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Summary Two study protocols to examine the effects
of chronic (72-96 h) physiologic euglycaemic hyper-
insulinaemia (+ 72 pmol/l) and chronic hyperglycae-
mic (+ 1.4 mmol/l) hyperinsulinaemia (+ 78 pmol/1)
on insulin sensitivity and insulin secretion were per-
formed in 15 healthy young subjects. Subjects re-
ceived a three-step euglycaemic insulin (insulin infu-
sion rates = 1.5, 3, and 6 nmol - kg™! - min™) clamp
and a hyperglycaemia (6.9 mmol/l) clamp before and
after chronic insulin or glucose infusion. Following
4 days of sustained euglycaemic hyperinsulinaemia
whole body glucose disposal decreased by 20-40 %.
During each insulin clamp step, the defect in insulin
action was accounted for by impaired non-oxidative
glucose disposal (p < 0.01). Chronic euglycaemic hy-
perinsulinaemia did not alter insulin-mediated sup-
pression of hepatic glucose production. Following in-
sulin infusion the ability of hyperglycacmia to stimu-
late insulin secretion was significantly diminished.
Following 72h of chronic glucose infusion (com-
bined hyperglycaemic hyperinsulinaemia), there was
no change in whole body glucose disposal. However,
glucose oxidation during each insulin clamp step was

significantly increased and there was a reciprocal de-
cline in non-oxidative glucose disposal by 25-39 %
(p < 0.01); suppression of hepatic glucose production
by insulin was unaltered by chronic hyperglycaemic
hyperinsulinaemia. Chronic glucose infusion in-
creased the plasma insulin response to acute hyper-
glycaemia more than twofold. These results demon-
strate that chronic, physiologic hyperinsulinaemia,
whether created by exogenous insulin infusion or by
stimulation of endogenous insulin secretion, leads to
the development of insulin resistance, which is char-
acterized by a specific defect in the non-oxidative
(glycogen synthetic) pathway. These findings indi-
cate that hyperinsulinaemia should be considered,
not only as a compensatory response to insulin resis-
tance, but also as a self-perpetuating cause of the de-
fect in insulin action. [Diabetologia (1994) 37: 1025-
1035]
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Insulin resistance is a characteristic feature of non-in-
sulin dependent diabetes mellitus NIDDM and ante-
dates the onset of impaired glucose tolerance [1-5].
Early in the natural history of NIDDM the beta cell
responds to the presence of insulin resistance by aug-
menting its insulin secretion. The resultant hyperin-
sulinaemia is sufficient to offset the defect in insulin
action and maintain normal or only slightly impaired
glucose tolerance [1, 2, 4-9]. The hyperinsulinaemia
can be viewed as a protective mechanism which en-
hances glucose flux into the cell and maintains nor-
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mal glucose tolerance [1, 2]. However, it has been im-
plicated as part of an intertwined metabolic and car-
diovascular syndrome characterized by hyperten-
sion, dyslipidaemia, coronary artery disease, obesity,
NIDDM and insulin resistance [3, 10-12]. From this
standpoint the hyperinsulinaemia can be viewed as
having serious consequences, especially with regard
to the development of atherosclerotic cardiovascular
complications.

Hyperinsulinaemia itself has also been implicated
in the development of insulin resistance. Thus, chron-
ic hyperinsulinaemia has been shown to induce insu-
lin resistance in some [13-18], but not all [19-21]
studies. Little information is available concerning
the effect of chronic hyperinsulinaemia on insulin-
mediated glucose metabolism in man [16, 17] and
the intracellular metabolic pathway(s) responsible
for the reduction in insulin-mediated glucose dispo-
sal following chronic exposure to the hormone have
not been examined. If chronic, sustained elevated
plasma insulin levels are, indeed, a cause of insulin re-
sistance, then the “compensatory” hyperinsulinaemia
in NIDDM can no longer be viewed as an adaptive
mechanism responsible for the maintenance of nor-
mal glucose tolerance, but rather as a self-perpetuat-
ing cause of the diabetic condition.

Hyperglycaemia is a hallmark feature of diabetes
mellitus and has been incriminated as a self-perpetu-
ating cause of the diabetic condition [22]. Sustained
hyperglycaemia has been shown to impair insulin se-
cretion [23, 24] and to induce insulin resistance [1,
25]. Moreover, the impairment in insulin action is re-
versible with phlorizin [26], a drug which lowers the
plasma glucose by inhibiting renal tubular glucose
transport. One study in man has demonstrated that
as little as 24 h of moderate hyperglycaemia can in-
duce insulin resistance [27]. Thus, it is possible that
both hyperglycaemia and hyperinsulinaemia, which
have been used as biochemical markers for diabetes
and insulin resistance, respectively, actually may rep-
resent self-perpetuating factors in the pathogenesis
of NIDDM.

In this study we have employed the euglycaemic
insulin clamp technique in combination with indirect
calorimetry and tritiated glucose to define the tissues
(i.e., liver vs peripheral) and intracellular pathways
(i.e., glucose oxidation vs glycogen synthesis) respon-
sible for the defect in insulin action following chronic
sustained physiologic hyperinsulinaemia and hyper-
glycaemia in healthy young volunteers.

Subjects and methods

Subjects. Fifteen healthy Caucasian subjects (12 male, 3 fe-
male) (age, 27 £2 years, body mass index, 23.1 £ 0.6 kg/m?)
were studied. Their height, weight, and surface area were
176 £2 cm, 71.8 £ 2.7 kg, and 1.88 £ 0.04 m?, respectively. All
subjects had a normal oral glucose tolerance test, none were

taking any medications, and none had a family history of dia-
betes. Eight subjects participated in the chronic insulin infu-
sion study and seven in the chronic glucose infusion study
(see below). None of the subjects participated in any unusual
or heavy exercise programs and none were excessively sed-
entary. Subjects consumed an isocaloric diet, containing ap-
proximately 200 g of carbohydrate for 3 days before study. Be-
fore the study the purpose, nature, and potential risks were ex-
plained to all subjects and informed, written, voluntary con-
sent was obtained. The protocol was approved by the Institu-
tional Review Boards and the Radiation Safety Committees
of The University of Texas Health Science Center and the
Yale University School of Medicine.

