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Exendin(9-39)amide Is an Antagonist of Glucagon-like Peptide-1(7-36)amide
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Abstract

The gastrointestinal hormone, glucagon-like peptide-1(7-
36)amide (GLP-1) is released after a meal. The potency of
synthetic GLP-1 in stimulating insulin secretion and in in-
hibiting glucagon secretion indicates the putative physiolog-
ical function of GLP-1. In vitro, the nonmammalian peptide,
exendin(9-39)amide [ex(9-39)NH,], is a specific and com-
petitive antagonist of GLP-1. This in vivo study examined the
efficacy of ex(9-39)NH, as an antagonist of exogenous GLP-1
and the physiological role of endogenous GLP-1. Six healthy
volunteers underwent 10 experiments in random order. In
each experiment, a 30-min period of euglycemia was followed
by an intravenous infusion of glucose for 150 min that es-
tablished a stable hyperglycemia of 8 mmol/liter. There was
a concomitant intravenous infusion of one of the following:
(1) saline, (2) GLP-1 (for 60 min at 0.3 pmol - kg™! - min™!
that established physiological postprandial plasma levels,
and for another 60 min at 0.9 pmol - kg~! - min~! to induce
supraphysiological plasma levels), (3-5) ex(9-39)NH, at 30,
60, or 300 pmol - kg™! - min~! + GLP-1, (6-8) ex(9-39)NH,
at 30, 60, or 300 pmol - kg~! - min~! + saline, (9 and 10)
GIP (glucose-dependent insulinotropic peptide; for 60 min
at 0.8 pmol - kg~! - min~?, with saline or ex(9-39)NH, at 300
pmol - kg~! - min~!). Each volunteer received each of these
concomitant infusions on separate days. ex(9-39)NH, dose-
dependently reduced the insulinotropic action of GLP-1
with the inhibitory effect declining with increasing doses of
GLP-1. ex(9-39)NH, at 300 pmol - kg~! - min~! blocked the
insulinotropic effect of physiological doses of GLP-1 and
completely antagonized the glucagonostatic effect at both
doses of GLP-1. Given alone, this load of ex(9-39)NH, in-
creased plasma glucagon levels during euglycemia and hy-
perglycemia. It had no effect on plasma levels of insulin
during euglycemia but decreased plasma insulin during hy-
perglycemia. ex(9-39)NH, did not alter GIP-stimulated in-
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sulin secretion. These data indicate that in humans, ex(9-
39)NH, is a potent GLP-1 antagonist without any agonistic
properties. The pancreatic A cell is under a tonic inhibitory
control of GLP-1. At hyperglycemia, the B cell is under a
tonic stimulatory control of GLP-1. (J. Clin. Invest. 1998.
101:1421-1430.) Key words: GLP-1 « exendin(9-39)amide «
insulin « glucagon « entero-insulinar axis

Introduction

The proglucagon-derived glucagon-like peptide-1(7-36)amide
(GLP-1)! is a gastrointestinal hormone that is released post-
prandially from the L cells of the gut (1-3) and exerts a glu-
cose-dependent and direct insulinotropic effect on the pancre-
atic B cell. It acts via specific receptors, which activate
adenylate cyclase (4), and enhances insulin secretion and bio-
synthesis (3, 5, 6). In addition, synthetic GLP-1 has been
shown in vitro and in vivo to reduce glucagon secretion (7-12).
It may also enhance glucose uptake in peripheral tissues (13,
14). These combined effects improve glucose tolerance and are
the rationale for evaluating the peptide’s therapeutic potential
in the treatment of diabetes mellitus (8, 11, 15). Furthermore,
studies in humans indicated an inhibitory role for GLP-1 in the
control of gastric emptying and antroduodenal motility (12, 16,
17), gastric acid secretion (17-19), and satiety (20). Taken to-
gether, studies so far indicate that GLP-1 plays a crucial role in
integrating postprandial events.

