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Influence of Continuous Physiologic Hyperinsulinemia on

Glucose Kinetics and Counterregulatory
Hormones in Normal and Diabetic Humans

LUIGI SACCA, ROBERTSHERWIN, ROSAHENDLER, and PHILIP FELIG, Department
of Internal Medicine, Yale University School of Medicine,
New Haven, Connecticut 06510

A B S T RA C T The effects of continuous infusions of
insulin in physiologic doses on glucose kinetics and
circulating counterregulatory hormones (epinephrine,
norepinephrine, glucagon, cortisol, and growth hor-
mone) were determined in normal subjects and dia-
betics. The normals received insulin at two dose levels
(0.4 and 0.25 mU/kg per min) and the diabetics received
the higher dose (0.4 mU/kg per min) only.

In all three groups of studies, continuous infusion of
insulin resulted in an initial decline in plasma glucose
followed by stabilization after 60-180 min. In the nor-
mal subjects, with the higher insulin dose there was a
fivefold rise in plasma insulin. Plasma glucose fell at a
rate of 0.73±0.12 mg/min for45 min and then stabilized
at 55±3 mg/dl after 60 min. The initial decline in plasma
glucose was a result of a rapid, 27%fall in glucose output
and a 33% rise in glucose uptake. Subsequent stabiliza-
tion was a result of a return of glucose output and uptake
to basal levels. The rebound increment in glucose out-
put was significant (P < 0.05) by 30 min after initiation
of the insulin infusion and preceded, by 30-45 min,
a significant rise in circulating counterregulatory
hormones.

With the lower insulin infusion dose, plasma insulin
rose two- to threefold, plasma glucose initially fell at a
rate of 0.37±0.04 mg/min for 75 min and stabilized at
67±3 mg/dl after 75 min. The changes in plasma glucose
were entirely a result of a fall in glucose output and
subsequent return to base line, whereas glucose uptake
remained unchanged. Plasma levels of counterregula-
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tory hormones showed no change from basal throughout
the insulin infusion.

In the diabetic group (plasma glucose levels 227±7
mg/dl in the basal state), the initial rate of decline in
plasma glucose (1.01±0. 15 mg/dl) and the plateau con-
centration of plasma glucose (59±5 mg/dl) were com-
parable to controls receiving the same insulin dose.
However, the initial fall in plasma glucose was almost
entirely a result of suppression of glucose output, which
showed a twofold greater decline (60±6%) than in con-
trols (27±5%, P < 0.01) and remained suppressed
throughout the insulin infusion. In contrast, the late
stabilization in plasma glucose was a result of a fall in
glucose uptake to values 50% below basal (P < 0.001)
and 39%below that observed in controls at termination
of the insulin infusion (P < 0.01). Plasma norepineph-
rine and glucagon failed to rise during the insulin infu-
sion, whereas plasma epinephrine, cortisol, and growth
hormone rose to values comparable to controls receiv-
ing the same insulin dose.

It is concluded that (a) in normal and diabetic sub-
jects, physiologic hyperinsulinemia results in an initial
decline followed by stabilization of plasma glucose de-
spite ongoing infusion of insulin; (b) in the normal
subjects, a rebound increase in glucose output is the
initial or principal mechanism counteracting the fall in
plasma glucose and occurs (with an insulin dose of
0.25 mU/kg per min) in the absence of a rise in circulat-
ing counterregulatory hormones; (c) in diabetics,
although the changes in plasma glucose are comparable
to controls, the initial decline is a result of an exagger-
ated suppression of glucose output, whereas the stabili-
zation of plasma glucose occurs primarily as a conse-
quence of an exaggerated fall in glucose uptake; and
(d) failure of plasma norepinephrine as well as glucagon
to rise in the diabetics may contribute to the exaggerated
suppression of glucose output.
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INTRODUCTION

The counterregulation of insulin-induced hypoglycemia
has recently been investigated in studies involving
bolus injections of pharmacologic doses of insulin (1-6).
Although the secretion of a variety of hormones (epi-
nephrine, norepinephrine, glucagon, cortisol, and
growth hormone) is stimulated by insulin hypoglycemia,
elevations in circulating catecholamines (1) and in-
creased activity of the adrenergic nervous system (1, 5-
7) have been proposed as being of particular importance
in counteracting the hypoglycemic action of insulin.
In contrast to bolus injections of insulin, the effects of
sustained, physiologic elevations in plasma insulin on
changes in glucose kinetics have been examined in the
dog (8, 9), but such data are not available in man.
Furthermore, the relationship of changes in glucose
kinetics induced by physiologic hyperinsulinemia to
changes in counterregulatory hormone secretion has
not been established. Such data are of particular inter-
est because secretion of counterregulatory hormones
may depend, in part, upon the rate of decline in plasma
glucose and, thus, the dose of insulin employed (10).
Furthermore, continuous infusion of insulin in low
doses (rather than bolus injections of supraphysiologic
doses) has become a common practice in the manage-
ment of severely decompensated diabetes (11-13).

This study was consequently undertaken to examine
the effects of continuous infusion of physiologic doses
of insulin on glucose turnover and circulating levels
of counterregulatory hormones in normal and diabetic
subjects. Particular attention was paid to the relative
importance of changes in glucose output vs. glucose
uptake in determining the plasma glucose response.
In addition, the temporal relationships between changes
in glucose kinetics and alterations in plasma hormone
levels were examined.

