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Enhancement of Insulin Action after Oral Glucose Ingestion
William J. Kingston, James N. Livingston, and Richard T. Moxley IlIl
Departments of Neurology and Medicine, University of Rochester School of Medicine and Dentistry, Rochester, New York 14642

Abstract

Previous investigations in normal humans and rats have shown
an increase in insulin sensitivity and binding affinity of adipocytes
isolated 1-3 h after glucose ingestion. To determine whether a

rapid enhancement of the action of insulin follows glucose inges-
tion in vivo, the present studies have utilized 120-min 20 mU/
m2. min euglycemic insulin infusions before and after 7.5-, 15-,
25-, and 100-g oral glucose loads. Euglycemic insulin infusions
after the carbohydrate challenge were begun after arterialized
blood glucose and insulin values had returned to baseline. After
15- and 25-g oral glucose loads during the 20-120-min interval
of insulin infusion, glucose infusion rates increased by 44±6%
(P < 0.0001) and 47 ± 9%(P < 0.0002), respectively. No signif-
icant differences in arterialized glucose or insulin values existed
between basal and post-glucose insulin infusions. In addition, no
significant differences in hepatic glucose production or counter-
regulatory hormone levels were found between basal and post-
glucose insulin infusions. Control infusion studies including sub-

jects who ingested saline or mannitol failed to show an increase
in insulin action. Studies were carried out to mimic the insulin
curve seen after 15- and 25-g oral glucose loads. Euglycemic
insulin infusions after these insulin simulation studies show a

34±7% enhancement compared to baseline euglycemic insulin
infusions.

These results demonstrate a rapid enhancement of insulin
action after oral glucose challenge in normal humans. The insulin
simulation studies suggest that insulin itself either directly or

through release of another factor acts on muscle to increase in-
sulin sensitivity. The increase in insulin action demonstrated in
these investigations may represent an important regulatory
mechanism to modulate tissue insulin sensitivity.

Introduction

Whether glucose loading has the ability to produce an abrupt
improvement in the action of insulin on its target tissues is an

intriguing question that dates back to early studies by Hamman
and Hirschman (1), Staub (2), and Traugott (3). These investi-
gations and more recent studies have demonstrated the devel-
opment of improved carbohydrate tolerance after a second or
additional carbohydrate challenges given 45-60 min after the
previous glucose load (4-6). This so-called "Staub-Traugott"
effect is not clearly understood, but it may be mediated by fa-
cilitation of the action of insulin on peripheral tissues rather
than by an increased release of the hormone (6).

Receivedfor publication 27 March 1985 and in revisedform 2 December
1985.

Many investigations have demonstrated that target tissues
for insulin can undergo changes in insulin sensitivity and insulin
responsiveness. These changes usually develop in a chronic
fashion and result in insulin resistance (7). In contrast to these
well-established circumstances that involve long-term regulation
of insulin action, relatively little experimental evidence is avail-
able describing acute modulation of the insulin response. We
(8) and others (9) have reported an increased binding affinity of
the insulin receptor in monocytes isolated 2 and 5 h after glucose
ingestion. The physiologic significance of these findings is not
clear, but more recent investigations have suggested that oral
glucose can produce a rapid enhancement in the action of insulin
on target tissues (10, 1 1). A marked increase (200-fold) in insulin-
induced inhibition of lipolysis and a 20-30% increase in insulin-
binding affinity has been seen in human fat cells taken 1 h after
a l00-g glucose load (10). In animal studies carried out in this
laboratory rat adipocytes isolated 2-3 h after glucose feeding
have demonstrated a 71-100% increase in insulin-stimulated
lipid synthesis from glucose and have shown an associated mild
increase (20-25%) in receptor affinity (1 1).

These recently published observations have provided a major
stimulus for the investigations in this report. The present studies
were designed to search for evidence of a mechanism that pro-
duces a rapid enhancement in the action of insulin after oral
glucose ingestion in humans. The euglycemic insulin infusion
method (12) was used in these studies because it provides an
accurate, reproducible, estimate of insulin action in vivo, par-
ticularly the glucose disposal by skeletal muscle (12, 13). We
hypothesized that if a rapid, physiologically significant, increase
in the action of insulin develops after glucose ingestion, the effect
should involve this tissue.

The results of the present studies demonstrate that a rapid
increase in insulin action occurs in intact humans within 2-3 h
after the ingestion of low doses of glucose (15 and 25 g). This
enhancement in insulin action may represent an important
physiologic regulatory mechanism that may become deranged
in certain insulin-resistant states.

Methods

Subjects
Fifty-one normal healthy male volunteers participated in these studies.
Characteristics of these subjects are listed in Table I. The ages ranged
from 19 to 46 yr and the weights ranged from 85% to 125% of ideal
body weight (based on Metropolitan Life Insurance Tables, 1959). Two
of the volunteers were within 125% of ideal body weight, whereas the
remainder of the subjects were within 120% of ideal body weight. All
subjects were on a meat-free diet at home for 2 d prior to admission to
the Clinical Research Center at the University of Rochester. Each subject
consumed a weight-maintaining meat-free diet containing 300 g of car-
bohydrate and 1.2 g/kg of protein per day during his 5-d hospitalization.
This diet allowed accurate determination of 24-h urinary creatinine ex-
cretion; this was performed on days 1, 2, and 3 before the euglycemic
insulin-infusion studies. Volunteers remained ambulatory but did not
exercise vigorously during the admission period. Complete blood count
with differential white cell count, platelet count, serum sodium, chloride,
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Table I. Patient Characteristics

