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he roles of gastrointestinal (GI) hormones in mediating the disposition of absorbed nutrients have
been the focus of investigation since early in this
century. Central to this formulation is the action of
GI peptides to augment insulin secretion in concert with the
increasing levels of plasma nutrients during the assimilation
of a meal: the incretin effect (1-3). Two GI peptides are
generally accepted as being physiological incretins: gastric
inhibitory polypeptide (GIP), located in K-cells in the upper
small intestine, and glucagon-like peptide I (GLP-I)(7-36)
amide, produced by L-cells in the distal gut. Both are
released in response to carbohydrate and fat meals and have
a glucose-dependent insulinotropic effect (3,4). GLP-I also
inhibits glucagon release (5,6). Synergistic insulinotropic
activity between GIP and GLP-I has been demonstrated both
in isolated rat pancreas and in humans (7,8), and it is
probable that these two incretins act together to coordinate
islet function during nutrient absorption.
Recent studies indicate that GLP-I promotes glucose disposition independent of insulin. Gutniak et al. (9) clamped
insulin levels in a group of type I diabetic subjects and
showed that glucose disappearance was greater during infusions of pharmacological amounts of GLP-I than during
saline administration. We subsequently found that healthy
humans given a supraphysiological dose of GLP-I during
intravenous glucose tolerance tests (IVGTTs) had a 50%
increase in glucose effectiveness, a measure of the insulinindependent component of glucose disappearance (10).
Plasma glucagon concentrations were not significantly
changed by GLP-I in this experiment, indicating that this
hormone did not contribute to the observed increase in
glucose disappearance (10). These results imply that GLP-I
may have a direct effect on the processes involved in glucose
metabolism, i.e., stimulation of glucose uptake and/or suppression of hepatic glucose output. Recent work supporting
this contention (11,12) includes the detection of GLP-I receptor gene expression in liver, muscle, and adipose cells;
GLP-I receptor activity in adipocytes and preadipocytes (12);
GLP-I-stimulated increases in glycogen synthesis in rat soleus muscle and isolated hepatocytes; and augmented glucose transport in an adipocyte cell line treated with GLP-I
(12-14). In vivo, the putative extrapancreatic action of GLP-I
has only been demonstrated with pharmacological amounts
of the peptide, and it is unclear whether or not physiological
concentrations of the hormone have similar effects on glu1433
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Glucagon-like peptide I (GLP-I)(7-36) amide is secreted
by intestinal L-cells in response to food ingestion. GLP-I
is a potent insulin secretagogue and also inhibits glucagon release. In addition, when given to humans in pharmacological amounts, GLP-I increases glucose disposal
independent of its effects on islet hormone secretion. To
test the hypothesis that this extrapancreatic effect of
GLP-I on glucose disposition is present at physiological
levels of GLP-I, we performed intravenous glucose tolerance tests (IVGTTs) 1 h after the following interventions:
1) the ingestion of 50 g fat to stimulate GLP-I secretion
or the ingestion of water as a control and 2 ) infusion of
GLP-I to attain physiological levels or a control infusion
of saline. The results of the IVGTTs were analyzed using
the minimal model technique to determine the insulin
sensitivity index (5 t ) and indexes of insulin-independent
glucose disposition, glucose effectiveness at basal insulin
(5 G ), and glucose effectiveness at zero insulin (GEZI), as
well as the glucose disappearance constant (A;g) and the
acute insulin response to glucose (AIRg). These parameters were compared between conditions of elevated circulating GLP-I and control conditions. After ingestion of
fat and infusion of synthetic hormone, plasma GLP-I
increased to similar levels; GLP-I did not change with
water ingestion or saline infusion. Elevated levels of
GLP-I, whether from fat ingestion or exogenous infusion,
caused increased glucose disappearance (k-. fat versus
water 2.67 ± 0.2 vs. 1.72 ± 0.2, P < 0.001; GLP-I versus
saline 2.42 ± 0.2 vs. 1.96 ± 0.2 %/min, P = 0.045), insulin
secretion (AIRg: fat versus water 427 ± 50 vs. 284 ± 41, P
= 0.001; GLP-I versus saline 376 ± 65 vs. 258 ± 16 pmol/1,
P = 0.03), and glucose effectiveness (5 G : fat versus water
2.5 ± 0.1 vs. 1.8 ± 0.2, P = 0.001; GLP-I versus saline 2.5
± 0.2 vs. 1.8 ± 0.2%/min, P = 0.014; GEZI: fat versus
water 1.9 ± 0.2 vs. 1.3 ± 0.2%/min, P = 0.003; GLP-I
versus saline 1.9 ± 0.2 vs. 1.3 ± 0.2, P = 0.006) but no
difference in insulin sensitivity. These results suggest
that GLP-I, released after meals, promotes glucose assimilation both by augmenting insulin secretion and through
a separate effect to increase glucose uptake and/or inhibit
hepatic glucose output. Diabetes 44:1433-1437, 1995
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FIG. 1. Circulating concentrations of GLP-I in healthy humans before and after ingestion of 50 g fat or water (n = 10) and before and after
intravenous administration of synthetic GLP-I or saline (n = 10). Data are presented as means ± SE.
Fasting insulin and glucose levels were designated as the means of