Experimental design. All studies were performed at the Clini-
cal Research Center (CRC) and, unless otherwise specified,
were started at 08,00 hours following a 10-12 h overnight fast.
Each subject initially participated in two studies which were
performed in randomized order at 3-5 day intervals.

Euglycaemic insulin clamp. A 20-gauge Teflon catheter was in-
serted into an antecubital vein and used for the infusion of all
test substances. A second catheter was inserted retrogradely
into a dorsal vein of the hand for blood sampling and the
hand was inserted into a heated box (65°C). Catheters were
kept patent with normal (0.9%) saline. At 08.00 hours
(time = -120 min) a prime (15 uCi)-constant (0.15 uCi/min)
infusion of [3-*H}-p-glucose (New England Nuclear, Boston,
Mass., USA) was started and continued throughout the study.
After a 120 min equilibration period (t =0 min) a 6 h, three
step euglycaemic insulin clamp was performed. Insulin was in-
fused sequentially at rates 1.5, 3, and 6 nmol - kg™ - min™' for
2 h each, Arterialized plasma glucose samples were obtained
at 5 min intervals and used to adjust a 20 % glucose infusion
to maintain euglycaemia [28]. Arterialized blood samples for
plasma glucose specific activity and insulin concentration
were obtained at -30, -20, —15, —10, -5, and 0 min before
and every 10-15min during the insulin clamp. Blood was
promptly centrifuged and plasma decanted and stored at
—20° C until analysed. During the last 60 min of the basal peri-
od and of each insulin clamp step, oxygen consumption and
carbon dioxide production rates were measured by continu-
ous indirect calorimetry (Vista System, Vacumed, Ventura, Ca-
lif., USA) and the data were used to compute rates of glucose
and lipid oxidation [29]. The rate of protein oxidation was
estimated from the urinary nitrogen excretion during the base-
line and insulin-stimulated periods.

Hyperglycaemic clamp. Catheters were inserted into an ante-
cubital vein and into a dorsal hand vein as described above.
The hand for blood sampling was inserted into a heated
(65°C) box. A priming glucose infusion was administered in a
logarithmically falling manner over the initial 15 min to acute-
Iy raise the plasma glucose by 6.9 mmol/l above the baseline
value [28]. Thereafter, plasma glucose was determined at
5 min intervals and a variable glucose infusion was adjusted to
maintain the plasma glucose level at 6.9 mmol/l above the fast-
ing level [28] for 120 min, Blood samples for plasma insulin
were obtained at —30, —-20, —~10, 0 min in the baseline period
and at 2, 4, 6, 8, 10 and every 10 min following the start of glu-
cose infusion,

Chronic insulin infusion. (Fig.1). Within 3-5 days after the in-
sulin and hyperglycaemic clamp studies, eight subjects were
admitted (Day 0) to the CRC. At 18.00 hours (Day 0) they
were started on a weight-maintaining diet (55% carbohy-
drate, 30 % fat, 15 % protein) with the calories divided as 1/5,
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Fig. 1. Design for the chronic insulin infusion (euglycaemic hy-
perinsulinaemia) protocol

2/5 and 2/5 between breakfast, lunch, and dinner. A small bed-
time snack was permitted. This dietary meal plan was contin-
ued throughout the hospital stay. Breakfast was not allowed
on the mornings of the repeat euglycaemic insulin (Day 4)
and hyperglycaemic (Day 5) clamps. Body weight at the begin-
ning (73.6 + 3.8 kg) and end (73.7 £ 4.0 kg) of the 5 day study
period was similar.

At 06.00 hours on Day 1 catheters were placed into an ante-
cubital and into a wrist vein of the same arm as described
above and a prime (15 uCi)-continuous (0.15 uCi/min) infu-
sion of [3-*H]-p-glucose was given for 8 h. Following a 2 h bas-
al equilibration period, i.e. at 08.00 hours, a continuous insulin
infusion was started at 1.5 nmol - kg™ - min~! for 6 h and plas-
ma glucose was maintained at the basal level. Plasma samples
for determination of tritiated glucose specific activity and insu-
lin were obtained at —-30, 20, —15, —10, -5, and 0 min in the
baseline period and every 10-15 min during the 6 h insulin-in-
fusion period. This study design allowed us to determine the
time course of acute, sustained, physiologic euglycaemic hy-
perinsulinaemia on hepatic glucose production (HGP) and
peripheral glucose disposal. After 6 h the tritiated glucose in-
fusion was discontinued and the insulin infusion was contin-
ued for an additional 4 days at 1.5 nmol - kg* - min~!. During
this period the plasma glucose was determined every 1-2h
and an exogenous glucose infusion was adjusted to maintain
the plasma glucose concentration at the basal level. The ante-
cubital catheter was changed every 48 h for sterility purposes.
The subjects were attached to a portable insulin/glucose infu-
sion system throughout the study and were encouraged to be
fully mobile.

At 08.00 hours on Day 3, a prime (15 uCi)-continuous
(0.15 uCi/min) 2 h infusion of tritiated glucose was given with
plasma samples being obtained at 5 min intervals during the fi-
nal 30 min for determination of plasma tritiated glucose spe-
cific activity and insulin concentration. The purpose of this
study was to determine if the suppressive effect of physiologic
hyperinsulinaemia on hepatic glucose production and whole
body glucose uptake had become resistant to insulin.

At 04.00 hours on Day4, a prime (15 pCi)-continuous
(0.15 uCi/min) infusion of tritiated glucose was started. Plas-
ma samples for tritiated glucose specific activity and insulin
were obtained at 5 min intervals from 05.30-06.00 hours. At
06.00 hours the constant insulin infusion was discontinued and
the glucose infusion was gradually tapered over 60-90 min to
achieve constant fasting plasma glucose and insulin levels. At
08.00 hours the three-step euglycaemic insulin clamp was re-
peated as described.

