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Abstract

Glucagon-like peptide 1 [7-36 amide] (GLP-1) has been shown
to enhance insulin secretion in healthy and type II diabetic hu-
mans, and to increase glucose disposal in type I diabetic pa-
tients. To further define its action on glucose kinetics, we stud-
ied six healthy subjects who received either GLP-1 (45 pmol /
kg per h) or 150 mM saline on two mornings during which a
modified intravenous glucose tolerance test was performed.
Plasma insulin and glucose levels were analyzed using Berg-
man’s minimal model of glucose kinetics to derive indices of
insulin sensitivity (S;) and glucose effectiveness at basal insu-
lin (Sg), the latter a measure of glucose disposition indepen-
dent of changes in insulin. In addition, basal insulin concentra-
tions, the acute insulin response to glucose (AIR,), plasma
glucagon levels, and the glucose disappearance constant ( K,)
were measured on the days that subjects received GLP-1 or
saline. Compared with saline infusions, GLP-1 increased the
mean K, from 1.61:+0.20 to 2.65+0.25% /min (P = 0.022). The
enhanced glucose disappearance seen with GLP-1 was in part
the result of its insulinotropic effect, as indicated by a rise in
AIR, from 240+48 to 400+78 pM (P = 0.013). However,
there was also an increase in S; from 1.77+0.11 to 2.65+0.33 X
1072 min " (P = 0.038), which was accounted for primarily by
insulin-independent processes, viz glucose effectiveness in the
absence of insulin. There was no significant effect of GLP-1 on
S; or basal insulin, and glucagon levels were not different during
the glucose tolerance tests with or without GLP-1. Thus, GLP-
1 improves glucose tolerance both through its insulinotropic
action and by increasing glucose effectiveness. These findings
suggest that GLP-1 has direct effects on tissues involved in
glucose disposition. Furthermore, this peptide may be useful
for studying the process of insulin-independent glucose dis-
posal, and pharmacologic analogues may be beneficial for
treating patients with diabetes mellitus. (J. Clin. Invest. 1994.
93:2263-2266.) Key words: incretin hormones ¢ enteroinsular
axis ¢ glucose effectiveness ¢ insulin secretion « minimal model

Introduction

Glucagon-like peptide 1 [7-36amide,] (GLP-1)' is an insulin-
otropic peptide cleaved from proglucagon in epithelial endo-

Portions of this work were presented as an abstract at the International
Symposium on Glucagon-like Peptide 1, 17-19 May 1993, Copenha-
gen, Denmark.
Address correspondence to David A. D’Alessio, M.D., Department
of Medicine, RC-14, University of Washington, Seattle, WA 98195.
Received for publication 23 August 1993 and in revised form 28
December 1993.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/94/05/2263/04 $2.00

Volume 93, May 1994, 2263-2266

crine cells in the distal intestine (1, 2). GLP-1 release into the
circulation is stimulated by ingestion of a glucose or mixed
meal, and plasma levels rise concurrently with insulin and glu-
cose, suggesting that this peptide acts as an incretin, a nutrient-
stimulated hormone that augments insulin secretion (3, 4).
Parenteral infusion of GLP-1 into healthy humans and pa-
tients with type II diabetes mellitus causes a rise in glucose-
stimulated insulin secretion, and suppresses glucagon release
(5). These combined effects of GLP-1 on islet function in dia-
betic subjects are unique among the gastrointestinal peptides
and raise the possibility that this peptide or analogues have
potential in the treatment of type II diabetes.

It has recently been reported that infusions of GLP-1 into
diabetic subjects decreased the insulin dosage required to
maintain euglycemia (6). Furthermore, type I diabetic subjects
treated with GLP-1 during one-step euglycemic, hyperinsulin-
emic clamps had 10-15% higher rates of glucose disposal than
during control studies, thereby suggesting that GLP-1 may pro-
mote glucose uptake in addition to augmenting insulin release
(6). However, it cannot be determined from these data
whether GLP-1 exerts an effect on insulin sensitivity, or if it
promotes insulin-independent glucose disposition. Further-
more, because glucose disposal rates were studied only in dia-
betic subjects, it is not known whether their augmentation by
GLP-1 occurs in healthy people, and thus might comprise a
physiologic function of this peptide. To more fully assess these
putative extrapancreatic actions, we have studied the influence
of GLP-1 on intravenous glucose tolerance and its major pa-
rameters—insulin secretion, insulin sensitivity, and glucose ef-
fectiveness—in healthy nondiabetic subjects.