METHODS
Subjects. Two groups of subjects were studied. The nor-

mal control group consisted of 11 healthy male subjects, 22-32
yr of age. The diabetic group consisted of five juvenile-onset
diabetics, 23-34 yr of age, who had been receiving 36-70 U
of intermediate-acting insulin per day for 2-8 yr. All subjects
were within 15% of ideal body weight (Metropolitan Life
Insurance Tables, 1959). Other than insulin, they were taking
no medications. None of the subjects had a history of or evi-
dence of liver or renal disease or of peripheral neuropathy.
All subjects gave written, informed consent before their
participation.

Procedures. The studies were performed in the morning,
after an overnight, 12- to 14-h fast. The diabetic subjects re-
ceived their last injection of intermediate-acting insulin 24-
26 h before the study. An indwelling catheter was placed in
an antecubital vein in each arm for infusion of insulin and
tritiated glucose as well as for withdrawal of blood samples.
During an initial 3-h equilibration period, [3-3H]glucose (New
England Nuclear, Boston, Mass.) was administered as a primed-
continuous infusion. The ratio of the priming dose:continuous

infusion dose was 1:120 in normals and 1:250 in diabetics.
The continuous infusion dose was 0.35 ,uCi/min in both groups.

After the equilibration period, crystalline zinc insulin (Eli
Lilly and Co., Indianapolis, Ind.) was administered as a con-
tinuous infusion for 150 min in the controls and 220 min in
the diabetics. The insulin was infused at two dose levels in the
controls, 0.4 mU/kg per min (n = 6) and 0.25 mU/kg per min
(n = 5). The diabetics were given insulin at the higher dose
level (0.4 mU/kg per min) only.

The infusion of [3-3H]glucose was continued throughout the
infusion of insulin. Blood samples were drawn at 10-min inter-
vals for 20 min before initiation of the insulin infusion (base-
line samples) and at 15- to 20-min intervals thereafter.

Analytical procedures. Plasma glucose was determined on
a Beckman glucose analyzer (Beckman Instruments, Inc.,
Fullerton, Calif.). Plasma insulin and growth hormone were
measured by radioimmunoassay (14). Plasma glucagon was
determined by radioimmunoassay with Unger 30K antibody
(15). Plasma epinephrine and norepinephrine were measured
by a radioenzymatic technique (16). With this technique, the
interassay variation for plasma epinephrine and norepineph-
rine is 6±1 and 4±1%, respectively, and the intra-assay varia-
tion for replicate determinations of the same sample is 6± 1%
for both epinephrine and norepinephrine. Plasma cortisol was
determined by a fluorimetric assay (17). Plasma [3-3H]glucose
radioactivity was determined by deproteinizing plasma sam-
ples with Ba(OH)2-ZnSO4, evaporating the supernate to dry-
ness at 70°C to remove tritiated water, dissolving the dry
residue in 1 ml of water which was added to 10 ml Aquasol
(New England Nuclear), and then counted in a liquid scintilla-
tion spectrometer.

Calculations. The rates of glucose output and uptake were
calculated in the steady state before insulin administration and
during nonsteady-state conditions by the equations of Steele
(18) in their derivative form. The value of 0.65 of the initial
glucose pool size (pool fraction) was used as the rapidly mixing
compartment of the glucose pool to compensate for nonuniform
mixing within the glucose pool (19). The metabolic clearance
rate of glucose was calculated by dividing the rate of glucose
uptake by the plasma glucose concentration.

Statistical analyses were performed with the Student's t test
(the paired t test was used when applicable) (20). Data in the
text, tables, and figures are presented as the mean±SE.

RESULTS
Effects of insulin infusion at a dose of 0.4 mU/kg

per min in normal subjects (Figs. 1 and 2). As shown
in Table I, the infusion of insulin at a rate of 0.4 mU/kg
per min produced a rapid, fivefold increase in plasma
insulin levels at 15 min, which remained stable through-
out the 150-min study period. The plasma glucose con-
centration (88+±4 mg/dl in the basal state) fell at a rate
of 0.73±0. 12 mg/min for the initial 45 min, but thereafter
(60-150 min) remained remarkably constant at a con-
centration of 55+3 mg/dl. Glucose output fell from
1.96+0.13 mg/kg per min in the basal state to 1.42+0.08
mg/kg per min at 15 min (P < 0.001), a decline of 27+5%.
However, beyond 15 min, glucose output rapidly rose,
reaching values at 45 min which were not significantly
different from the basal state. The increment in glucose
output between 15 and 30 min was statistically signifi-
cant (P < 0.05) as were all subsequent values as com-
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FIGURE 1 Effect of higher dose insulin infusion (0.4 mU/kg
per min) in normal subjects on plasma glucose and glucose
kinetics.

pared with the 15-min value (P < 0.02-P < 0.01).
Glucose uptake increased significantly (P < 0.05-
P < 0.01) in the interval between 15 and 60 min, reach-
ing a peak value 33% above basal at 30 min and then
slowly returning to values not statistically different from
base line at 75 min. Glucose clearance (2.25+0. 15 ml/kg
per min in the basal state) increased twofold in response
to insulin at 45-75 min and remained at levels 75-90%
above base line (P < 0.01-P < 0.001) throughout the
experimental period.