Obesity 24-h uinary creatinine
Study group Age Height Weight index excretion

yr cm kg mg/24 h

7.5 g (n = 2)* 28.88±6.16 173.00±2.20 82.42±1.39 1.24±0.01 1,616.50±15.17
15 g (n = 16)* 28.13± 1.52 177.14± 1.52 73.12±2.18 1.08±0.03 1,626.67±42.76
25 g (n = 13)* 27.70±1.73 180.08±2.02 75.35±2.46 1.07±0.03 1,770.54±74.59
100 g (n = 27.86±1.78 181.13±2.80 78.75±5.20 1.10±0.06 1,726.44±134.01
15 g Mannitol (n = 2)t 28.14±0.22 183.55±2.25 88.64±3.04 1.15±0.06 1,928.50±58.50
25 g Mannitol (n = 2)t 28.71±7.57 178.35±0.15 75.98±6.99 1.11±0.10 1,597.50±11.5
200 ml NS(n = 2)§ 22.05±1.16 177.65±1.65 71.93±0.58 1.06±0.04 1,556.50±102.5
Waiting period (n = 2)"1 33.77±12.50 181.35±3.45 75.35±3.27 1.06±0.09 1,906.60±19.67
Reproducibility of M(n = 5)¶ 27.59±2.44 184.56±2.77 70.06±4.27 0.94±0.05 1,618.53±110.24
Insulin simulation (n = 9)** 25.75±1.68 177.93±1.30 72.34±1.79 1.06±0.02 1,581.0±68.5

All values represent the mean±SEM. n refers to the number of subjects in each group. * Subjects in these groups received a dose of oral glucose
on one of two study days prior to the euglycemic insulin infusion. On the other study day only a euglycemic insulin infusion was performed.
* Subjects in these groups received a dose of oral mannitol on one of the two study days prior to the 120-min euglycemic insulin infusion. On the
other study day only a euglycemic insulin infusion was performed. § Subjects in this group received 200 ml of normal saline (same volume used
in oral glucose and mannitol studies) on one of the two study days prior to the 120-min euglycemic insulin infusion. On the other study day only
a euglycemic insulin infusion was performed. 1" Subjects in this group received the same euglycemic insulin infusion on the two study days, but
one of the two paired studies was delayed by 2 h to approximate the time interval that occurred in those studies preceded by either oral glucose,
mannitol, or saline. ¶ Subjects in this group received identical 120-min euglycemic insulin infusions at the same times on consecutive days to
estimate the reproducibility of the mean glucose disposal rates. ** Subjects in these studies received a variable low dose insulin infusion for 60
min on one study day immediately prior to the 120-min euglycemic insulin infusion. On the other study day only a euglycemic insulin infusion
was performed.

potassium, urea nitrogen, creatinine, carbon dioxide, blood sugar, uric
acid, total bilirubin, lactic dehydrogenase, serum aspartate amino-trans-
ferase, alkaline phosphatase, total protein, albumin, calcium, inorganic
phosphate, cholesterol, as well as urinalysis and chest x-ray were obtained
in each subject to search for covert systemic disease. All studies were
carried out in the postabsorptive state at 8:00 a.m. after a 12-h overnight
fast. The purpose and potential risks of the procedures were explained
to all subjects and written voluntary consent was obtained prior to their
participation. This study had previously been approved by the Human
Investigations Committee at the University of Rochester and by the
Clinical Research Center of the University of Rochester.

120-min euglycemic insulin (U-100 Regular Iletin II Purified Pork
Insulin Injection, Eli Lilly & Co., Indianapolis, IN) infusions using a
rate of 20 mU/mi2 min were carried out on days 4 and 5. A total of 123
euglycemic insulin infusions were performed on the 51 normal volunteers.
This infusion rate was chosen to achieve a concentration in the linear
portion of the dose-response curve for insulin to allow detection of changes
in insulin sensitivity after glucose loading. The study method attempted
to evaluate the effect that different doses of oral glucose (7.5, 15, 25, and
100 g) had on insulin sensitivity. Each group of subjects was randomized
so that half of the group had a "baseline" euglycemic insulin clamp on
day 4, and an oral glucose load before the clamp on day 5, whereas the
other half had the oral glucose load followed by an insulin clamp on day
4, and the "baseline" clamp on day 5.

Oral glucose loads
Glucose and insulin levels were measured in the postabsorptive state
and after oral glucose loading. Whenthe glucose had returned to a stable
baseline for 30 min, the euglycemic insulin infusion was begun. In a
subset of subjects given the 15- and 25-g oral glucose loads (six subjects)
additional blood samples were collected at specific time intervals after
the glucose challenge and during the subsequent 120-min euglycemic
insulin infusion for measurement of glucagon, epinephrine, norepi-
nephrine, dopamine, growth hormone, and cortisol.