Methods

Six healthy persons (five male and one female), ages 24-51 yr, who
were weight-stable within 15% of ideal body weight and had no per-
sonal or family histories of diabetes mellitus were recruited. Subjects
signed an informed consent form approved by the Human Subjects
Committee at the University of Washington. Each subject was studied
after an overnight fast on two occasions with assignment to either the
experimental or control protocols alternated so that three subjects re-
ceived GLP-1 and three received saline during their first study. After
the withdrawal of three fasting blood samples, each was infused with
NaCl (150 mM) or GLP-1 (45 pmol/kg per h) for 4 h; this rate of
GLP-1 infusion has been shown previously to cause circulating levels
to be elevated two- to threefold greater than the peak concentrations
achieved after stimulation by nutrients (6). GLP-1 was synthesized by
solid phase methods at the Howard Hughes Medical Institute, Univer-

1. Abbreviations used in this paper: AIR,, acute insulin response to
glucose; BIE, basal insulin effect; GEZI, glucose effectiveness at zero
insulin; GLP-1, glucagon-like peptide 1 [7-36 amide]; HGO, hepatic
glucose output; IVGTT, intravenous glucose tolerance test; K, glucose
disappearance constant; S;, insulin sensitivity index; S, glucose effec-
tiveness at basal insulin.
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sity of Washington, and purified by three sequential passages of re-
verse-phase HPLC; purity was documented by amino acid sequencing
and mass spectrometry. Blood was obtained 40, 50, and 55 min after
starting the GLP-1 or saline infusions before administration of an intra-
venous bolus of glucose (11.4 g/m? body surface area) as the com-
mencement of a frequently sampled modified intravenous glucose tol-
erance test (7). 20 min after glucose injection, a bolus of tolbutamide
(125 mg/m?) was given intravenously and blood samples were ob-
tained for an additional 160 min at previously defined intervals (7).

Blood was collected into heparinized tubes for insulin and glucose
analysis, and into EDTA /aprotinin (50 mM/500 IU per ml) for the
measurement of glucagon. After immediate centrifugation, the sepa-
rated plasma was stored at —20°C. Insulin and glucagon levels were
measured by specific radioimmunoassays (8, 9) and glucose concen-
trations were determined by the glucose oxidase method.

The insulin and glucose data were analyzed using the minimal
model of glucose kinetics developed by Bergman et al. (10) to derive
indices of insulin sensitivity (S;) and glucose effectiveness at basal insu-
lin (Sg). Glucose effectiveness at zero insulin (GEZI), a more precise
description of insulin-independent glucose disposal was calculated as
described by Kahn et al. (11):

GEZI = S — BIE
BIE (basal insulin effect) = basal insulin X S;

Basal insulin concentrations were calculated as the mean of the three
values measured in the 20 min before the glucose infusion. The acute
insulin response to glucose (AIR,) was designated as the mean incre-
ment in insulin over the fasting level in the first 10 min after intrave-
nous glucose. The glucose disappearance constant (K;) was derived
from the slope of the natural logarithm of the five glucose samples
taken 10-19 min after the administration of glucose.

The values of S;, Sg, K, AIR;, GEZI, BIE, and basal insulin mea-
sured during the GLP-1 and control infusions were compared using
Student’s ¢ test for paired data. Fasting glucagon levels were designated
as the mean of the three samples taken before the saline/GLP-1 infu-
sions, and these measurements were compared to post-intravenous
glucose tolerance test (IVGTT) values using analysis of variance. Data
are expressed as the mean+SEM.

Results

Basal insulin and glucose concentrations in the healthy volun-
teers were indistinguishable on the days they received either
saline or GLP-1 (Table I). As shown in Fig. 1, the K; increased
from a mean of 1.61+0.20% /min on the day of saline infusion
to 2.65+0.25%/min on the morning the subjects received
GLP-1 (P = 0.022). The improvement in K was accounted for
in part by the action of insulin since AIR, was increased from
240+48 pM during the day of the saline control to 400+78 pM
during the GLP-1 infusion (P = 0.013) (Fig. 2). However, S;
was not changed significantly by GLP-1 (Table I), suggesting
that the improvement in glucose tolerance was not caused by
an independent effect of GLP-1 on the tissue response to insu-
lin. By contrast, S; was elevated by ~ 50% when the subjects
received GLP-1 (Fig. 3), an increase caused by insulin-inde-
pendent glucose disposition, since GEZI was increased without
a significant alteration in BIE (Table I).