Fig. 2 shows the changes in plasma concentrations
of epinephrine, norepinephrine, glucagon, cortisol, and
growth hormone. The plasma levels of these hormones
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FIGURE 2 Effect of higher dose insulin infusion (0.4 mU/kg
per min) in normal subjects on plasma epinephrine, norepi-
nephrine, glucagon, cortisol, and growth hormone. The aster-
isks indicate for each of the hormones the first determina-
tion which was significantly higher than the basal preinfusion
values (P < 0.05). All subsequent values were also greater
than the basal values (P < 0.05-P < 0.01).

were stable in the basal state and showed no significant
change during the first 45 min of insulin infusion. Plasma
epinephrine (25±9 pg/ml in the basal state) increased
fivefold at 60 min (P < 0.05) and continued to rise to
levels 8- to 12-fold above base line (P < 0.05-P < 0.01)
in the latter part of the insulin infusion. Plasma norepi-
nephrine (250±25 pg/ml in the basal state) increased by
45% at 75 min (P < 0.02) and thereafter showed only
minor fluctuations. Plasma glucagon (110±26 pg/ml in

TABLE I
Plasma Insulin Concentrations during Intravenous Infusion of Insulin in Normal Subjects

Plasma insulin concentrations

Infusion dose Min 0* 15 30 60 90 120 150

AU/ml

0.40 mU/kg per min 8±2 39±5 41+4 43+4 42±5 41±5 44+6
0.25 mU/kg per min 11±1 24±3 25±3 27+4 27±2 26±2 25+2

* Control values represent the mean of three observations on each subject preceding
insulin administration.

Continuous Hyperinsulinemia and Glucose Kinetics
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the basal state) increased by 55% (P < 0.05) at 60 min
and remained at levels 60-100% above base line
(P < 0.05-P < 0.02) for the rest of the experimental
period. Plasma cortisol (12±2 ,ug/dl in the basal state)
showed a significant increase at 75 min (P < 0.05) and
thereafter persisted at levels 75-85% above base line
(P < 0.05). Plasma growth hormone (1.6±0.24 ng/ml in
the basal state) rose ninefold (P < 0.05) at 75 min and
remained stable for the rest of the experimental period.
Thus, initiation of the reversal in insulin-induced in-
hibition of glucose output, which was apparent by 30
min (Fig. 1), preceeded a significant rise in counter-
regulatory hormones by 30-45 min.

Effects of insulin infusion at a dose of 0.25 mU/kg
per min in normal subjects (Figs. 3 and 4). The infu-
sion of insulin at the rate of 0.25 mU/kg per min pro-
duced a two- to threefold rise in plasma insulin, which
remained stable throughout the experiment (Table I).
Plasma glucose levels (90±2 mg/dl in the basal state)
declined at a rate of 0.37±0.04 mg/min for 60 min and
stabilized at 67-68 mg/dl at 75-90 min. Glucose output
(2.02±0.1 mg/kg per min in the basal state) fell by 18%
to 1.65±0.1 mg/kg per min at 15 min (P < 0.01) and
then progressively rose, reaching values not significantly
different from base line at 60-75 min. The rise in glucose
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FIGURE 3 Effect of the lower dose insulin infusion (0.25 mU/
kg per min) in normal subjects on plasma glucose and glucose
kinetics.
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FIGURE 4 Effect of the lower dose insulin infusion (0.25 mU/
kg per min) in normal subjects on plasma epinephrine, norepi-
nephrine, glucagon, cortisol, and growth hormone. No signifi-
cant changes from basal (P > 0.1) were observed in any of the
hormones during the course of the insulin infusion.

output between 15 and 30 min was statistically signifi-
cant (P < 0.05). In contrast to the elevation in glucose
uptake caused by the higher dose of insulin, no signifi-
cant increment in this parameter occurred in this group
of experiments. Similarly, glucose clearance (2.25±0.1
ml/kg per min in the basal state) increased by only
40-50% (P < 0.05) (Fig. 3), as compared with the 75-
100% increments observed with insulin infusion at a
rate of 0.4 mU/kg per min (Fig. 1).

Fig. 4 shows plasma levels of counterregulatory hor-
mones. No significant increment in plasma norepineph-
rine (297+59pg/ml, preinfusion), glucagon (137+22 pg/
ml, preinfusion), or cortisol (10+1 ttg/dl, preinfusion)
was observed during the insulin infusion. A small and
inconsistent increase in plasma epinephrine (22+4 pg/
ml, preinfusion) and growth hormone (3.3+1.2 ng/ml,
preinfusion) was observed only in the latter part of the
infusion period but did not reach statistical signifi-
cance (P > 0.1).

Effects of insulin infusion (0.4 mU/kg per min) in dia-
betic patients (Figs. 5 and 6). Before the infusion of
insulin, plasma glucose concentration (222+7 mg/dl)
was stable at values 100-150 mg/dl above those in nor-
mal controls (P < 0.001). During the infusion of insulin,
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FIGURE 5 Effect of insulin infusion (0.40 mU/kg per min)
in diabetic subjects on plasma glucose and glucose kinetics.