Control studies
Specific control studies included the ingestion of mannitol or normal
saline in a volume identical to that ingested in the oral glucose studies.
Two subjects were given 25 g of oral mannitol preceding one of their
insulin-clamp studies. In an attempt to make these studies comparable
to the oral glucose studies, a waiting period of 130.0±5.0 min was selected
prior to initiating the 20-mU/mi2 min 120-min euglycemic insulin in-
fusion. An additional two subjects had 15-g oral mannitol studies with
a waiting period of 125.0±5.0 min. Two subjects ingested 200 ml of
normal saline and had a waiting period of 130.0± 10.0 min. Two subjects
received the usual 20-mU/mi2 min 120-min euglycemic insulin infusion
on consecutive days (Table II). One of these insulin clamps was preceded
by a waiting period of 130 min. Five subjects had 20 mU/mi2 min eu-
glycemic insulin infusions performed identically on the days 4 and 5 to
assess the reproducibility of the procedure (Table I).

Insulin simulation controls
These studies refer to a group of nine subjects who had euglycemic insulin
infusions on days 4 and 5. One study was preceded by an insulin infusion
designed to mimic the changes in the concentration of insulin in arter-
ialized blood seen after the 15- and 25-g oral glucose loads. An incremental
and decremental infusion pattern for insulin was chosen based upon
pilot studies. The range of insulin infusion rates used to produce this
pattern was 5-30 mU/mi2 min. The time required for this insulin release
simulation infusion ranged 30-60 min. Glucose was infused during this
period to maintain glucose at its baseline preinfusion level. The glucose
infusion was gradually reduced over the 30 min after the insulin infusion,
again maintaining glucose at its baseline level. Whenno further glucose
infusion was required to maintain glucose at its stable baseline and the
concentration of glucose had remained stable for an additional 30 min,
the standard 120-min 20-mU/m2.- min euglycemic insulin infusion was
begun. The mean time required for completion of the insulin simula-
tion studies before initiating the euglycemic insulin infusions was
103±11 min.
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Table II. Blood Glucose, Serum Insulin, and Glucose Disposal Rates during
120-min 20 mU/M2. min Euglycemic Insulin Infusions in Control Studies

Percent increase Percent increase
Mean* Mean of GIR20 120 of GIRm-120
glucose CV insulin*§ GIR20 120§ from basal day§ GIR 12A0§ from basal day§

mg/dl % #U/ml mg/kg- min % mg/kg- min %

Without waiting
period (n = 2) 84 3 39.50±2.0 4.40±.92 5.31±1.08

Waiting period 80 3 39.08±0.92 3.96±.33 -8.39±11.53 4.67±0.54 -10.48±1.94
Reproducibility

Day I (n = 5) 81 4 38.80±1.93 4.50±.30 5.18±0.52
Day 2 81 5 37.53±2.09 3.99±.44 -12.18±5.23 4.87±0.59 -6.83±2.80

CV, coefficient of variation.
* Mean of 24 values during the insulin infusion. t Mean of six values during the insulin infusion. § Values represent the mean±SEM.

Euglycemic insulin infusion rate
The technique for the euglycemic insulin infusion has been described in
detail previously (12) and outlined below is the summary of procedures
followed in the present investigations. A catheter inserted intravenously
into the antecubital region of one arm and threaded toward the heart
was used for infusion of glucose and insulin. Another intravenous line
was inserted retrogradely into a vein in the dorsum of the opposite hand
and was used to obtain arterialized blood samples. This hand was placed
in a hotbox heated to 70°C (14). The euglycemic insulin infusion was
carried out by giving a logarithmically declining insulin infusion over
the first 1O min of the study (12). This was followed by 110 min of
constant insulin infusion and the whole blood glucose level was main-
tained at basal preinsulin levels by a variable glucose infusion using com-
mercially available 20% dextrose (actual concentration 18.6% dextrose).
Blood glucose was measured at 2-5-min intervals during the study using
a Yellow Springs Instruments (Yellow Springs, OH) whole blood glucose
analyzer. Insulin infusates from the euglycemic insulin infusion studies
were diluted and insulin concentrations were measured in the infusates.
Similarly, the tritiated glucose infusates were diluted and the amount of
tracer measured in each infusate.

Endogenous hepatic glucose production
Primed continuous tritiated glucose infusions were carried out in four
patients to assess hepatic glucose production during the performance of
these investigations. These subjects were admitted for a total of 8 d to
the Clinical Research Center. Diet and activity were identical to that
described above. During these studies the baseline euglycemic insulin
infusion was performed on day 4 whereas the oral glucose clamp study
was performed on day 8.

For 180 min before starting the baseline insulin infusion, each sub-
ject's glucose pool was labeled by a primed continuous infusion of tritiated
glucose (15). The tritiated glucose was administered as an initial priming
dose, 25 MCi, followed immediately by a continuous intravenous infusion
at a rate of 0.25 MCi/min. Plasma samples (modified Somogyi-Nelson
preparations) were drawn for determination of tracer glucose specific
activity at 30-min intervals for the first 2 h and at 10- 15-min intervals
for the subsequent hour. Based upon previous investigations with this
method a steady-state plateau of glucose specific activity reliably devel-
oped in all participants during the third hour of tritiated glucose infusion
(15). This plateau value was used to calculate basal hepatic glucose pro-
duction. After the initial 3-h tritiated glucose infusion the insulin infusion
was begun as noted above, and the infusion of tritiated glucose was con-
tinued at the same rate. During the euglycemic insulin infusion, plasma
samples for glucose specific activity were drawn every 15 min for the
first 90 min, and every 5-10 min thereafter. Basal tracer free plasma was
drawn and treated as all other subsequent samples, to establish a back-
ground count. Basal plasma was spiked with known amounts of tritiated

glucose to confirm recovery efficiency. Hepatic glucose output (16) was
calculated using the Steele equations in their modified derivative form.

