
reasons, that such a decrease, if present, could account
for the observed impairment in glucose metabolism. A
decrease in insulin binding alone would have been ex-
pected to result in a decrease in intracellular glucose
metabolism which was proportional to an accompany-
ing decrease in glucose transport. However, in the pres-
ent study, insulin stimulated glucose oxidation was not
decreased whereas glucose transport was. Moreover, in
the absence of added insulin both glucose transport and
conversion to lipids were decreased, further suggesting
that short-term hyperinsulinaemia had produced a cel-
lular defect. It should be pointed out though, that some
of the decrease in glucose conversion into lipids may
have been due to anti-lipolysis induced by the insulin
infusion. This could have decreased the availability of
intracellular glucose-derived glycerol into lipids.

The finding of a metabolic defect induced by insulin
in vivo, which could not be accounted for by a decrease
in insulin binding, is in accord with studies in vitro de-
monstrating that exposure of rat adipocytes and myo-
blasts to increased insulin concentrations can produce
post-receptor defects in glucose metabolism [12, 15].
Conventionally, an abnormality in insulin action is re-
ferred to as a receptor defect if there is decreased insulin
receptor binding and is considered a post-receptor de-
fect if subsequent events are involved. Such events may
include physico-chemical alteration of the receptor,
generation of an intracellular mediator and responses
of cellular enzymes or organelles to the mediator. The
fact that both basal and insulin-stimulated glucose
transport were decreased following infusion of insulin
suggest that certain cellular processes distal to insulin
receptor binding (e.g. availability of glucose transpor-
ters) may have been adversely affected by the antece-
dent hyperinsulinaemia in such a way as to render them
less responsive to insulin, i.e. a post-receptor defect.

Our findings have implications concerning the
pathological sequence of events leading to the associa-
tion of hyperinsulinaemia and decreased insulin bind-
ing in obesity. It is currently thought that in obesity
[1-4], hyperinsulinaemia due to over-eating may ini-
tially cause insulin resistance by down-regulating insu-
lin receptors and that, as insulin resistance progresses, a
post-receptor defect may emerge. Our results suggest
that hyperinsulinaemia may first cause a post-receptor
defect. A non-rate-limiting post-receptor defect in insu-
lin action would result in only a shift to the right of an
insulin dose-reponse curve [37-42]. Thus, if subsequent
down-regulation of insulin receptors were to occur, a
modest post-receptor defect might not be detected even
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when the biological responses to insulin were related to
insulin receptor occupancies. This might explain the ap-
parent presence of only a receptor defect in many hy-
perinsulinaemic patients with obesity and Type2 dia-
betes [1-4]. Similarly the decreased insulin receptor
binding found in some hyperinsulinaemic patients with
Type 1 [5] or Type 2 diabetes [1, 37, 43], in association
with a post-receptor defect, could be a later event which
has been preceded by a post-receptor defect. Such a
postulate is supported by the observation that post-re-
ceptor defects may occur in diabetic patients in the ap-
parent absence of decreased adipocyte insulin binding
[37]. Moreover, down-regulation of insulin binding by
insulin is considered to be dependent upon post-recep-
tor actions of insulin [6, 44-46).

It should be pointed out that in the present studies
glucose was infused along with insulin to maintain eu-
glycaemia. However, according to current knowledge
[47] only trivial amounts of the glucose infused in the
present studies would have been taken up by adipose
tissue. In any study of induced hyperinsulinaemia in
man, such an infusion of glucose is a necessary but po-
tentially confounding variable, since increased glucose
uptake itself may influence the outcome of such experi-
ments. However, the increased glucose uptake is a di-
rect effect of hyperinsulinaemia so it is not clear wheth-
er the mechanisms for changes induced by these
intimately linked events can, or should, be differentiat-
ed.

Finally, our finding that hyperinsulinaemia may
cause insulin resistance provides an explanation why
insulin therapy may not always improve [48, 49] or com-
pletely normalize [50] insulin resistance in Type 2 diabe-
tes. Although insulin therapy may correct defects in in-
sulin action due to insulin deficiency [50], if it results in
hyperinsulinaemia, it may conceivably itself produce
insulin resistance.

In summary, the present studies indicate that hyper-
insulinaemia can cause insulin resistance in man and
that, at least initially, this is due to a post-receptor de-
fect. Thus decreased insulin receptor binding, when ac-
companied by hyperinsulinaemia and a post-receptor
defect, may be a secondary event.
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