plasma glucose fell initially at a constant rate (1.01+0. 15
mg/min) that was not significantly different from that
observed in normal controls receiving the same insulin
dose (Fig. 1) (P > 0.1). The plasma glucose concentra-
tion stabilized at 180-220 min at values (59+5 mg/dl)
that were also identical to those observed in controls
(Fig. 1). Glucose output (2.48±0.15 mg/kg per min, pre-

infusion), which was increased by 25%(P < 0.05) in the
diabetics as compared with controls, declined progres-
sively for the initial 60-80 min, reaching a nadir of
0.97±0.07 which was 60±6% below base line (P
< 0.005). As compared with normal subjects infused
with the same dose of insulin (Fig. 1), both the relative
decline in glucose output (60±6 vs. 27±5%, P < 0.01)
and the absolute fall (1.53±0.21 vs. 0.54±0.10 mg/kg
per min, P < 0.01) were greater in the diabetic group.
Beyond 80 min, a small, progressive rise in glucose
output was observed (the increment between 80 and
120 min was significant, P < 0.05). However, the values
observed at 220 min (1.60±0.15 mg/kg per min) re-

mained 30%below base line (P < 0.05) and 25%below
those observed in normal subjects at termination of the
insulin infusion (Fig. 1) (P < 0.05). Glucose uptake
(2.48±0.15 mg/kg per min in the basal state) showed a

transient, 22% rise at 20 min (P < 0.05) and rapidly
returned to basal levels for the ensuing 100 min. There-
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FIGuRE 6 Effect of insulin infusion (0.40 mU/kg per min)
in diabetic subjects on plasma epinephrine, norepinephrine,
glucagon, cortisol, and growth hormone. The asterisks indicate
the first determination that was significantly greater than the
basal, preinfusion values (P < 0.05). In the case of norepineph-
rine and glucagon, no significant rise was observed at any
time during the insulin infusion.

after (beyond 120 min), there was a progressive decline
in glucose uptake to values 30% below base line at
180 min (P < 0.02) and 50%below base line at 220 min
(P < 0.001). The rate of glucose uptake at termination
of the insulin infusion (1.30±0.10 mg/kg per min) was
39% below that observed in the normal subjects (2.14
±0.11 mg/kg per min) at the end of the infusion of insulin
at the same dose (Fig. 1) (P < 0.01). Glucose clearance
(1.11±0.05 ml/kg per min, preinfusion) began to rise
only after 80 min, reaching values which were three
times the basal rate at 140-160 min (P < 0.01). The peak
value for glucose clearance (3.15±0.20 ml/kg per min)
was, however, 28%below that observed in the normal
subjects receiving the same dose of insulin (4.35±0.20
ml/kg per min, P < 0.01).

Fig. 6 shows the changes in counterregulatory hor-
mones. Before insulin administration, base-line levels
of epinephrine, norepinephrine, glucagon, cortisol, and
growth hormone in the diabetic subjects were not signif-
icantly different from normal controls. After insulin

Continuous Hyperinsulinemia and Glucose Kinetics
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was infused, plasma epinephrine rose significantly at
180 min (P < 0.05), reaching values 18-fold above basal
at 220 min, (436±+109 pg/ml, P < 0.01). These values
were not significantly different from the peak concen-
trations observed in normal controls (Fig. 2) (312±100
pg/ml, P < 0.1). Plasma cortisol rose 70% at 180-220
min (P < 0.05) to values comparable to controls (Fig. 2).
Plasma growth hormone increased significantly at 180
min (P < 0.05), reaching values at 200 min (43.4±12.0
ng/ml) that were not significantly greater than the peak
concentrations observed in normal subjects (17.6±5.6
ng/ml) infused with the same dose of insulin (P < 0.05).
In contrast, neither plasma norepinephrine (269 ±46 pg/
ml) nor plasma glucagon (101 ±29 pg/ml) concentration
demonstrated a consistent rise above base-line values
during the insulin infusion.

DISCUSSION

In this study we examined the effect of continuous
physiologic, hyperinsulinemia on glucose kinetics and
circulating levels of counterregulatory hormones in
normal and diabetic subjects. Two physiologic dose
levels of insulin were employed in normal subjects,
and the higher dose level was used in the diabetic
patients. In all studies, infusion of insulin produced
an initial decline in plasma glucose concentration,
which later stabilized with remarkable constancy
despite ongoing infusion of insulin. Despite the simi-
larities in the plasma glucose curves (an initial fall and
subsequent stabilization), the responses in glucose
kinetics demonstrated different characteristics depend-
ing upon the dose of insulin (high vs. low) and the sub-
ject group (normal vs. diabetic) studied (Table II).

TABLE II
Changes in Glucose Kinetics during the Initial Fall and Late

Stabilization of Plasma Glucose in Normal and Diabetic
Subjects Receiving Physiologic Infusions of Insulin*

Initial fall of Late stabilization
Subjects plasma glucose of plasma glucose

Normal subjects (insulin,
0.4 mU/kg per min)

Glucose output J, TT
Glucose uptake tt 11

Normal subjects (insulin,
0.25 mU/kg per min)

Glucose output TT
Glucose uptake -

Diabetic subjects (insulin,
0.4 mU/kg per min)

Glucose output J44
Glucose uptake t 1

* Changes in glucose kinetics are indicated by: T, increase;
t decrease; and -, no change. The relative magnitude of
the changes is indicated by the number of arrows.

In normal subjects receiving the higher physiologic
dose of insulin (0.4 mU/kg per min), in whomplasma
insulin rose fivefold, the fall in plasma glucose was
caused by a prompt decrease in glucose output as well
as an increase in glucose uptake. Subsequently, a rapid
rebound increase in glucose production to basal rates
and the return of glucose uptake to basal values pro-
vided for the stabilization of plasma glucose levels in
the face of ongoing hyperinsulinemia. Thus, the changes
in plasma glucose accompanying a fivefold increment
in plasma insulin occur as a consequence of oppositely
directed changes in the rates of glucose output as well
as glucose uptake.