four samples taken before the fat/water and GLP-I/saline treatments.
The acute insulin response to glucose (AIRg) was computed as the mean
increase in insulin over the first 10 min after administration of the
intravenous glucose minus the baseline insulin; the baseline value was
taken as the average of values sampled 0, 10, and 20 min before the
injection of glucose. The glucose disappearance constant (/cg) was
derived from the slope of the natural logarithm of the five glucose
RESEARCH DESIGN AND METHODS
samples taken 10-19 min after administration of glucose. The insulin
Seventeen healthy individuals (5 women and 12 men), ages 22-54 years, and glucose data were analyzed using the minimal model of glucose
were recruited. They had stable body weights within 15% of ideal body kinetics (19) to derive indexes of insulin sensitivity (S,) and glucose
weight and had no personal or family history of diabetes. After the effectiveness (5G). Since SG is the glucose effectiveness at basal insulin
nature of the study had been explained, subjects signed informed levels, it includes an insulin-dependent component, or basal insulin
consent forms that had been approved by the institutional human effect (BIE), which is computed by multiplying the baseline insulin level
subjects committee. Volunteers were admitted to the Clinical Research by the insulin sensitivity index (5,). Glucose effectiveness at zero insulin
Center at the University of Washington, Seattle, WA, on two separate (GEZI), a true measure of insulin-independent glucose disposition, was
mornings after 10- to 12-h fasts to participate in one of two protocols. calculated by subtracting the BIE from the SG (20). The minimal model
The fat/water protocol involved oral intake of either 50 g fat, in the form allows separation of glucose disposition into insulin-dependent and
of heavy cream, or an equivalent amount of water. The GLP-I/saline insulin-independent components at any time point during the IVGTT
protocol consisted of intravenous administration of either synthetic (21). To determine the relative contributions of insulin-dependent and
GLP-I (prepared as described previously [10] at the Howard Hughes insulin-independent processes to glucose disappearance (/cg), mean
Medical Institute, University of Washington) at 15 pmol • kg" 1 • h" 1 or values of these terms were computed from the samples obtained from
150 mmol/1 NaCl. This dose of GLP-I raises plasma GLP-I concentrations time 10-19 min. Comparisons were made using the t test or the
to postprandial levels (D.A.D., J.W.E., unpublished observations). Ten rank-sum test for paired data; two-tailed analyses were done except
subjects participated in each protocol, and the studies were balanced where noted. Data are presented as means ± SE.
such that the control study was performed first in half of the subjects.
The paired studies were separated by at least 1 week in the men and
were done at similar points in the menstrual cycle in the women. After
the ingestion of fat or water or the infusion of GLP-I or saline, blood was RESULTS
sampled at 10-min intervals for 1 h. Then a bolus of glucose (11.4 g/m2) Fasting GLP-I concentrations in the subjects were similar on
was given intravenously as the initiation of a modified frequently the days they received fat, water, GLP-I, or saline (7.4 ± 0.6,
sampled intravenous glucose tolerance test (IVGTT) (15); 20 min after
the glucose infusion, tolbutamide (125 mg/m2) was administered intra- 7.2 ± 0.6, 7.4 ± 0.8, and 7.5 ± 0.8 pmol/1, respectively). After
venously and blood samples were collected for an additional 160 min as ingestion of cream, GLP-I concentrations rose within 15-20
previously described.
min, and levels remained elevated at —13 pmol/1 throughout
Blood was collected into heparinized tubes for insulin and glucose the 4-h study (Fig. 1). Infusion of GLP-I achieved a similar
analyses and into EDTA/aprotinin (50 mmol • r 1 • 500 IU"1 • ml"1) for increase in the circulating GLP-I concentrations to 11-12
the measurement of GLP-I. After immediate centrifugation, the sepa- pmol/1 that was maintained throughout the study (Fig. 1).
rated plasma was stored at -20°C. Glucose was measured by a glucose
oxidase method, and insulin concentrations were determined by specific GLP-I levels did not change significantly from the fasting
radioimmunoassay (RIA) (16). GLP-I was measured by RIA using values when the subjects received water or saline.
antiserum 89390 (donated by Dr. J.J. Hoist, Paanum Institute, CopenhaIn the 1st h after the ingestion of fat, insulin levels
gen), as described by Orskov and Hoist (17), in ethanol extracts of increased from 60.6 ± 9.0 to 96 ± 15.6 pmol/1 (P < 0.01) and
plasma. Antiserum 89390 recognizes the COOH-terminal amidated arginine of GLP-I and thus is specific for the amidated GLP-I species, which glucose levels decreased from 4.8 ± 0.01 to 4.6 ± 0.01 mmol/1
includes GLP-I(7-36) amide, the predominant bioactive GLP-I species (P < 0.05) compared with preprandial values. In contrast,
(18).
there were no differences between fasting and pre-IVGTT
cose disposal. We report herein that postprandial levels of
GLP-I, achieved by either exogenous or endogenous means,
are also associated with increased insulin-independent glucose disposition, supporting a novel physiological role for
GLP-I.