Following completion of the euglycaemic insulin clamp, the
constant insulin infusion (1.5 nmol - kg™ - min™) was restarted
and an exogenous glucose infusion was begun to keep the plas-

ma glucose concentration constant at each subject’s fasting
glucose level. At 06.00 hours on Day 5, the constant insulin in-
fusion was stopped and the cold glucose infusion tapered over
60-90 min. At 08.00 hours on Day 5, the hyperglycaemic
(+ 6.9 mmol/l) clamp was repeated.

Chronic glucose infusion. Within 3-5 days after the euglycae-
mic insulin and hyperglycaemic clamp studies, seven different
subjects were admitted to the CRC (Day 0). Dietary intake
and activity were similar to those during the chronic insulin in-
fusion protocol. At 06.00 hours on Day 1, a prime-continuous
infusion of [3-*H}-p-glucose was initiated as described above
and continued for 8 h. At 08.00 hours a glucose infusion was
started at the rate of 16.7 umol - kg™' - min~'. Plasma tritiated
glucose specific activity and insulin concentration were deter-
mined at 5-10 min intervals during the last 30 min of the basal
tracer equilibration period and at 10-15 min intervals during
the subsequent 6 h. At 14.00 hours the tritiated glucose infu-
sion was stopped and the cold glucose infusion was continued
at 16.7 umol - kg™ - min" until the end of the 4 day study (ex-
cept as specified below). Plasma glucose and insulin were de-
termined every 1-2 h for the following 4 days.

At 08.00 hours on Day 2, i.e. 24 h after the start of glucose
infusion, a 2 h prime-continuous infusion of tritiated glucose
was again administered and plasma samples were obtained at
5min intervals from 09.30~10.00 hours for determination of
plasma tritiated glucose-specific activity and insulin concentra-
tion. The purpose of this study was to determine whether 24 h
of sustained hyperglycaemic hyperinsulinaemia was associ-
ated with the development of hepatic and/or peripheral insu-
lin resistance.

At 04.00 hours on Day 3, the prime-continuous infusion of
tritiated glucose was restarted and plasma samples for triti-
ated glucose specific activity and insulin were obtained at
5 min intervals from 05.30 to 06.00 hours. At 06.00 hours on
Day 3 the constant glucose infusion was gradually discontin-
ued and the plasma glucose allowed to fall to fasting levels
over the subsequent 60-90 min. At 08.00 hours the 6 h, three-
step euglycaemic insulin clamp was repeated with indirect ca-
lorimetry. After completion of the insulin clamp study, the con-
stant glucose infusion (16.7 pmol - kg™ - min™') was resumed.

At 06.00 hours on Day 4 the constant glucose infusion was
again gradually tapered and the plasma glucose allowed to
fall to the fasting level. At 08.00 hours on Day 4, i.e. 72 h after
start of the constant glucose infusion, the + 6.9 mmol/l hyper-
glycaemic clamp was repeated as previously described.

Plasma lipid concentrations were determined at
08.00 hours on Day 1, i.e. prior to the start of the chronic glu-
cose infusion, and at 08.00 hours on Day 3 and Day 4. Subjects
remained fully mobile throughout the study. Body weight at
the beginning (69.8 £4.1kg) and end (69.9 +4.1kg) of the
4 day study period was unchanged.

Analytical determinations. Plasma glucose was determined in
duplicate by the glucose oxidase method on a Beckman Glu-
cose Analyzer II (Beckman Instruments, Inc., Fullerton, Ca-
lif., USA). For the determination of plasma glucose specific ac-
tivity (CV, 4.0 %), the plasma was deproteinized [30] and cen-
trifuged for 20 min at 4,000 g. The supernatant was evapo-
rated to dryness (Speed-Vac Evaporator, Beckman Instru-
ments) resuspended in 1ml of distilled water, mixed with
10 ml of Scintiverse II (Fischer Scientific, N.J. USA) and
counted in a Beckman LS 5000 scintillation counter (Beck-
man Instruments). To ensure that all of the non-evaporated
radioactivity represented glucose, the tracer infusate and plas-
ma samples collected at time 0 and at the end of insulin clamp
were processed by an HPLC method that specifically isolates
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only glucose [31] and radiochromatograms were performed.
No radioactive contaminant was observed in any specimen.
Plasma insulin concentration (CV, 3.5 %) was determined in
duplicate by radioimmunoassay [32]. Plasma triglycerides
(CV, 2.6%) and total cholesterol (CV, 1.7%) were deter-
mined as previously described [33].

Calculations. During all studies in which tritiated glucose was
infused, a steady-state plateau of tracer-specific activity was
achieved during the last 30 min of the equilibration period
and each insulin clamp step. During repeat studies involving
tracer administration, a plasma sample for residual radioactiv-
ity was obtained prior to the start of 3-*H-glucose infusion
and this background radioactivity was subtraced from all plas-
ma samples. Under fasting conditions, the rate of whole body
glucose disposal (Rd) equals the rate of endogenous (hepatic)
glucose appearance (Ra):

_ [3-*H]-p-glucose infusion rate (dpm/min)
Plasma glucose specific activity (dpm/mg)

When insulin/glucose are acutely infused, non-steady-state
conditions prevail and rates of whole body glucose appear-
ance and disappearance are calculated using Steele’s equation
[34]. Under these non-steady-state conditions HGP is calculat-
ed by subtracting the rate of exogenous cold glucose infusion
from the total body Ra. Following 24 h of insulin/glucose infu-
sion metabolic and tracer steady-state conditions exist and
whole body Rd equals Ra, which in turn equals the tritiated
glucose infusion rate divided by the steady-state plateau of tri-
tiated glucose-specific activity. HGP is calculated by subtract-
ing the exogenous glucose infusion rate from the whole body
Ra. The metabolic clearance rate of insulin during each insu-
lin clamp step was calculated as: constant insulin infusion rate
divided by the steady-state plasma insulin concentration
minus the basal plasma insulin concentration.

Whole body rates of carbohydrate and lipid oxidation were
calculated from the non-protein respiratory quotient as pre-
viously described [29]. The rate of non-oxidative glucose dis-
posal, which primarily reflects muscle glycogen synthesis [35],
was calculated by subtracting the rate of carbohydrate oxida-
tion (indirect calorimetry) from the rate of whole body glu-
cose utilization.