When insulin was infused at the lower rate of 0.25
mU/kg per min and plasma insulin was raised two- to
threefold, the glycemic response with regard to both
the initial fall and the later stabilization of plasma glu-
cose was primarily determined by changes in glucose
output. An initial decline in glucose output was fol-
lowed by a rebound increment to basal levels. The rise
in glucose clearance that accompanied the lower dose
insulin infusion contributed to the initial fall in plasma
glucose and accounted for the maintenance of glucose
uptake at base-line values despite a decline in plasma
glucose levels. However, the absolute rate of glucose
uptake remained unchanged throughout these studies.
The latter observation is in keeping with earlier studies
demonstrating that twofold increments in plasma insu-
lin fail to stimulate forearm (21) or total body glucose
uptake (22), yet consistently inhibit hepatic glucose
output (22). The varying patterns of glucose kinetics
observed with the two dose levels of insulin are sum-
marized in Table II.

To gain more insight into the mechanism governing
the glucoregulatory response to physiologic hyper-
insulinemia in the normal subjects, the circulating
levels of the various counterregulatory hormones were
determined and temporally related to changes in glu-
cose kinetics. In the studies involving the higher insulin
infusion (0.4 mU/kg per min), plasma epinephrine and
glucagon increased significantly at 60 min after the start
of the insulin infusion. A significant increase in norepi-
nephrine, cortisol, and growth hormone was observed
at 75 min. However, the reversal of insulin-induced
suppression of hepatic glucose production was evident
by 30 min, thus preceding a consistent rise in counter-
regulatory hormones by 30-45 min. These observations
imply that in the normal subjects, factors other than the
circulating levels of counterregulatory hormones initi-
ated the reversal of insulin-induced inhibition of glu-
cose output. Recent studies, however, have shown a
synergistic interaction among counterregulatory hor-
mones in stimulating glucose production (23). Thus, the
possibility cannot be excluded that the small, although
not significant, changes in counterregulatory hormones
contributed to the rebound in glucose production ob-
served at 30-60 min.
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Evidence of reversal of insulin-induced suppression
of glucose output independent of counterregulatory
hormonal intervention is even more apparent in the
experiments with the lower dose of insulin (0.25 mU/
kg per min). In these studies, glucose output, which
fell by 20% at 15 min, returned to basal levels in the
absence of any appreciable increment in plasma counter-
regulatory hormones at any point during the course of
the insulin infusion. These data thus provide evidence
that stabilization of plasma glucose in the face of sus-
tained, small elevations in plasma insulin (10-15 ,U/
ml) can occur in normal man without the intervention
of a significant increase in circulating anti-insulin
hormones.

With respect to the mechanism underlying the re-
versal of glucose output independent of elevations in
counterregulatory hormones, three possibilities can be
postulated. First, hypoglycemia per se may be the stimu-
lus whereby the liver increases glucose output in the
face of hyperinsulinemia. This interpretation is consis-
tent with previous studies showing that glucose output
from the isolated perfused liver increases in response
to a reduction in glucose concentration of the perfusate
(24, 25). This possibility is also consistent with in vitro
studies which demonstrate the ability of glucose per se
to regulate the activity of the enzymes involved in the
hepatic synthesis and breakdown of glycogen (26).
A second possibility is that hypoglycemia triggers a
neurogenic signal, which in turn leads to intrahepatic
release of norepinephrine. This possibility is not incon-
sistent with the unchanged plasma levels of norepi-
nephrine during the first 75 min of the higher insulin
infusion (Fig. 2) and throughout the lower dose infusion
(Fig. 4), because rapid, local inactivation and re-uptake
of norepinephrine (27) could have prevented the cate-
cholamine from being released into the bloodstream.
A third possibility is that a fall in endogenous insulin
secretion contributed to the rebound in glucose produc-
tion by resulting in a decline in portal insulin concen-
tration from peak levels achieved early in the infusion
despite ongoing administration of insulin. Inhibition of
endogenous insulin secretion is likely to have been
only partial because plasma glucose remained above
65 mgldl, and plasma insulin was only modestly in-
creased (two- to threefold) in the low dose insulin infu-
sion. Furthermore, hyperinsulinemia per se in the range
of 200 ,uU/ml (four- to eightfold the levels achieved in
this study) has been shown to result in less than a one-
third decline in endogenous insulin secretion (28).
Nevertheless, a small decline in portal insulin may con-
tribute to changes in glucose output and yet not be re-
flected in peripheral insulin levels in view of the normal
portal-peripheral insulin gradient of 2.5-3: 1 (29). What-
ever the explanation, our data in normal subjects indi-
cate that a rebound increase in glucose output is a prin-
cipal mechanism counteracting the fall in plasma glu-
cose induced by physiologic hyperinsulinemia, and

that this rebound in glucose output may occur in the
absence of a rise in circulating counterregulatory
hormones.