On day 8 each of the four subjects received either a 15- or 25-g oral
glucose load. When the glucose had returned to a stable baseline for 30
min the tritiated glucose infusion was initiated. A 25-,eCi priming dose
was followed immediately by a continuous intravenous infusion at the
rate of 0.25 MCi per min. After 30 min the euglycemic insulin infusion
was begun and the tritiated glucose infusion was continued at the same
rate. Blood samples were drawn and evaluated in the same manner as
on day 4. No subject received more than 200 MCi during the admission.
An additional five normal volunteers received a tritiated glucose infusion
for 180 min before and during ingestion of a 15-g dose of oral glucose
and the infusion was continued for an additional 240 min. These in-
vestigations were performed to demonstrate that the rate of glucose ap-
pearance had returned to baseline level before the initiation of the post-
glucose euglycemic insulin infusion.

Calculations
Calculations of glucose disposal rate during the insulin infusion studies.
The glucose infusion rate (GIR)' was determined by calculating the mean
value observed from 20 to 120 and from 80 to 120 min (12). To calculate
the steady-state plasma glucose and insulin concentrations during the
insulin infusion, the mean of the values from 20 to 120 min was em-
ployed.

Calculation of hepatic glucose production. The assessment of glucose
production in the basal state and during euglycemic insulin infusion has
been described in detail previously (15, 17). Glucose production in the
basal state was determined by dividing the tritiated glucose infusion rate
by the steady-state plateau of tritiated glucose specific activity achieved
during the last hour of tritiated glucose infusion. The rate of glucose
appearance was assumed to be equivalent to the rate of hepatic glucose
production, in that renal glucose production is negligible in the overnight
fasted state. After initiation of the euglycemic insulin infusion a non-
steady-state condition in glucose specific activity exists and hepatic glucose
production was calculated from Steele's equations in their derivative
form which permits the evaluation of continuous changes in the rates
of glucose turnover (15). The value of 0.65 fraction in these calculations
is based on past studies. The validity of this approach for both steady
and nonsteady states is supported by recent investigation (18). The rate
of endogenous glucose production was calculated by subtracting the glu-
cose infusion rate from the rate of glucose appearance determined from
the isotope tracer technique. All computations were performed using a
programmable model 67 Hewlitt-Packard Co. (Palo Alto, CA) desk cal-
culator using previously established programs.

1. Abbreviations used in this paper: GIR, glucose infusion rate.
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All data are presented as the mean±standard error of the mean. Sta-
tistical comparisons between euglycemic insulin infusion studies before
or after oral glucose loads were calculated by t test analysis ( 19).

Analytical procedures
Whole blood glucose was determined with the glucose oxidase method
using the YSI model 23A glucose analyzer (Scientific Division, Yellow
Springs Instrument Company, Inc.). Blood samples for plasma immu-
noreactive glucagon measurements were collected in chilled tubes con-
taining 1.2 mgof Na EGTAand 500 kallikrein inhibitor units Trasylol
per milliliter of blood. Plasma was immediately separated and stored at
-20'C until glucagon was assayed using a modification (20) of a pre-
viously described radioimmunoassay using Unger antiserum 30K (21).
Serum insulin was determined with a modification (22) of a double-an-
tibody technique (23). The specific activity of plasma glucose was de-
termined by a previously described method (15). Blood samples for cat-
echolamine determinations were collected in chilled Vacutainer tubes
containing 9 mgof EGTAand 6 mgof glutathione, centrifuged imme-
diately, and stored at -70'C until dopamine, epinephrine, and norepi-
nephrine were measured by a modification (24) of the radioenzymatic
technique of Passon and Peuler (25). Reagents for the catecholamine
assays were supplied by the Upjohn Laboratories (Kalamazoo, MI). The
cortisol assay (Clinical Assays, Cambridge, MA) was sensitive to I ug/
dl, and used standard radioimmunoassay techniques. Growth hormone
was determined with a modification of a described double-antibody
technique (26).

Results

Fig. 1 presents the profiles of glucose and insulin levels in ar-
terialized blood in those subjects who received the 25-, 15-, and
7.5-g oral glucose loads. Glucose and insulin mean concentra-
tions reached their peak at 30 min after the 15- and 7.5-g doses
of glucose. At 60 min mean glucose and insulin concentrations
remained elevated in the group receiving the 25-g dose, but had
returned toward baseline in subjects with the 15- and 7.5-g glu-
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cose loads. The group who received the 25-g dose required a
mean±SEMof 171±7 min for their glucose and insulin levels
to return to a stable baseline whereas those who received 15 and
7.5 g of glucose required 118±3 and 107±2 min, respectively.
The elevations in glucose and insulin were similar to those pre-
viously reported in subjects given 25 and 12.5 g of oral glucose
(27, 28).