During the hyperglycaemic clamp HGP is completely sup-
pressed [36] and the rate of exogenous glucose infusion, af-
ter correction for urinary glucose loss and for over- or underfil-
ling of the glucose space (both corrections less than
0.83 umol - kg - min™!), equals the rate of whole body dis-
posal. In response to the hyperglycaemic stimulus, the plasma
insulin response is biphasic with an early burst of insulin re-
lease during the first 10 min followed by a gradually increas-
ing plasma insulin response over the subsequent 110 min. The
early (0-10 min), late (10-120 min), and total (0-120 min)
plasma insulin responses are calculated as the time weighted
mean of all plasma insulin determinations during the respec-
tive time intervals. The amount of glucose metabolized (M) di-
vided by the total plasma insulin (I) response provides an in-
dex of insulin-mediated glucose disposal under hyperglycae-
mic conditions.

Statistical analysis

Since each subject served as their own control for the studies
performed before and after chronic glucose and chronic insu-
lin infusion, the Student’s ¢-test for paired data or analysis of
variance were used for comparison. All data are expressed as
the mean + SEM.

Results
Chronic insulin infusion

Plasma glucose and insulin concentrations. Fasting
plasma glucose and insulin were 4.8 £ 0.1 mmol/l and
48 £ 6 pmol/l, respectively. During the 6 h following
start of the chronic insulin infusion, mean plasma in-
sulin concentration increased to 120% 12 pmol/,
while plasma glucose was maintained at 4.8+
0.1 mmol/l with a CV less than 5% in all subjects.
The mean fasting plasma insulin during chronic insu-
lin infusion on days 1, 2, and 3 was: 114+ 12,
120 £ 12, and 120 £ 12 pmol/l, respectively; the mean
fasting plasma glucose was 4.8+0.1, 4.8+0.1, and
4.8 £ 0.1 mmol/l, respectively, with a CV less than
5 % in all subjects.

Hepatic glucose production (HGP) and glucose disap-
pearance (Rd). On the morning of Day 1, immediate-
ly prior to the start of msuhn 1nfu510n basal HGP
averaged 11.5 + 0.6 ymol - kg™! - min™. During the 0~
2,2-4, and 4-6 h periods following the start of insulin
infusion HPG declined to 3.1£1.0, 1.1+0.9, and
1.1£0.6 umol - kg™ - min™!, respectively. After 48
and 72 h of continuous insulin infusion, HGP aver-
aged 14+0.6 and 09+£08 umol kg! min
(Fig.1). Basal Rd (11.5 + 0.6 umol - kg™' - min™) rose
progressively to 14.2+1.1, 182+2.0, and 22.1+
1.9 umol - kg™ - min, respectively, during the 0-2,
24, and 4-6 h periods following the start of insulin
infusion (p < 0.01 for each Rd vs the previous value).
After 48h and 72h of constant insulin infusion,
whole body Rd decrecased to 18.2+ 1.5 umol - kg™ -
min”? (p<0.01 vs 6h insulin infusion) and to
15.9 £ 1.4 ymol - kg™' - min™ (p <0.02 vs 48 h insulin
infusion) (Fig.2).

Euglycaemic insulin clamp. During the baseline in-
sulin clamp study, the fasting plasma insulin
(42 + 6 pmol/l) was raised to 150 +18, 240 £ 12, and
498 £ 30 pmol/l during the 1.5, 3, and 6 nmol - kg
min™ insulin infusion steps, whlle the fasting plasma
glucose (4.9+0.1 mmol/l) was maintained at
48+0.1,4.8+0.1, and 5.0 + 0.2 mmol/l, respectively.
The CVs for plasma glucose and insulin concentra-
tion were less than 5% and 7 %, respectively, in each
subject during each insulin infusion rate. During the
repeat insulin clamp study performed after 72 h of
constant insulin infusion, the basal plasma insulin
(48 £ 6 pmol/l) was raised to 150 £ 18, 252 +12, and
498 + 24 pmol/l, respectively, during the three insulin
clamp steps, while the fasting plasma glucose
(4.8+£0.1 mmol/l) was maintained at 4.9+02,
4.8 +0.1, and 4.8 £ 0.1 mmol/l, respectively.

Durmg the initial insulin clamp, basal HPG
(12.7 £ 1.1 pmol - kg - 'min™?) dechned to 2.5+0.6,
0.140.1, and 0.3 £ 0.1 pmol - kg - "'min™!, respective-
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ly, during the 1.5, 3, and 6 nmol - kg™! - min™! insulin
infusion steps. During the repeat insulin clamp car-
ried out after 72 h of constant insulin infusion basal
HPG (12.9+0.1 umol - kg - ' min™) declined to
19409, 0.1+0.1, and 0.1 £0.1 pmol - kg - 'min~!,
respectively. There were no differences in insulin-
mediated suppression of HGP between the insulin
clamp studies performed before and after 3 days of
chronic insulin infusion.

Basal Rd (12.7 £ 0.1 ymol - kg - "'min™") during the
initial insulin clamp study rose to 182422,
37.8+5.4, and 58.8 6.1 umol - kg - "'min~!, respec-

tively, during the 1.5, 3 and 6 nmol - kg™! - min™! insu-
lin infusion steps (p < 0.001 vs each preceding step)
(Fig.3). During the repeat insulin clamp study per-
formed after 72 h of constant insulin infusion, basal
Rd (12.9 + 1.1 ymol - kg - "'min™") rose to 13.8 + 1.4,
23.2+3.1, and 46.8 +3.8 umol - kg - 'min~! (Fig.3).
These values were 25 % (p < 0.01), 40% (p <0.001),
and 20 % (p <0.02) lower than during the same hy-
perinsulinaemic step of the initial insulin clamp pro-
tocol. Basal glucose oxidation (6.2 1.1 umol - kg - !
min~!) increased to 6.7+1.0 (p=NS), 13.2+1.0
(p < 0.01 vs basal and preceding step), and 15.3 +1.3
(p <0.05 vs basal and prior insulin clamp step)
(Fig.4). Following 72 h of continuous insulin infusion
basal glucose oxidation (10.8+1.2 umol-kg-'min!)
was significantly increased (p <0.01) compared to
the basal rate of glucose oxidation prior to the start
of the insulin infusion. The rate of glucose oxidation
during each insulin clamp step was also significantly
increased following chronic insulin infusion:
139+14 (p<0.001), 165+1.0 (p<0.05), and
18.7£0.9 (p <0.05) pumol - kg - 'min~' (Fig.4). The
metabolic clearance rate of insulin during the three
steps of the insulin clamp studies performed before
and after chronic insulin infusion were similar
(13.9+1.0 vs 11.4£0.9, 151 £1.2 vs 13.2+0.8, and
132+14vs132+12ml kg min™?).