As noted above, with the higher insulin infusion dose,
an increment in each of the counterregulatory hormones
was observed in the normal subjects at 60 min or later
(Fig. 2). Thus, whereas reversal of insulin-induced in-
hibition of glucose output may have occurred inde-
pendently of a rise in counterregulatory hormones, the
various counterregulatory hormones are likely to have
augmented and(or) sustained this response. In previous
studies that employed bolus injections of supraphysio-
logic doses of insulin, which cause more rapid declines
in plasma glucose than observed in this study, a rise in
plasma catecholamines was observed to precede or
coincide with reversal of inhibition of glucose output
(1). It is conceivable that the rate of fall in plasma glucose
and(or) the dose of insulin employed may determine
whether hypoglycemia per se or a change in circulating
counterregulatory hormones initiates the reversal of
insulin-induced inhibition of glucose output (10).

The rise in epinephrine may also be responsible,
at least in part, for the decline in glucose uptake ob-
served after 60 min of the higher dose insulin infusion
(Fig. 1). A decrease in the rate of fractional glucose
utilization has been observed with in vivo (30, 31) as
well as in vitro (32) administration of epinephrine. In
addition, recent studies indicate that the infusion of
epinephrine blunts the stimulatory effect of exogenous
insulin (physiologic doses) on glucose uptake in the
dog.' Furthermore, in the low dose insulin infusion, in
which no change in circulating catecholamines or other
hormones was observed, glucose uptake was unaltered
throughout the experimental period (Fig. 3).

With respect to the observations in the diabetic group,
during the insulin infusion the initial rate of decline in
plasma glucose (Fig. 5) was comparable to controls re-
ceiving the same dose of insulin (Fig. 1). Furthermore,
the concentration at which stabilization of plasma glu-
cose was achieved (55-60 mg/dl), was identical in the
two groups. Nevertheless, the changes in glucose ki-
netics induced by the insulin infusion in the diabetics
differed markedly from those observed in normal sub-
jects with respect to both the initial decline and the
subsequent stabilization of plasma glucose (Table II).

In the diabetic subjects, the initial decline in plasma
glucose was almost entirely a result of a fall in glucose
output because only a very transient increase in glucose
uptake was observed. In addition, the maximal suppres-
sion of glucose output in the diabetics was greater (60 vs.
27%) and lasted longer (100 vs. 15 min) than in control
subjects. Furthermore, glucose output remained below
that observed in controls even at termination of the
insulin infusion. The greater suppressive effect of the
insulin infusion on glucose output during the initial

I Sacca, L., and R. S. Sherwin. Unpublished observations.
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100-120 min may be a consequence of the higher
ambient glucose levels in the diabetics. Recent studies
employing isotopic tracer techniques (33) as well as the
hepatic venous catheter technique (34) have shown that
hyperglycemia per se has an inhibitory effect on glucose
production so long as basal insulin levels are available.

The failure to observe a rebound increment in glucose
output to basal levels in the diabetics, as was observed
in controls receiving the same insulin dose, may reflect
the absence of a rise in plasma norepinephrine and(or)
glucagon in the diabetics (Fig. 6). Previous studies in
humans have demonstrated that the counterregulatory
response to intracellular glucopenia is suppressed by
autonomic denervation (7). The importance of com-
bined autonomic and alpha cell function is suggested
by a recent report which indicates that the counter-
regulation of insulin-induced hypoglycemia in man is
impaired by simultaneous adrenergic blockage and
somatostatin infusion (6). A diminished alpha-cell re-
sponse to hypoglycemia has previously been observed
in diabetics (35). On the other hand, a normal rise in
plasma norepinephrine has been noted in diabetics after
pharmacologic injections of insulin (36) or after more
rapid reductions in blood glucose concentration than
were produced in this study (10). Thus, our failure to
observe an elevation in circulating norepinephrine may
be a consequence of the more gradual reduction in
blood glucose concentration produced by the continu-
ous insulin infusion dose. Nevertheless, these data
indicate that as compared with controls, in whomplasma
glucose fell at a similar rate, the diabetics demonstrate
a secretory defect involving norepinephrine as well as
glucagon, which may contribute to an exaggerated
suppression of glucose output during physiologic
hyperinsulinemia.

In contrast to the exaggerated suppressive effects of
the insulin infusion on glucose output, the diabetics
failed to demonstrate the persistent rise in glucose up-
take observed early in the insulin infusion in the con-
trol subjects. Because the method employed in deter-
mining glucose uptake includes urinary losses of glucose,
the failure to observe an early rise in glucose uptake in
the diabetics may reflect amelioration of glycosuria by
the insulin infusion. On the other hand, the absolute
decline in glucose uptake observed beyond 120 min
occurred at a time when plasma glucose (<100 mg/dl)
was well below the renal threshold (Fig. 5). In
this regard, it should be emphasized that glucose
uptake in the diabetics fell to levels 39% below those
observed in controls at termination of the insulin infu-
sion. In addition, the late rise in glucose clearance in
the diabetics was 28% lower than in controls.

Concerning the mechanism of the decreased glucose
uptake in the diabetics as compared with controls at
termination of the infusion, because these subjects had
received prior treatment with insulin, plasma insulin

concentrations were not determined in this group.
However, inasmuch as insulin degradation has not been
shown to be affected by the diabetic state (37, 38), it is
likely that total plasma insulin levels were similar to
those observed in the normal subjects receiving the
same insulin dose (Table I). Nevertheless, the propor-
tion of the circulating insulin which may have been
bound to antibody cannot be determined from this study.
It should also be noted that the increments in counter-
regulatory hormones observed in the diabetics (Fig. 6)
were no greater than in normal subjects (Fig. 2). Thus,
the differences between the normal and diabetic sub-
jects in glucose uptake may reflect altered availability
of biologically active insulin, altered peripheral sen-
sitivity to insulin, and(or) altered tissue sensitivity to
counterregulatory hormones. Regardless of the mecha-
nism involved, these data indicate that as compared
with normal subjects, in diabetics stabilization of plasma
glucose in the face of physiologic hyperinsulinemia
occurs primarily as a consequence of an exaggerated
decline in glucose uptake and blunted stimulation of
glucose clearance in the face of only a minimal reversal
of insulin-induced inhibition of glucose output (Table II).