30 min after blood glucose levels reached a stable post-glucose
baseline each group of subjects (25, 15, and 7.5 g) were given
20 mU/m2-min euglycemic insulin infusions, and the results
were compared to those obtained on the day in which there was
no preceding glucose load. Table III summarizes the results of
these studies. Both the 25- and 15-g doses of glucose produced
a significant increase in the whole body action of insulin as in-
dicated by the percent increase in GIR compared to basal. This
was apparent in both the GIR20-120 (25 g-47%, P < 0.0002; 15
g-44%, P< 0.0001) and in GIRN1 120 (25 g-38%, P< 0.0001;
15 g- 41%, P < 0.0001) values. This rapid enhancement in
insulin action developed within the first 80 min of the post-
glucose insulin infusion. The maximum slope (Fig. 2) of the
GIR plotted at 5-min intervals during the initial 10-30 min time
intervals were as follows: 25-g slope during time interval of 10-
30 min was 0.15±0.02 vs. the basal day slope for this period of
0.09±0.02, P < 0.01; The slope for the 15-g dose at this time
was 0.15±0.01 vs. the basal value 0.09±0.02, P < 0.01.

The clearance of insulin was calculated during the baseline
and post-glucose insulin infusions for the groups receiving 15-
and 25-g oral glucose loads. Insulin clearance was not signifi-
cantly different between the baseline and post-glucose insulin
infusions. Insulin clearances were 737±33 and 751±64 ml/
In2 .min during baseline insulin infusions in the 15- and 25-g
glucose groups, respectively. Insulin clearances were 739±32 and
737±63 ml/m2. min during the insulin infusions after 15- and
25-g oral glucose loads, respectively.
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Figure 1. Glucose and insulin concen-
trations during 15- and 25-g oral glu-
cose loads. Glucose and insulin con-
centrations had returned to stable
baseline concentrations prior to initi-
ating the 120-min 20-mU/Mi2. min eu-
glycemic insulin infusions.Time (min)
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Table III. Results of 120-min Euglycemic Insulin Infusions (20 mU/M2. min) Performed
on Two Consecutive Days in Subjects Receiving 7.5, 15, or 25 g of Glucose on One of the Days

Mean arterialized Mean serum Percent increase of Percent increase of
Study glucose concentration insulin level Glucose infusion GIRw120lfrom Glucose infusion GIRo0120 from
performed during infusion* CV during infusiont§ rate GIRo,20§ basal day rate GIRo, ,§ basal day§

mg/dl % UU/ml mg/kg- min % mg/kg- min %

Without oral
glucose 90 3 36.2± 1 4.36±.5 4.67±.4

7.5-g oral
glucose 87 3 35.7±2 4.58±.1 6.5±13 5.14±.2 11.2±15

Without oral
glucose 83 4 37.0±2 4.68±.4 5.30±.4

15-g oral
glucose 81 4 36.4±2 6.48±.3 44.0±611 7.17±.4 41.0±81

Without oral
glucose 81 4 36.9±3 4.68±.3 5.39±.3

25-g oral
glucose 79 4 34.8±3 6.60±.3 46.8±9¶ 7.28±.4 38.2±7¶

CV, coefficient of variation.
* The glucose of each subject represents the mean of 24 values during the insulin infusion. The mean glucose in this table represents the mean of
those individual mean values. t The insulin of each subject represents the mean of six values during the insulin infusion. The mean insulin in
this table represents the mean of those individual mean values. § Values represent the mean±SEM. "I P < 0.0002. ¶ P < 0.0001.

At the conclusion of the euglycemic insulin infusions the
administration of insulin was stopped, but the variable-rate glu-
cose infusion was continued until it was no longer necessary to

maintain the baseline concentration of blood glucose. Such glu-
cose infusions were needed for 30-60 min after discontinuing
the administration of insulin.
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Figure 2. Glucose infusion rates (GIR) are shown as mean±standard
error of the mean for the 120-min euglycemic insulin infusions (20
mU/mi2 min) given with and without prior ingestion of either 15 g
(left) or 25 g (right) of glucose. The bottom panels present GIR during
studies without prior glucose administration. The top panels give re-
sults during insulin infusions after glucose ingestion. 16 subjects re-
ceived studies before and after a 15-g oral glucose load and 13 subjects
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before and after a dose of 25 g. All the GIR were adjusted to the 24-h
urinary creatinine excretion rate to allow comparison of GIR values at
a commonunit of lean body mass. The calculation of GIR adjusted to
creatinine excretion was made as follows: GIR.n F =
GIR20-120 mmX wt/24-h creatinine excretion rate, where GIR2,0-20 si
is expressed in milligrams per kilogram of body weight per minute,
weight (wt) in kilograms, and creatinine excretion in milligrams.

Enhancement of Insulin Action 1157

an z

z

Co

-Uox
4 W .30-

CoQW
D .10-
0

U)
M 0
J 0 °

0



Table IV. Counterregulatory Hormones at the Start and After 120 min of Euglycemic
Insulin Infusions (20 mU/M2* min) before and after 15- and 25-g Oral Glucose Loads

Epinephrine Norepinephrine Cortisol Glucagon Growth hormone

0 120 0 120 0 120 0 120 0 120

pg/mi pg/ml Ag/dl pg/mi ng/ml

Basal 32.4±7.7 33.3±6.6 220.5±4.5 222.7±30.5 7.1±1.2 7.1±.8 56.7±2.8 43.7±4.3 5.50±2.18 3.36±1.10
Post l5gof

glucose 32.0±3.6 33.8±6.9 181.0±37.5 158.0±28.0 8.1±1.2 6.3±.5 54.7±1.7 42.7±3.0 5.83±3.41 2.44±1.14
Basal 41.8±3.7 43.8±6.2 272.7±33.8 271.0±39.0 8.1±1.1 6.7±.9 57.5±8.5 47.3±3.3 4.02±1.68 1.49±.66
Post 25 g of

glucose 43.4±4.2 28.5±4.9 287.3±9.3 252.7±35.7 8.3±1.3 6.8±.5 58.5±5.5 44.0±2.3 4.27±1.58 1.12±.12

All values represent the mean±SEM.