Basal non-oxidative glucose disposal, 6.4+
1.5 umol - kg - 'min~, increased to 10.8+2.6,
245+438, and 43.7+4.0umol - kg  "'min” (each
p <0.001 vs the preceding value) during the 1.5, 3,
and 6 nmol - kg min~! insulin clamp steps, respec-
tively. Following 72 h of constant insulin infusion the
basal rate of non-oxidative glucose disposal de-
creased to 2.2+0.9 umol - kg - 'min™ (p <0.01 vs
baseline) and the insulin-stimulated rate of non-oxi-
dative glucose disposal was significantly reduced dur-
ing each of the three insulin clamp steps: 2.1+ 1.8
(p<0.001), 7.6+3.7 (p<0.001), and 30.5+3.2
(p <0.01) umol - kg - 'min! (Fig.4).

Basal lipid oxidation (0.99£0.15 umol - kg -
“min~!) decreased to 0.84 £0.09 (p < 0.05 vs basal),
023+0.09 (p<001 vs preceding step), and
0.27 £0.15 ymol - kg - *min~!, respectively, during
the 1.5, 3, and 6 nmol - kg - min! insulin clamp
steps. Following 72 h of constant insulin infusion bas-
al lipid oxidation was reduced to 0.50 + 0.14 umol -
kg 'min~! and lipid oxidation during each insulin
clamp step was also significantly reduced: 0.26 £
0.15, 0.15+0.10, and 0.09 £ 0.03 umol - kg - 'min!
(p <0.05).

Hyperglycaemic clamp. The fasting plasma glucose,
4.8 £0.1 mmol/l, was acutely raised and maintained
at 11.6+0.2 and 11.8 0.1 mmol/l (CV <7 %), re-
spectively, in the hyperglycaemic clamp studies per-
formed before and after 96 h of constant insulin infu-
sion. Fasting plasma insulin, 48 £ 6 pmol/l, was similar
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in both studies. The early (0-~10 min) insulin response
(156 + 18 vs 136 + 6 pmol/l) was similar in the hyper-
glycaemic clamp studies performed before and after
96 h of constant insulin infusion. Both the late
(300 £42 vs 222+42pmol/l, p<0.05) and total
(288 + 42 vs 216 £ 42 pmol/l, p < 0.05) plasma insulin
responses were significantly reduced following chron-
ic insulin infusion (Fig.5). The total amount of glu-
cose metabolized (51.6+4.9 vs 252+2.4 umol-
kg ~'min~!, p <0.001) and the insulin sensitivity in-
dex (70496 vs 510+ 110 umol - kg - 'min™ per
pmol/l, p <0.05) were significantly reduced after
96h of sustained, physiologic hyperinsulinaemia
while maintaining euglycaemia (Fig. 5).

Chronic glucose infusion

Plasma glucose and insulin concentrations. Fasting
plasma glucose and insulin were 4.7 + 0.1 mmol/l and
42 + 6 pmol/l, respectively. During the 6 h immedi-
ately following the start of glucose infusion
(16.7 umol - kg - "'min™!), the mean plasma glucose
and insulin levels were 6.1£0.1 mmol/l and
108 £ 6 pmol/l, respectively. The time course of
change in plasma glucose and insulin during the first
6 h of constant glucose infusion is shown in Figure 6.
Mean plasma insulin on Days1, 2, and 3 was
114 £12, 120 £ 18, and 132 + 12 pmol/l, respectively,
while plasma glucose was 6.1+0.1, 5.9+0.1, and
5.9+ 0.1 mmol/l.

Hepatic glucose production (HGP). On the morning
of Day1, basal HGP was 12.3+0.3 umol - kg !
min~'. After the start of glucose infusion, insulin se-
cretion was stimulated and the combination of hyper-
glycaemia plus hyperinsulinaemia caused a prompt
suppression of HGP (Fig.6), which averaged
1.5+ 0.3 pmol - kg - 'min~t. On the morning of
Days 2 and 3, HGP remained suppressed at 1.5 £ 0.7
and 1.4+ 0.3 umol - kg - 'min™. Basal Rd on Day 1
(12.6 £ 0.3 umol - kg - 'min™) rose to a mean of
17.6 £ 0.9 during the initial 6 h of constant glucose in-
fusion. The Rd on the morning of Day2 (19.2%
0.6 umol - kg - 'min?) and  Day3  (182%
0.9 umol - kg - 'min~!) was similar to Day 1. Basal
glucose clearance, 2.62+0.09 ml - kg™ - min™!, rose
to 3.03+0.16 after 6 h of glucose infusion and re-
mained unchanged on Days2 and 3 at 3.33+0.10
and 3.12+0.15ml - kg™! - min}, respectively.