Finally, our data are in keeping with previous studies
in the dog, in which larger, albeit physiologic, doses of
insulin were employed (8, 39). In those studies, con-
tinuous insulin infusion (1 mU/kg per min) resulted in
a transient decline in glucose output in normal dogs (8)
and a pronounced reduction in glucose output in alloxan-
streptozotocin diabetic animals, which entirely ac-
counted for the blood glucose-lowering effect of insulin
(39). These observations extend these findings by
(a) examining the effect of physiologic hyperinsulinemia
on glucose kinetics in humans; (b) comparing the kinetic
response in normal and diabetic subjects; (c) demon-
strating the importance of alterations in glucose uptake
in preventing hypoglycemia during low dose insulin
administration in diabetes; and (d) determining the
relationship of changes in glucose kinetics induced by
physiologic hyperinsulinemia to changes in counter-
regulatory hormone secretion.

ACKNOWLEDGMENTS

Wewish to thank Aida Groszman, Andrea Belous, and Hema
Mehta for their expert technical assistance. Weare particularly
grateful to nurse Mary Walesky and the nurses and staff of the
General Clinical Research Center for the excellent care given
to our patients.

This work was supported in part by grants AM13526, AM
20495, and RR125 from the National Institutes of Health and
by a grant from the Juvenile Disease Foundation.

REFERENCES
1. Garber, A. J., P. E. Cryer, J. V. Santiago, M. W. Haymond,

A. S. Pagliara, and D. M. Kipnis. 1976. The role of adrener-
gic mechanisms in the substrate and hormonal response

856 L. Sacca, R. Sherwin, R. Hendler, and P. Felig



to insulin-induced hypoglycemia in man.J. Clin. Invest.
58: 7-15.

2. Ensinck, J. W., R. M. Walter, J. P. Palmer, R. G. Brodows,
and R. G. Campbell. 1976. Glucagon responses to hypo-
glycemia in adrenalectomized man. Metab. Clin. Exp.
25: 227-232.

3. Palmer, J. P., D. P. Henry, J. W. Benson, D. G. Johnson,
and J. W. Ensinck. 1976. Glucagon response to hypogly-
cemia in sympathectomized man. J. Clin. Invest. 57:
522-525.

4. Sacca, L., G. Perez, G. Carteni, B. Trimarco, and F. Rengo.
1977. Role of glucagon in the glucoregulatory response
to insulin-induced hypoglycemia in the rat. Horm. Metab.
Res. 9: 209-212.

5. Sacca, L., G. Perez, G. Carteni, and F. Rengo. 1977. Evalu-
ation of the role of the sympathetic nervous system in the
glucoregulatory response to insulin-induced hypoglyce-
mia in the rat. Endocrinology. 101: 1016-1022.

6. Rizza, R., P. Cryer, and J. Gerich. 1978. Hormonal con-
tributions to acute glucose counterregulation in man.
Clin. Res. 26: 426A. (Abstr.)

7. Brodows, R. G., F. X. Pi-Sunyer, and R. G. Campbell. 1973.
Neural control of counter-regulatory events during glu-
copenia in man. J. Clin. Invest. 52: 1841-1844.

8. deBodo, R. C., R. Steele, N. Altszuler, A. Dunn, D. T.
Armstrong, and J. S. Bishop. 1959. Further studies on the
mechanism of action of insulin. Metab. Clin. Exp. 8:
520-530.

9. Steele, R., J. S. Bishop, A. Dunn, N. Altszuler, I. Rathgeb,
and R. C. deBodo. 1965. Inhibition by insulin of hepatic
glucose production in the dog. Am. J. Physiol. 208: 301-
306.

10. Clarke, W. L., J. V. Santiago, and P. E. Cryer. 1977. Cate-
cholamine and growth hormone release with physiologic
decrements in plasma glucose concentration in normal
and diabetic man. Clin. Res. 25: 561A. (Abstr.)

11. Page, M. McB., K. G. M. M. Alberti, R. Greenwood, K. A.
Gumaa, T. D. R. Hockaday, C. Lowy, J. D. N. Nabarro,
D. A. Pyke, P. H. Sonksen, P. J. Watkins, and T. E. T. West.
1974. Treatment of diabetic coma with continuous low-
dose infusion of insulin. Br. Med. J. 2: 687-690.

12. Semple, P. F., C. White, and W. G. Manderson. 1974.
Continuous intravenous infusion of small doses of insulin
in treatment of diabetic ketoacidosis. Br. Med. J. 2: 694-
697.

13. Alberti, K. G. M. M. 1977. Low-dose insulin in the treat-
ment of diabetic ketoacidosis. Arch. Intern. Med. 137:
1367-1376.

14. Rosselin, G., R. Assan, R. S. Yalow, and S. A. Berson. 1966.
Separation of antibody-bound and unbound peptide hor-
mones labeled with iodine-131 by talcum powder and
precipitated silica. Nature (Lond.). 212: 355-357.