The 7.5-g dose of glucose failed to produce the degree of changes in concentration during the insulin infusion, but no
enhancement in the action of insulin seen after the 25- and 15- significantly different patterns of change for the different hor-
g doses. No consistent increase in insulin action occurred and mones appeared after the 25- and 1 5-g glucose loads when com-
only a limited number of 7.5-g studies were performed. Attempts pared to the basal day insulin infusions.
were made to use a 100-g oral glucose load. However, the long Oral mannitol and oral saline control studies. 25- and 15-g
time period required for blood glucose to return to baseline oral mannitol loads were given to four subjects in a volume
(268±10 min) and the generation of a hypoglycemic response identical to that used in the 25- and 15-g oral glucose experiments
in two of the six subjects studied led us to abandon the use of to determine whether the increase in insulin action seen after
artificially large glucose loads. oral glucose was due to an intestinal stimulus unrelated to an

To determine whether the 25-g and 1 5-g oral glucose loads elevation of blood glucose or insulin. Two additional subjects
produced a significant change in counterregulatory hormones received oral saline in a volume identical to that used in the oral
during the insulin infusions given after the carbohydrate inges- glucose studies. In all of these studies, glucose and insulin levels
tion, epinephrine, norepinephrine, dopamine, cortisol, glucagon, remained at their initial basal values when measured at 30-min
and growth hormone levels were measured at the start and at intervals over a 2-h period after mannitol or saline ingestion.
the completion of the 1.20-min euglycemic insulin infusion in Comparison of the results obtained during the 120-min 20 mU/
six subjects. All measurements were performed at comparable m2* min euglycemic insulin infusions performed after oral
times during the two euglycemic insulin infusions on the 2 d of mannitol or oral saline to the results obtained during the basal
study (i.e., with and without prior glucose administration). Table study (no oral intake), failed to show evidence of enhancement
IV summarizes the data for each of these hormones except do- in the rate of whole-body glucose disposal (Table V).
pamine, which did not show any measurable change in its con- Studies to simulate the release of insulin produced by oral
centration in any of the subjects. The other hormones had minor glucose. In order to determine whether a transient elevation in

Table V. Results of 120-min Euglycemic Insulin Infusions (20 mU/rm2* min) Performed on Two
Consecutive Days in Subjects Receiving Oral Mannitol or Saline on One of the Two Days

Mean arterialized Mean serum Percent increase Percent increase of
glucose concentration insulin level Glucose infusion of GIR20.120 Glucose infusion GIRaso-2o from

Study performed during infusion* Cv during infusiont ratet GIRzo,02 from basal dayt ratet GIR.D 12 basal dayt

mg/dl % U/mi mg/kg. min % mg/kg min %

Without oral
mannitol 83 4 34.9±1 4.43±.7 5.38±.6

15 g oral
mannitol 78 4 32.0±1 4.90±1.2 8.9±10 5.67±1.2 4.1±10

Without oral
mannitol 82 4 33.2±1 4.61±1.1 5.30±1.1

25 g oral
mannitol 81 4 31.5±2 3.43±.7 -24.8±3 3.96±.7 -24.8±2

Without oral
saline 87 5 38.8±4 3.77±.5 4.33±.9

200 ml normal
saline 81 5 34.4±5 3.03±.6 -20.3±5 3.38±.7 -22.0± 1
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CV, coefficient of variation.
* See the footnotes to Table III for methods of calculating mean glucose and mean insulin values. t Values represent the mean±SEM.
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the systemic concentration of insulin, similar to the rise seen
after 25 or 15 g of oral glucose, was able to produce a rapid
enhancement in insulin action, nine subjects received the fol-
lowing insulin simulation studies. Insulin was infused intrave-
nously at a variable rate over a 30-60 min period. This infusion
attempted to mimic the profile of insulin levels seen in arter-
ialized serum obtained after the 25- and 1 5-g doses of oral glucose
(Fig. 3). During these studies glucose was infused to maintain
blood glucose concentrations at their basal level. The amount
of glucose infused to maintain euglycemia was 12.25±3.16 g
(mean±SEM). The results of the 1 20-min 20-mU/m2- min eu-
glycemic insulin infusion performed after the insulin stimulation
study were compared to those obtained on the baseline study.
Fig. 4 presents the GIR20-120 values which show a 34% increase
in the rate of glucose infusion after insulin simulation. The
GIR80-120 value showed a 30% increase over basal. This rapid
enhancement in insulin action occurred without a change in the
concentration of glucose in arterialized blood and without direct
activation of physiologic changes related to the oral intake of
liquid.

Endogenous glucose production during the euglycemic insulin
infusions. To determine whether there was a change in the rate
of hepatic glucose production during the 120-min euglycemic
insulin infusion after the 25- and 15-g oral glucose doses, four
subjects received [3-3H]glucose infusions during the 15- and 25-
g oral glucose studies to assess hepatic glucose output. Table VI
summarizes the results of these investigations. No significant
difference in the rate of hepatic glucose production during the
insulin infusion after oral glucose was seen compared to the
hepatic glucose output during the basal study in which no oral
glucose was given. Both of these euglycemic insulin infusions
produced almost complete suppression of hepatic glucose pro-
duction as estimated by the [3-3Hlglucose infusion technique.