1434
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TABLE 1
Parameters of intravenous glucose tolerance in groups of 10 healthy humans ingesting 50 g fat or water or receiving intravenous GLP-1
or saline
Fat
A;g (• 10 2 • min x)
AIR (pmol/1)
S, (pmol-l~ r -min" 1 • 10~5)
SG (• KT 2 • min" 1 )
GEZI (• 10" 2 • min" 1 )

2.67 ±
427 ±
9.5 ±
2.5 ±
1.9 ±

0.19
50
2.7
0.1
0.1

Water
1.72 ±
284 ±
7.5 ±
1.8 ±
1.3 ±

0.17
41
1.4
0.2
0.2

P value
<0.001
<0.001
0.15
0.001
0.003

GLP-1
2.42
376
8.2
2.5
1.9

±
±
±
±
±

0.19
65
1.3
0.2
0.2

Saline
1.96 ±
258 ±
8.4 ±
1.8 ±
1.3 ±

0.21
16
1.3
0.2
0.2

P value
0.045*
0.03
>0.3
0.014
0.006

Data are means ± SE. * One-tailed analysis.

DISCUSSION
This study demonstrates that GLP-I at concentrations of the
hormone achieved after nutrient intake promotes glucose
disposition both by enhancement of insulin secretion and by
insulin-independent processes. As reflected in the minimal
model parameter GEZI, insulin-independent glucose disposition in humans increased coincident with elevations in
circulating endogenous GLP-I levels stimulated by a fat meal
or after infusion of synthetic hormone to achieve an approximately matching level. The higher rates of insulin-independent glucose disposition were nearly identical whether GLP-I
concentrations were increased from endogenous or exogenous sources, suggesting that GLP-I was the causative factor.
These data extend our previous observations in humans,
which used supraphysiological infusions of GLP-I and are
consistent with a physiological role of GLP-I in postprandial
glucose homeostasis that is distinct from its ability to
stimulate insulin secretion.
Plasma GLP-I immunoreactivity, as measured by the
COOH-terminal antisera used in our RIA, is a heterogeneous
mix of related peptides that includes the precursor GLP-I(136) amide and the metabolite GLP-I(9-36) amide (22,23).
Therefore, establishing physiological concentrations of the
active GLP-I(7-36) amide with this assay is likely to be
somewhat imprecise. However, because GLP-I(7-36) amide
is the predominant secreted form of the GLP-I peptides (22),
DIABETES, VOL. 44, DECEMBER 1995