Fasting glucagon levels in the six volunteers were compara-
ble on the days they received GLP-1 and saline (13+1.2 vs
11.8+1.7 pM; Fig. 4). From —60 min to 0 min the GLP-1
infusion decreased circulating glucagon by ~ 15%, from
13+1.2 to 11.1+1.8 pM, whereas during the control study con-
centrations did not change appreciably. After the administra-
tion of intravenous glucose glucagon concentrations were de-
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Table 1. Basal Insulin and Glucose, and Parameters of Glucose
Disposal Calculated from IVGTTs in Six Healthy Subjects
Receiving Either Saline or GLP-1 Infusions

Subject  Insulin  Glucose s, So BIE  GEZI
M mM X107 (min~'/pM)  min~'  min”'  min™!
Saline
1 119 49 6.50 0.022 0.006 0.015
2 57 4.2 8.70 0.018 0.004 0.013
3 98 5.2 4.73 0.018 0.004 0.014
4 55 5.0 7.68 0.019 0.004 0.015
5 110 5.5 2.50 0.013 0.002 0.011
6 208 5.7 2.77 0.017 0.005 0.013
Mean 108 5.1 5.48 0.018 0.004 0.014
SE 23 0.2 1.05 0.001 0.001 0.001
GLP-1
1 131 5.0 5.25 0.031 0.006 0.025
2 48 4.4 15.35 0.039 0.006 0.033
3 103 4.8 5.78 0.027 0.005 0.022
4 110 49 10.78 0.023 0.010 0.013
5 95 5.2 3.85 0.024 0.003 0.021
6 205 5.6 1.25 0.015 0.002 0.013
Mean 116 5.0 7.05 0.026 0.005 0.021
SE 21 0.2 2.08 0.003 0.001 0.003
P 049 0.54 0.26 0.038 0.398 0.058

P values are for comparisons of the data from the GLP-1 and saline
studies.

creased to similar levels on both study days, and throughout
the remainder of the studies glucagon values were comparable
during infusion of saline or GLP-1.

Discussion

These data corroborate previous findings that showed that
GLP-1 is a potent enhancer of glucose-stimulated insulin re-
lease, but has little effect on 8 cell secretion at basal glucose
concentrations (3). In addition, we have found that in healthy
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Figure 1. Effect of GLP-1 on glucose disappearance. Mean and indi-
vidual K calculated from IVGTTs in six healthy subjects infused
with saline and GLP-1. Bars represent mean +SEM; P is for compar-
ison of K, from GLP-1 and control experiments.
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Figure 2. Effect of GLP-1 on glucose-stimulated insulin secretion.
Mean and individual AIR, calculated for six healthy subjects during
IVGTTs with infusions of saline or GLP-1. Bars represent mean
+SEM; P is for comparison of AIR, from GLP-1 and control experi-

ments.

humans, GLP-1 stimulates glucose disposal by a mechanism
distinct from its effect on insulin secretion, an observation that
supports that of Gutniak et al., who showed that GLP-1 pro-
moted glucose uptake in patients with type I diabetes (6).
Moreover, our data demonstrate that in nondiabetic individ-
uals, GLP-1 increases glucose effectiveness and insulin-inde-
pendent glucose disposition without significantly changing in-
sulin sensitivity, a novel finding with both physiologic and ther-
apeutic implications.

The division of glucose disposition into insulin dependent
and independent elements has been validated both by model-
ing and clamp methods (12, 13). Insulin-independent glucose
uptake, primarily by the central nervous system, is the major
component of postabsorptive glucose disposal (14). However,
elevations in circulating glucose may also increase glucose up-
take by insulin-sensitive tissues, such as skeletal muscle, and
suppress hepatic glucose uptake (HGO) independent of
changes in insulin levels (12, 13). Thus, insulin-independent
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Figure 3. Effect of GLP-1 on S;. Mean values of Sg in six healthy
subjects derived from insulin and glucose data from IVGTTs during
infusions of saline or GLP-1. Error bars represent SEM; P is for
comparison of Sg from GLP-1 and control experiments.
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Figure 4. Circulating glucagon concentrations in six healthy subjects
during infusions of saline (open circles) and GLP-1 (filled circles),
before and after IVGTTs; data points represent mean values +SEM.