Euglycaemic insulin clamp. During the baseline insu-
lin clamp study, the fasting plasma insulin concentra-
tion, 48 £ 6 pmol/l, was raised to 174 £ 18, 270 £ 24,
and 498 £ 24 pmol/l, respectively, during the 1.5, 3,
and 6 nmol - kg! - min~! insulin infusion steps, while
the fasting plasma glucose (4.7 +0.1 mmol/l) was
maintained at 4.7 £0.1, 4.7 £ 0.1, and 4.7 = 0.1 mmol/
1, respectively. During the repeat insulin clamp study
performed after 48 h of constant glucose infusion,
steady-state plasma insulin concentration during the
three insulin infusion steps was 180 £ 18, 294 + 30,
and 528 +42 pmol/l, respectively, with plasma glu-
cose of 4.7 +0.1, 4.8+ 0.1, and 4.7 £ 0.1 nmol/l. The
CVs for plasma glucose and insulin concentrations
were less than 5% and 7 %, respectively, in all sub-
jects.

During the initial insulin clamp protocol, basal
HPG (11.3+1.0umol - kg- 'min') declined to
2.4+09, 0.7£0.5, and 0.6£0.4 pmol - kg - "'min?
during the 1.5, 3, and 6 nmol - kg™* - min~! insulin in-
fusion steps. During the repeat insulin clamp study
performed after 48 h of constant glucose infusion
HPG was suppressed to 2.9+1.2, 0.7+£04, 0.6t
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0.4 umol - kg - 'min™!, respectively (p = NS). Basal
Rd (11.3+1.0 umol - kg - "'min™') during the initial
insulin clamp study rose to 17.6 £ 1.7, 33.1 £ 4.5, and
49.5 £ 4.0 pmol - kg - 'min~! during the 1.5, 3, and

6 nmol - kg - min™ insulin infusion steps (p <0.01
vs each preceding step) (Fig. 7). During the repeat in-
sulin clamp study performed after 48 h of constant
glucose infusion, Rd rose to 20.9x2.0, 32.8+2.6,
and 47.3+2.8 umol - kg - 'min? (p <0.01 vs each
preceding step) (p=NS vs initial insulin clamp
study) (Fig.7).

Basal glucose oxidation during the initial insulin
clamp study was 6.0 = 1.6 ymol - kg - "'min™! and re-
mained unchanged (6.3 + 1.5) during the lowest insu-
lin infusion step; during the 3 and 6 nmol - kg™ -
min insulin clamp steps, glucose oxidation in-
creased to 10.2 £ 1.8 (p < 0.01 vs preceding step) and
12.4 + 1.3 (p < 0.05 vs preceding step) (Fig.8). Follow-
ing 48 h of constant glucose infusion basal glucose
oxidation, 13.6+2.3 umol - kg - 'min”!, was in-
creased more than two-fold (p <0.01) compared to
the pre-glucose infusion study. Glucose oxidation
rose to 16.9+1.5 (p<0.05 vs baseline), 194+ 1.7
(p <0.05 vs preceding step), and 20.0+1.8 pmol -
kg- 'min? (p =NS vs preceding step) during the
three insulin clamp steps (all p <0.01 vs correspond-
ing value during the initial insulin clamp protocol)
(Fig.8).

During the initial insulin clamp study basal non-
oxidative glucose disposal (5.8+1.1 ymol - kg -
“Imin™) increased to 11.3+1.1, 25.3+3.8, and
40.9 +3.8 ymol - kg - 'min~! during the 1.5, 3 and
6 nmol - kg - min™ insulin infusion steps (each
p <0.01 vs the preceding value) (Fig.8). Following
48 h of constant glucose infusion basal non-oxidative
glucose disposal decreased to 4.8 +0.7 umol - kg -
“Imin~! (p < 0.01 vs pre-glucose infusion) and the in-
sulin-stimulated rate of non-oxidative glucose dis-
posal was markedly reduced during each of the three
insulin clamp steps: 7.7£1.2, 154429, and 30.7 £
3.8 umol - kg - "'min~! (all p < 0.01 vs the correspond-
ing value during the initial insulin clamp protocol)
(Fig.8).

During the initial insulin clamp study basal lipid
oxidation (0.93 £0.22 umol - kg - 'min™") decreased
to 0.79 £ 0.22 (p < 0.05 vs basal), 0.54 + 0.16 (p < 0.05
vs preceding step), and 0.47 £ 0.13, respectively, dur-
ing the 1.5, 3, and 6 nmol - kg™! - min™ insulin clamp
steps. Following 48 h of constant glucose infusion
basal lipid oxidation fell to 0.37£0.17 umol - kg -
“min™ (p <0.01 vs pre-glucose infusion) and during
all three insulin clamp steps lipid oxidation
(0.21£0.10, 0.10£0.07, and 0.08 +0.06 umol - kg -
~min~') was significantly reduced (p <0.01) vs the
corresponding value during the initial insulin clamp
study. In the initial insulin clamp study the basal
non-protein respiratory quotient (NPRQ) was
0.82 + 0.03 and rose progressively during cach insulin
clamp step to 0.84 +0.05, 0.86 £ 0.03 and 0.90 + 0.02.
The basal NPRQ (0.93 +0.04) following 48 h of glu-
cose infusion was significantly increased (p <0.01)
and during each insulin clamp step the NPRQ
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exceeded 1.00 (1.01+0.04, 1.03£0.05, and 1.04 £
0.05), indicating net lipid synthesis.

Hyperglycaemic clamp. The fasting plasma glucose,
4.8+ 0.1 mmol/l, was acutely raised and kept at
11.7+0.1 and 12.0 £ 0.1 mmol/l (CV <5 %), respec-
tively, in the hyperglycaemic clamp studies per-
formed before and after 72 h of constant glucose in-
fusion. Fasting plasma insulin concentration,
42 + 6 pmol/l, was similar in both studies. The early
(282148 vs 168 %60 pmol/l, p <0.01), late (612 +
102 vs 276 £ 48 pmol/l, p < 0.01), and total (582 + 102
vs 264 £ 48 pmol/l, p < 0.01) plasma insulin responses
were significantly greater during the hyperglycaemic
clamp performed after 72 h of constant glucose infu-
sion. The total amount of glucose metabolized
(82.3+8.8 vs 45.4+7.2 umol - kg - "'min~!, p <0.01)
was 81 % greater during the hyperglycaemic clamp
performed after chronic glucose infusion. However,
the insulin sensitivity index was similar in the hyper-
glycaemic clamp studies performed after (594 +
63 umol - kg - 'min™t per pmol/l) vs before (637 +
121) the chronic glucose infusion.