it is reasonable to conclude that the rise in GLP-I immunoreactivity measured after the fat meal reflects increases of
this moiety in the circulation. Since it is unlikely that the
intravascular metabolism of synthetic GLP-I(7-36) amide
varies significantly from the secreted form, the matching of
infused GLP-I to postfat levels should have achieved a
reasonable approximation of bioactive hormone in both
conditions. The concordance of the IVGTT results with these
two experimental paradigms supports this inference.
Insulin-independent glucose disposition has been estimated to comprise 40% of the glucose disappearance with intravenous glucose loads (24) and 40-60% of glucose disposition
after oral glucose (25). We found a similar relative contribution of glucose effectiveness to glucose disappearance in our
studies. There was no difference in the percentage of insulinindependent glucose disposition in the experimental and
control studies, indicating that GLP-I augmented intravenous
glucose tolerance by increasing insulin-dependent and insulin-independent processes proportionately.
Although Nauck et al. (6) have shown that infusions of
GLP-I suppress plasma glucagon levels during hyperglycemic
clamps, we could not demonstrate a difference in plasma
glucagon concentrations during an IVGTT with GLP-I or
saline administration in our previous study (10). We concluded that the augmentation of SG seen with a GLP-I
infusion was independent of the influence of glucagon.
Because we infused GLP-I at a rate three times greater than
that used in the present study, it is improbable that glucagon
levels differed between the saline and GLP-I experiments
reported herein. Glucagon secretion has been noted to be
minimally altered in humans after a lipid meal (26,27), so it is
unlikely that the difference in insulin-independent glucose
disposition between the fat and water experiments can be
accounted for by glucagon effects.
The mechanisms whereby glucose promotes its own disappearance from the circulation are unclear, but several
recent studies have demonstrated that this process is regulated (10,20,28) and thus amenable to the influence of
hormones. Heretofore, GLP-I has been the only hormone
reported to accelerate insulin-independent glucose disposition. It can be inferred from the expression of the GLP-I
receptor gene in a wide variety of tissues (11,12) that GLP-I
may affect glucose metabolism at more than one site. Preliminary work in vitro suggests that GLP-I may stimulate
glycogen synthesis in hepatocytes and muscle cells (13,14),
but the relation of these findings to augmented insulinindependent glucose disposition in vivo has yet to be established. In our previous study, we found that infusion of GLP-I
at 45 pmol • kg" 1 • h" 1 (subsequently shown to attain supraphysiological plasma concentrations of 25-45 pmol/1 [D.A.D.,
R.L.P., J.W.E., unpublished observations]) was associated
1435
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insulin and glucose concentrations after GLP-I infusion,
saline infusion, or water intake.
Intravenous glucose tolerance was increased when circulating GLP-I levels were elevated, as reflected in the higher kg
on the days the subjects drank cream than on the days they
drank water, and during the GLP-I compared with saline
infusions (Table 1). The AIRg was significantly greater during
increases in either endogenous or exogenous GLP-I (Table
1). Therefore, a portion of the increase in kg was accounted
for by incretin-stimulated insulin secretion.
A second factor in the greater kg observed with experimental elevation in circulating GLP-I was augmented glucose
effectiveness. This was detected whether glucose effectiveness was calculated at basal insulin levels (SG; Table 1) or at
zero insulin (GEZI; Table 1), a true measure of insulinindependent glucose disposition. Increasing the circulating
concentrations of GLP-I, either by infusion or by nutrient