Figure 3. Glucose and insulin concen-
trations during the insulin simulation
studies. Insulin was infused in an incre-
mental-decremental manner to mimic
the insulin concentrations observed dur-
ing the 15- and 25-g oral glucose loads.

I Glucose was maintained at its baseline
level with a variable rate glucose infu-

1 1 sion. When no further glucose infusion
was required to maintain euglycemia, an
additional 30-min interval was given

90 100 11o 120 prior to initiating the 120-min 20 mU/
m2 * min euglycemic insulin infusions.

To evaluate whether the rate of glucose appearance remained
elevated for a prolonged period of time (a few hours) after inges-
tion of these small doses of oral glucose, five additional subjects
underwent tritiated glucose infusions for 3 h before and for 4 h

70-
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Figure 4. The glucose infusion rate (GIR) during 20-120 min of the
euglycemic insulin infusion (20 mU/M2* min) which followed the in-
sulin simulation (Fig. 3) is shown along with the percent increase in
GIR20-120 over that observed during the euglycemic insulin infusion
without the prior transient elevation of circulating insulin level.
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Table VI. Endogenous Glucose Production at Baseline and during the
90-120-min Interval of 20 mU/m2' min Euglycemic Insulin Infusions

Basal HGO* R.20t GIRo 20§ HGO90 6 %Suppresson"

mg/kg- min mg/kg. min mg/kg. min mg/kg. min

Basal (n = 9) 2.32±0.10 5.35±0.44 5.05±0.48 0.30±0.12 86.5±5.35
Post-glucose (n = 4) - 8.66±0.45 8.47±0.40 0.19±0.05 92.7±1.55

* HGO, hepatic glucose output. t R., glucose appearance rate. § GIR90 20, glucose infusion rate during the period 90-120 min of the eugly-
cemic insulin infusion. 11 %suppression, percent suppression of hepatic glucose output. ¶ (n = 4) A subgroup of normals had measurements of
HGOduring euglycemic insulin infusions given with and without prior glucose ingestion.

after ingestions at a 15-g glucose load. The specific activity of
tracer glucose returned to baseline -90- 100 min after the oral
glucose load and the rate of hepatic glucose produced remained
at basal levels after that time. These data indicate that there was
no persisting suppression of hepatic glucose production during
the euglycemic insulin infusion given on the day with prior glu-
cose administration.

Discussion

The present investigations show that 25- and 1 5-g doses of oral
glucose produce a rapid increase in whole body insulin sensitivity
to a subsequent infusion of insulin. This rapid enhancement of
insulin action occurred within the first 40 min of the 20-mU/
m2 * min euglycemic insulin infusion after the oral glucose chal-
lenge. The slope of the glucose disposal rate curves from the 10-
to 30-min points after the start of the insulin infusion was in-
creased by one and a half times (P < 0.01) with oral glucose in
comparison to the slope in studies not preceded by an oral glucose
load (Fig. 2). The rapid increase in insulin action produced by
25- and 15-g glucose ingestion persisted throughout the 120-min
period of insulin infusion.

This effect of oral glucose could not be explained by changes
in the concentrations of counterregulatory hormones or in the
degree of suppression of hepatic glucose production, because
they were not altered. It could be hypothesized that differential
changes in the rate of hepatic glucose production could account
for the rapid increase in whole-body insulin sensitivity seen after
administration of 15- and 25-g oral glucose loads. However, it
would be necessary to propose that hepatic glucose production
was fully suppressed during the euglycemic insulin infusion given
after the oral glucose loads and that it was minimally suppressed
during the euglycemic insulin infusion without prior glucose.
Even with these circumstances which are refuted by the results
of the tritiated glucose studies in this report, one could account
for at most an enhancement of glucose infusion rate of 2 mg/
kg- min. The average increase above the baseline studies in GIR
after glucose ingestion was 3-4 mg/kg. min. This would mean
that even with differential effects on the rate of hepatic glucose
production, there would still be 1-2 mg/kg. min of glucose in-
fusion that could not be explained by an isolated effect of the
liver. The present data indicate that there is no significant role
for the liver in mediating the rapid increase in insulin action.

The possibility that insulin directly mediates the enhance-
ment in insulin action after the 15- and 25-g oral glucose loads
deserves serious consideration. One might wonder if intact in-
sulin is still occupying a significant number of insulin receptors
2 h after these glucose loads and producing an ongoing stimu-
lation of muscle glucose uptake. Previous investigations in this