Plasma triglyceride and cholesterol concentrations.
Prior to the start of the 72h constant glucose in-
fusion, the fasting plasma triglyceride was
0.92 £ 0.19 g/1. Plasma triglyceride concentration was
1.17 +£0.22 and 1.19 £ 0.19 g/1 at 48 and 72 h respec-
tively, after the start of the constant glucose infusion,
(p <0.01 vs baseline). Fasting plasma cholesterol
(4.99 £ 0.15 mmol/l) remained unchanged after 48
and 72 h (4.99 £ 0.15 and 4.66 £ 0.20 mmol/l, respec-
tively; p = NS vs baseline) of continuous glucose infu-
sion.

Discussion

Insulin resistance and hyperinsulinaemia are part of
an intertwined metabolic web that includes NIDDM,
obesity, hypertension, dyslipidaemia, and cardiovas-
cular disease [1-3, 10-12]. It generally is thought
that insulin resistance represents the primary distur-
bance, while hyperinsulinaemia is a compensatory re-
sponse by the beta cells to offset the defect in insulin
action and maintain a normal flux of glucose into the
cell. However, recent evidence suggests that hyperin-
sulinaemia per se may lead to the development of in-
sulin resistance [13-18].

In the present study we infused insulin exogenous-
ly to create physiologic hyperinsulinaemia
(120 £ 12 pmol/l) for 96 h while maintaining strict eu-
glycaemia (4.8 £ 0.1 mmol/l). Since the plasma glu-
cose was monitored frequently (at least every 1-2 h)
throughout the day, hypoglycaemia was avoided, and
observed defects in insulin action could not be relat-
ed to the release of counterregulatory hormones.
The magnitude, as well as the pattern of elevation in
plasma insulin concentration was chosen to simulate
the sustained increase in fasting insulin observed in
NIDDM and obese individuals [1, 2]. During the first
6 h after the start of insulin infusion there was a pro-
gressive rise in whole body glucose disposal and a
prompt, complete suppression of HGP (Fig.2); how-
ever, within 48 h Rd had declined by 18 % (p < 0.01)
and at 72 h a further decrease (by 28 %) in Rd had oc-
curred. Thus, exposure to continuous, physiologic hy-
perinsulinaemia for as little as 48 h led to the devel-
opment of impaired insulin action. The suppressive
effect of insulin on HGP did not wane with time, indi-
cating that the insulin resistance resided in peripheral
tissues. Whether more prolonged insulin infusion
(>72 h) and/or a greater magnitude of hyperinsulin-
aemia would lead to the development of hepatic insu-
lin resistance cannot be excluded by the present
study. It is also likely that the concomitant develop-
ment of hypoglucagonaemia may have masked the
presence of hepatic insulin resistance.

During each insulin clamp step, whole body insu-
lin-mediated glucose disposal was significantly re-
duced (by 2040 %) following 72 h of chronic insulin
infusion (Fig.3), and a similar decrease (28 %) in the
insulin sensitivity index was observed during the hy-
perglycaemic clamp (Fig.5). Since during i.v. glucose
infusion (under both euglycaemic hyperinsulinaemic
and hyperglycaemic hyperinsulinaemic conditions)
over 80 % of the infused glucose is disposed of in
muscle [36, 37], it follows that muscle tissue must re-
present the primary site of insulin resistance follow-
ing chronic exposure to insulin. Suppression of HGP
by insulin was not impaired at any hyperinsulinae-
mic plateau (Fig.3).

Following 72 h of chronic euglycaemic hyperinsu-
linaemia basal glucose oxidation increased by 95 %
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and non-oxidative glucose disposal declined by 66 %
(both p < 0.01). During the lowest (1.5 nmol - kg™ -
min~!) insulin infusion step of the initial insulin
clamp study, glucose oxidation and non-oxidative glu-
cose disposal increased 38 % and 70 %, respectively
(Fig.4). Following 72 h of exposure to constant hy-
perinsulinaemia the ability of the same insulin dose
to augment non-oxidative glucose disposal was com-
pletely abolished, while the stimulatory effect of insu-
lin on glucose oxidation was enhanced by 108 %
(Fig.4). At the two higher insulin clamp steps (3 and
6 nmol - kg™! - min?) insulin-mediated glucose oxida-
tion also was augmented and all of the insulin resis-
tance was accounted for by impaired non-oxidative
glucose disposal (Fig.4). These divergent effects of
insulin on glucose oxidation (enhanced) and non-oxi-
dative glucose disposal (reduced) suggest a post-glu-
cose transport/phosphorylation defect in insulin ac-
tion. If decreased insulin receptor number/function,
or impaired insulin receptor signal transduction, or
reduced glucose transport/phosphorylation were re-
sponsible for the insulin resistance, both glucose oxi-
dation and non-oxidative glucose disposal should be
diminished proportionately. Our findings suggest the
presence of a specific intracellular defect in the glyco-
gen synthetic pathway. It is noteworthy that in obese
people [38-40], in individuals with the insulin resis-
tance syndrome [10-12], in lean subjects with im-
paired glucose tolerance [1-4, 6-8, 41], in the normal
glucose tolerant offspring of two NIDDM parents
[42], and in the first degree relatives of NIDDM sub-
jects [5], a specific defect in the non-oxidative or gly-
cogen synthetic pathway has been consistently dem-
onstrated. In patients with NIDDM, impaired glu-
cose tolerance, and obesity [1-9], hyperinsulinaemia
has generally been considered to represent a compen-
satory response to insulin resistance. However, the
- present findings indicate that the “compensatory” hy-
perinsulinaemia must be considered an important pa-
thogenic factor which can lead to a worsening of the
insulin resistance, whatever its origin. It is of note
that diminished non-oxidative glucose disposal can
be induced by plasma insulin concentrations
(120 £ 12 pmol/l) which are well within the range of
fasting insulin levels observed in diabetic [1, 2] and
obese [30-33] individuals. This lends further cre-
dence to the self-perpetuating role of hyperinsulinae-

mia in the insulin resistance in these two common

metabolic disorders.