15. Faloona, G., and R. H. Unger. 1974. Glucagon. In Methods
of Hormone Radioimmunoassay. B. M. Jaffe and H. R.
Behrman, editors. Academic Press, Inc., New York. 1:
317-330.

16. Passon, P. G., and J. D. Peuler. 1973. A simplified radio-
metric assay for plasma norepinephrine and epinephrine.
Anal. Biochem. 51: 618-631.

17. DeMoor, P., 0. Steeno, M. Rankin, and A. Hendrikx. 1960.
Fluormetric determination of free plasma 1 1-hydroxy-
corticosteroids in man. Acta Endocrinol. 33: 297-307.

18. Steele, R. 1959. Influences of glucose loading and of in-
jected insulin on hepatic glucose output. Ann. N. Y. Acad.
Sci. 82: 420-430.

19. Cowan, J. S., and G. Hetenyi, Jr. 1971. Glucoregulatory
responses in normal and diabetic dogs recorded by a new
tracer method. Metab. Clin. Exp. 20: 360-372.

20. Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. The Iowa State University Press, Ames, Iowa.
6th edition. 93-119.

21. Pozefsky, T., P. Felig, J. D. Tobin, J. S. Soeldner, and
G. F. Cahill, Jr. 1969. Amino acid balance across tissues
of the forearm in postabsorptive man. Effects of insulin
at two dose levels.J. Clin. Invest. 48: 2273-2282.

22. Felig, P., and J. Wahren. 1971. Influence of endogenous
insulin secretion on splanchnic glucose and amino acid
metabolism in man.J. Clin. Invest. 50: 1702-1711.

23. Eigler, N., L. Sacca, and R. S. Sherwin. 1979. Synergistic
interactions of physiologic increments of glucagon, epi-
nephrine, and cortisol in the dog. A model for stress-
induced hyperglycemia.J. Clin. Invest. 63: 114-123.

24. McCraw, E. F., M. J. Peterson, and J. Ashmore. 1967.
Autoregulation of glucose metabolism in the isolated per-
fused rat liver. Proc. Soc. Exp. Biol. Med. 126: 232-236.

25. Glinsmann, W. H., E. P. Hern, and A. Lynch. 1969. Intrin-
sic regulation of glucose output by rat liver.Am.J. Physiol.
216: 698-703.

26. Hers, H. G. 1976. The control of glycogen metabolism in
the liver. Annu. Rev. Biochem. 45: 167-189.

27. Axelrod, J., and R. Weinschilboum. 1972. Catecholamines.
N. Engl. J. Med. 287: 237-242.

28. Service, F. J., R. L. Nelson, A. H. Rubenstein, and V. L. W.
Go. 1978. Direct effect of insulin on secretion of insulin,
glucagon, gastric inhibitory polypeptide, and gastrin dur-
ing maintenance of normoglycemia. J. Clin. Endocrinol.
Metab. 47: 488-493.

29. Blackard, W. G., and N. C. Nelson. 1971. Portal and pe-
ripheral vein immunoreactive insulin concentrations fol-
lowing tolbutamide administration. Diabetes. 20: 168-
170.

30. Altszuler, N., R. Steele, I. Rathgeb, and R. C. deBodo.
1967. Glucose metabolism and plasma insulin levels dur-
ing epinephrine infusion in the dog. Am. J. Physiol. 212:
677-682.

31. Sacca, L., R. Sherwin, and P. Felig. 1978. Effect of se-
quential infusions of glucagon and epinephrine on glu-
cose turnover in the dog.Am.J. Physiol. 235: E287-E290.

32. Walaas, O., and E. Walaas. 1950. Effect of epinephrine
on the rat diaphragm. J. Biol. Chem. 187: 769-776.

33. Sacca, L., R. Hendler, and R. S. Sherwin. 1978. Hypergly-
cemia inhibits glucose production in man independent
of changes in glucoregulatory hormones. J. Clin. Endo-
crinol. Metab. 47: 1156-1159.

34. Shulman, G. I., J. E. Liljenquist, P. E. Williams, W. W.
Lacy, and A. D. Cherrington. 1978. Glucose disposal dur-
ing insulinopenia in somatostatin-treated dogs. The roles
of glucose and glucagon. J. Clin. Invest. 62: 487-491.

35. Gerich, J. E., M. Langlois, C. Noacco, J. H. Karam, and
P. H. Forsham. 1973. Lack of glucagon response to hypo-
glycemia in diabetes: evidence for an intrinsic pancreatic
alpha cell defect. Science (WVash. D. C.). 182: 171-173.

36. Christensen, N. J. 1974. Plasma norepinephrine and epi-
nephrine in untreated diabetics during fasting and after
insulin administration. Diabetes. 23: 1-8.

37. Genuth, S. M. 1972. Metabolic clearance of insulin in man.
Diabetes. 21: 1003-1012.

38. Navalesi, R., A. Pilo, and E. Ferrannini. 1978. Kinetic
analysis of plasma insulin disappearance in nonketotic
diabetic patients and in normal subjects.J. Clin. Invest.
61: 197-208.

39. Issekutz, B., Jr., T. B. Issekutz, D. Elahi, and I. Borkow.
1974. Effect of insulin infusions on the glucose kinetics
in alloxan-streptozotocin diabetic dogs. Diabetologia. 10:
323-328.

Continuous Hyperinsulinemia and Glucose Kinetics 857