glucose disposition may play a role in the clearance of glucose
after a meal, as well as in the basal state. Glucose effectiveness,
as determined by the minimal model, includes both insulin-in-
dependent glucose uptake and the effect of hyperglycemia per
se to suppress HGO, and so gives a global measure of the effects
of changes in glucose concentration on glucose tolerance (13,
15). Glucose effectiveness contributes significantly to the main-
tenance of normal glucose tolerance, and has been estimated to
account for 20-25% of the variance in K, in healthy individuals
(16). Thus, although the methodology used in this study does
not allow us to fractionate the improvement of glucose toler-
ance by GLP-1 into precise insulinotropic and glucose effective-
ness-enhancing effects, it can be presumed that these processes
are interactive.

It is possible that the increased glucose uptake seen by Gut-
niak and colleagues in their diabetic subjects infused with
GLP-1 during hyperinsulinemic clamps resulted from en-
hanced glucose effectiveness (6). However, this cannot be dis-
cerned from their data, since the increase in glucose uptake
they measured may have been caused by either greater insulin
sensitivity, enhanced glucose effectiveness, or both. Glucose
effectiveness has been shown to be abnormally decreased in
both type I and type II diabetic patients (17, 18). In addition, it
has been reported that in the normoglycemic offspring of cou-
ples who both have type 2 diabetes, impairment of glucose
effectiveness increases the risk for developing diabetes (19).
The specific effect of GLP-1 on glucose effectiveness seen in
our nondiabetic subjects raises the possibility that this hor-
mone may stimulate processes that are dysfunctional in the
diabetic state.

It has recently been shown that glucose effectiveness and
insulin sensitivity are independently regulated so that changes
in one of these measures can occur without an alteration in the
other (12, 20). This independent regulation suggests that dif-
ferent cellular and molecular mechanisms underly these kineti-
cally derived indices. We cannot determine the site where
GLP-1 exerts its action to enhance glucose effectiveness, since
the indices derived by the minimal model represent whole
body glucose kinetics. Augmentation of non-insulin-mediated
glucose uptake by hyperglycemia is primarily caused by an in-
crease in glucose uptake by skeletal muscle (12), and it is possi-
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ble that GLP-1 increases glucose effectiveness at this site. The
suppressive effect of hyperglycemia on HGO (13, 21, 22) is
also a component of glucose effectiveness, and GLP-1 may
potentiate this action. It is possible that the modest suppression
of glucagon levels by GLP-1 before the IVGTT caused a de-
crease in HGO and contributed to the greater glucose effective-
ness during the GLP-1 infusions. However, glucagon levels
were similar throughout the IVGTT in both the GLP-1 and
saline studies, making it unlikely that changes in this hormone
explain the large increase in the estimate of insulin-indepen-
dent glucose disposition.

Since it is unlikely that the effect of GLP-1 to increase intra-
venous glucose tolerance is solely the result of its effect on islet
hormone secretion, it is probable that this peptide acts directly
on tissues involved in glucose disposition. The GLP-1 receptor
has been cloned and an mRNA demonstrated in Northern
blots of extracts from isolated pancreatic islets, but not muscle
or liver (23). However, kinetic studies with radiolabeled GLP-
1 have demonstrated specific, saturable binding to adipocyte
membranes (24 ), raising the possibility that GLP-1 may have a
role in the regulation of other tissues important in fuel homeo-
stasis. The specific and potent effect of GLP-1 to increase glu-
cose effectiveness may make it a useful tool to study the mecha-
nisms that contribute to insulin-independent glucose metabo-
lism.

In summary, we have shown that intravenous infusion of
GLP-1 improves glucose tolerance in healthy humans by in-
creasing insulin secretion and insulin-independent glucose dis-
position. Because we used a GLP-1 infusion rate that has been
reported to raise concentrations in the circulation several-fold
over those achieved after eating (6), it is not possible to deter-
mine whether this extrapancreatic action of GLP-1 is a pharma-
cologic or a physiologic effect. Further work with GLP-1
should permit an understanding of this aspect of physiology, as
well as provide insights into the regulation of glucose effective-
ness, and development of GLP-1 analogues could provide use-
ful agents for the treatment of diabetes.
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