laboratory (29) and elsewhere (30-32) using the forearm intraar-
terial insulin infusion technique have shown that maintaining
an elevation of arterial insulin concentration between 150 and
500 ,uU/ml for 25-35 min will produce a tenfold increase in
muscle glucose uptake by 35-45 min. This glucose uptake falls
back toward normal over a 2-h period, but can remain elevated
by threefold over basal 90-120 min after the start of the 25-35-
min infusion of insulin (31, 32). However, this enduring effect
of insulin appears to depend in large measure upon the absolute
elevation in steady-state insulin concentration achieved during
these forearm studies. In studies in this laboratory in which fore-
arm venous insulin levels remained in the range of 30-80 uU/
mlduring intraarterial forearm insulin infusion, the stimulatory
effect on muscle glucose uptake had disappeared by 85 min after
the start of insulin infusion. In more extensive studies of forearm
response to insulin by others using a lower dose insulin infusion
(10 ,U/kg. ml), designed to produce deep venous elevations of
insulin to 20 to 40 ,uU/ml (32, 33), a significant stimulation in
muscle glucose uptake occurred only transiently at 45 min after
the start of insulin infusion in one study (32) and failed to occur
in the other investigation (33). The peak systemic elevation in
the concentration of insulin observed in the subjects in the pres-
ent study after the 15- and 25-g oral glucose loads were generally
lower than the steady-state elevation maintained for 25-35 min
in the forearm studies just noted above (32, 33). A recent study
of degradation of intact tracer insulin by forearm tissues dem-
onstrated that 1 h after a 60-min high physiologic infusion of
insulin into the brachial artery, that all intact tracer insulin had
undergone degradation (34). Based upon these forearm studies,
it seems unlikely that a continuing action caused by elevated
levels of intact insulin can account for the enhancement seen
in insulin sensitivity 2 h after glucose ingestion. Further support
for this interpretation comes from the fact that, after discontin-
uation of the 120-min 20-mU/mi2* min euglycemic insulin in-
fusions in the present study, arterialized glucose concentrations
were maintained at baseline with a decremental glucose infusion
for 30-60 min. No glucose infusion was required to maintain
euglycemia after that 30-60-min interval.

The regulation of the action of insulin on its peripheral target
tissues is complex. Although further studies may discover mul-
tiple physiologic mechanisms for the rapid enhancement of in-
sulin action that depends on the inciting cause (oral glucose,
exercise, etc.), the possibility exists that gastrointestinal factors
help mediate the response after glucose ingestion. Gastric in-
hibitory polypeptide (GIP) is an attractive possibility since it
causes insulinlike effects in fat cells (35), and has been considered
by some investigators to enhance target tissue sensitivity (36).

Previous studies of the human forearm have shown that in-
trabrachial arterial infusions of a mixture of growth hormone
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plus insulin leads to a decrease in the action of insulin compared
to that seen when insulin is infused alone (30). It can be reasoned
that the converse may be true: that a fall in the normal plasma
concentration of growth hormone may lead to a transient in-
crease in the action of a given concentration of insulin on its
target tissues. More recent studies have discussed a possible role
for a decrease in plasma growth hormone as a mechanism for
mediating an increase in insulin action (37). However, in the
present studies we have not observed a significant difference in
the degree of fall in plasma growth hormone levels during those
euglycemic insulin infusions that followed glucose ingestion
compared to those infusion studies that did not (Table IV). These
findings argue against changes in growth hormone as an expla-
nation for the rapid increase in the action of insulin described
in the present report.

A quite good candidate for mediating the rapid enhancement
in insulin sensitivity is insulin itself. Past investigations of normal
humans have shown that infusion of insulin for 8 h at sequential
rates (2 h at each step) from 0.2 to 5.0 mU/kg- min provides a
more rapid achievement of steady-state glucose infusion rates
than those during separate 2-h insulin infusions at these rates
(38). This effect of a prior dose of insulin on target tissues may
be involved in the mechanism that accounts for the rapid increase
in whole body sensitivity to insulin seen in the present studies.
As the stimulation studies in this report show, simply raising
insulin levels for 30-60 min made the in vivo response to sub-
sequent insulin more efficient. Whether this is a direct priming
effect of insulin on target tissues like muscle or whether the
hormone causes the release of another factor that in turn acts
on muscle is not known. It is possible that more than one mech-
anism is involved. For example, the insulin simulation studies,
which overall resulted in somewhat higher insulin levels than
those found with the 15- and 25-g oral glucose loads, failed to
produce as good an effect as the oral sugar. Thus gut hormones
or other factors may contribute directly to help mediate the in-
crease in insulin sensitivity.

It is important to note that the increase in insulin action
mediated by oral glucose was measured using a physiologic rather
than a supraphysiologic insulin concentration. Pilot studies were
performed using high physiologic rates of insulin infusion, 30
and 40 mU/M2. min, and these studies showed less of an en-
hancement in whole body glucose disposal after 15 and 25 g of
glucose than found with the 20 mU/Mi2. min insulin infusion
rate. The present investigation did not attempt to determine
whether oral glucose produced a rapid increase in maximum
responsiveness to insulin, but the pilot data suggest that the pri-
mary effect on insulin action is to increase insulin sensitivity of
target tissues.

The physiologic significance of the rapid enhancement in
insulin action seen in the present investigations remains to be
established, but it may have considerable importance in defining
the pathophysiology for certain insulin-resistant states. Recent
studies in this laboratory have demonstrated that insulin-resistant
patients with myotonic dystrophy fail to develop any significant
enhancement in their rate of whole body glucose disposal as
determined by euglycemic insulin infusions given after either
25- or 15-g doses of oral glucose (39). It seems reasonable to ask
if insulin resistance owing to obesity or diabetes mellitus may
also involve a compromise in this aspect of the regulation of
insulin action. As a clearer understanding of the mechanisms
responsible for the acute regulation of insulin action evolves, it
may become possible to improve this response, if needed. For

example, one recent report has shown an improvement in insulin
action in the whole body within several hours after phenobarbital
administration (40). Thus, subsequent research in this area may
help establish the means to ameliorate insulin resistance.
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