The present results also clarify the role of chronic
hyperglycaemia in the development of insulin resis-
tance. Following 48 h of sustained, physiologic hy-
perglycaecmic  (mean  glucose = 6.1 + 0.1 mmol/l;
increment = 1.4 + 0.1 mmol/l) hyperinsulinaemia
whole body insulin-mediated glucose disposal (eu-
glycaemic insulin clamp) was unchanged (Fig.7).
However, there was a marked alteration in the intra-
cellular partitioning of glucose between the oxida-

tive and non-oxidative (glycogen synthetic) path-
ways. Glucose oxidation increased by 32-100 % dur-
ing each insulin clamp step (Fig.8), whereas non-oxi-
dative glucose disposal was markedly reduced
(Fig.8). The effect of chronic (48 h) hyperglycaemic
hyperinsulinaemia on insulin sensitivity can best be
appreciated by comparing the results obtained with
that following chronic insulin infusion. Following
chronic hyperglycaemic hyperinsulinaemia, the rise
in insulin-stimulated glucose oxidation (Fig.8) was
significantly greater than the increase observed fol-
lowing 72h of euglycaemic hyperinsulinaemia
(Fig.4). In addition, combined hyperglycaemic hy-
perinsulinaemia (Fig.8) blunted the decline in insu-
lin-mediated glycogen synthesis observed following
72h of euglycaemic hyperinsulinaemia (Fig.4).
These results indicate that, in the presence of com-
bined hyperglycaecmia plus hyperinsulinaemia, it is
the hyperinsulinaemia (and not the hyperglycaemia)
that causes the impairment in glycogen synthesis.
These findings may appear to be in conflict with the
reported role of hyperglycaemia in the development
of insulin resistance [22]. However, most previous
studies have examined the effect of chronic hyper-
glycaemia in the presence of insulinopenia and used
much higher levels of hyperglycaemia than em-
ployed here.

Both chronic insulin infusion and chronic glucose
infusion led to a suppression of basal lipid oxidation
and a more effective inhibition of lipid oxidation by
insulin during each insulin clamp step. Combined hy-
perglycaemic hyperinsulinaemia had a greater inhibi-
tory effect on lipid oxidation than euglycaemic hyper-
insulinaemia alone, suggesting an independent effect
of hyperglycaemia to suppress fat oxidation. Follow-
ing both chronic glucose and insulin infusion the
basal rate of lipid oxidation was strongly and inverse-
ly correlated with the basal rate of glucose oxidation
(r =-0.784, p < 0.001). During the three-step insulin
clamp study performed after chronic insulin infusion
(r =-0.833, p <0.001) and after chronic glucose infu-
sion (r = —0.450, p < 0.05) lipid and glucose oxidation
were also inversely correlated, suggesting that the
stimulatory effects of hyperinsulinaemia and hyper-
glycaemia on glucose oxidation were, in part, medi-
ated via the Randle cycle [43]. Since lipid oxidation
is increased (not decreased) in NIDDM |1, 2, 39],
one should not draw any analogies between the ef-
fect of combined hyperglycaemic hyperinsulinaemia
on glucose oxidation in normal subjects and the situa-
tion in NIDDM subjects in whom combined hyper-
glycaemic hyperinsulinaemia occurs in the presence
of an elevated rate of lipid oxidation.

Following chronic insulin infusion the NPRQ dur-
ing each insulin clamp step was significantly in-
creased. However, at no time did the NPRQ exceed
1.0, indicating no net lipid synthesis. In contrast, fol-
lowing chronic glucose infusion the NPRQ exceeded
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1.0 during each insulin clamp step, indicating net lipid
synthesis. Consistent with this, the plasma triglyceride
concentration rose significantly. These observations
indicate that the ability of chronic, physiologic hyper-
insulinaemia to stimulate net lipid synthesis requires
the presence of concomitant hyperglycaemia. They
also indicate a role for hyperinsulinaemia in the
development of hypertriglyceridaemia [3, 10-12].
These observations, are in agreement with in vivo
and in vitro studies which have shown that both insu-
lin [44] and glucose [45] act independently to enhance
hepatic VLDL synthesis.

In healthy young subjects with no family history of
diabetes and presumably with no genetic beta-cell ab-
normality, chronic (72 h) physiologic hyperglycaemia
caused a marked potentiation of both the early and
late plasma insulin responses to an acute hypergly-
caemic stimulus. Since the metabolic insulin clear-
ance rate was unchanged, it can be assumed that the
decreased plasma insulin response reflects impaired
beta cell insulin secretion. The augmented plasma in-
sulin response to acute hyperglycaemia following
72 h of glucose infusion may appear to be in contrast
to some animal studies where a similar duration
(72 h) of hyperglycaemia was shown to impair insu-
lin secretion [22-24]. However, in these studies [22-
24] glucose was infused chronically in rats which had
undergone a partial pancreatectomy or had received
low dose streptozotocin to reduce beta-cell mass and
the magnitude of the hyperglycaemia was much
greater than in the present study. These observations
suggest that chronic hyperglycaemia induces a defect
in insulin secretion only in the presence of a dimin-
ished number of beta cells or in a genetically predis-
posed beta cell. Insulin is known to inhibit beta cell
secretion [46]; however, despite concomitant hyper-
insulinaemia, chronic glucose infusion still enhanced
the ability of an acute i.v. glucose stimulus to stimu-
late insulin secretion. The true effect of chronic hy-
perinsulinaecmia on beta-cell secretion is evident
from the study in which insulin was infused and eu-
glycaemia was maintained. In this study insulin secre-
tion was diminished by 25 %.

In summary, the present results indicate that
chronic, sustained, physiologic euglycaemic hyperin-
sulinaemia for as little as 48-72 h is capable of in-
ducing significant insulin resistance affecting the gly-
cogen synthetic pathway. If this insulin resistance
were to persist indefinitely, then hyperinsulinaemia
should be considered, not only a compensatory
response to the presence of insulin resistance, but a
self-perpetuating cause of the defect in insulin
action.
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