stimulation, had no effect on insulin sensitivity, since there
was no difference in Sj between the paired experiments
(Table 1). The contribution of insulin-independent glucose
disposition to kg did not differ between the control and
increased GLP-I conditions (fat versus water 39.0 ± 3.5 vs.
47.9 ± 2.9%, P = 0.3; GLP-I versus saline 44.8 ± 5 . 1 vs. 41.9
± 5.6%, P = 0.135).
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with a 50% increase in SG (10). Comparable increases in
glucose-mediated glucose disposal were achieved in the
current study by circulating levels of GLP-I that were much
lower. These findings suggest that the enhancement of
glucose effectiveness unique to GLP-I occurs at physiological
concentrations of the hormone and is likely to be an important factor in the assimilation of ingested carbohydrate.
Intake of fat caused a modest but significant rise in insulin
levels and a decrease in glucose concentrations before the
IVGTT. These changes were not observed with the matched
infusion of GLP-I. The increase in basal insulin output after
the fat meal may have been the result of substrate stimulation of the (3-cells, since the ingested cream contained 4 g
carbohydrate and 3 g protein, or the influence of other
enteroinsular factors. The insulinotropic effect of GLP-I has
been shown to be glucose dependent in vitro (4), and we
previously observed no effect of pharmacological infusions
of GLP-I on insulin levels at fasting glycemia (10). Despite
the fact that oral intake of fat stimulates the release of a host
of GI peptides, including GIP (3), there was little difference
in the insulin response to intravenous glucose between the
cream ingestion and the GLP-I infusion. While it is plausible
that other gut hormones contributed to the augmented AIRg
after the fat meal, the results from the GLP-I/saline protocol
confirm the previous observation that GLP-I has a significant
role in the incretin effect (6,29). However, since most of the
subjects did not participate in both experimental conditions,
we cannot directly compare the incretinic effect of GLP-I
alone with that of the enterally stimulated GI tract.
We have previously shown that in healthy humans studied
2 h after intake of 50 g fat, the acute insulin response to
intravenous arginine or secretin is blunted compared with
that elicited after water ingestion (30). We attributed this
result to the inhibitory action of somatostatin-28 (S-28)
secreted by endocrine cells within the proximal intestine
because 1) circulating concentrations of this hormone peak
relatively late after nutrients are consumed and 2) infusion
of synthetic S-28 to postprandial levels caused a similar
decrement in stimulated insulin release. The augmentation of
AIRg 1 h after an identical fat meal in the current study
implies that the regulatory effects of GI factors on the p-cell
vary temporally through the course of meal absorption. That
is, incretins released in the early postprandial period promote insulin release while substrate levels are increasing,
and signals such as S-28, which damp insulin secretion,
predominate in the later phases of digestion as the provision
of nutrients from the gut diminishes.
In summary, the current data demonstrate that the circulating concentrations of GLP-I present early after meal
ingestion promote glucose disposition independent of insulin
consistent with a novel physiological role for this hormone.
In addition, the incretinic effect of GLP-I contributes significantly to the augmented insulin response after oral nutrient
intake. It is now reasonable to propose that GLP-I release,
stimulated by a meal, not only serves to link nutrient
absorption with pancreatic p-cell secretion but also signals
some of the key target tissues in glucose metabolism separate from its insulinotropic action.
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