It is a classic and essential requirement in endocrinology to
use specific inhibition of the putative endogenous hormone by
receptor blockade to evaluate physiological relevance. Re-
cently, a derivative of the nonmammalian peptide, exendin-4,
exendin(9-39)amide [ex(9-39)NH,], has been found to act as a
specific and competitive antagonist at the GLP-1 receptor (21—
24). The peptide was isolated from the venom of the lizard
Heloderma suspectum and the truncated form, ex(9-39)NH,,
shares 53% sequence homology to GLP-1(7-36)amide (23).
ex(9-39)NH, has been applied already in animal experiments.
The effect of its intracerebroventricular injection in rats has
implicated that GLP-1 acts as a central regulator of satiety as
well as of water and salt homeostasis (25, 26). Intravenous ap-
plication of ex(9-39)NH, in rats has been used to demonstrate
that GLP-1 is an important enhancer of postprandial insulin
release and, therefore, functions as a true incretin hormone in
this species (27, 28). Also, in the baboon, antagonism of circu-
lating GLP-1 by ex(9-39)NH, impaired the disposal of intra-
gastric glucose, as did immunoneutralization of GLP-1, and

1. Abbreviations used in this paper: ex(9-39)NH,, exendin(9-39)amide;
GIP, glucose-dependent insulinotropic peptide; GLP-1, glucagon-like
peptide-1; IR, immunoreactive.
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this was, in part, due to diminished insulin release in the early
postprandial phase (29).

So far, an antagonist of GLP-1 has not been investigated in
humans. Therefore, this study was designed to assess the effi-
cacy of ex(9-39)NH, as an antagonist of GLP-1(7-36)amide in
men and the endocrine effects of ex(9-39)NH, per se. We ex-
amined the effects of increasing doses of ex(9-39)NH, during
euglycemia and during physiological hyperglycemia with or
without varying doses of exogenous GLP-1(7-36)amide on glu-
cose disposal and on insulin and glucagon release.

Methods

Subjects. Six healthy male volunteers, 23-27 yr of age and within 5%
of ideal body weight, participated in the study. None of them had a
family history of diabetes mellitus or was under any medication. The
studies were approved by the Ethical Committee of the Medical Fac-
ulty of the Philipps University of Marburg, and all participants pro-
vided written informed consent.

Experimental protocol. All studies were performed after an over-
night fast. Experiments in individual subjects were separated by inter-
vals of at least 1 wk. In the morning of each study, an indwelling cath-
eter was inserted into an antecubital vein for infusion of hormones
and glucose. A second catheter was inserted in a retrograde fashion
into a dorsal vein of the contralateral hand. This hand was continu-
ously warmed throughout each experiment to exactly 40°C by an in-
frared lamp regulated by a sensor-controlled biothermostat to arteri-
alize the venous blood (“heated hand”).

Table 1. Experimental Design of the Study

Experimental Design

Blood samples
(GLP-1, Insulin, C-peptide, Glucagon; Glucose*)

Wb Vv b by

Fk ok kkkkok ok ok khkkk kk ok ok kA ok okhkw ok ok ok k ko

Exendin(9-39)amide or 0.154 M NaCl iv.

Priming
GLP-1(7-36)amide or 0.154 NaCl iv.
0.3 pmol/kg/min | 0.9 pmol/kg/min
[eeeeemanE: — e =
GIP iv.
or 0.8 pmol/kg/min
jaggeaggunpys _
Hyperglycemic Clamp (8 mmol/l)
L L L L L i L i
I t u t t t t i
-60 -30 0 30 60 min 90 120 150
Study days GLP-1i.v. GIPi.v. ex(9-39) NH, i.v.

(random order)  pmol-kg™'-min~!  pmol- kg ' min~! pmol - kg~!- min~!

1 Saline — Saline
2 0.3 and 0.9 — Saline
3 0.3and 0.9 — 30
4 0.3and 0.9 — 60
5 0.3 and 0.9 — 300
6 Saline — 30
7 Saline — 60
8 Saline — 300
9 — 0.8 Saline
10 — 0.8 300
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In each experiment, a 30-min period of euglycemia (—60 to -30
min) was followed by adjustment of blood glucose to 8 mmol/liter for
150 min using the glucose clamp technique. This was accomplished by
a priming infusion of glucose over 15 min, followed by a variable infu-
sion of a 20% glucose solution. Infusion rate adjustments were per-
formed according to DeFronzo et al. (30) using a servo-controlled
negative feedback formula based on 5-min blood glucose determina-
tions, coupled to a variable speed infusion pump.

Each volunteer underwent 10 experiments in random order. Ta-
ble I shows the experimental design of the study. On four separate
days, GLP-1 was intravenously infused from 0 to 60 min at 0.3 pmol -
kg™ - min~! to establish physiological postprandial plasma levels, and
from 90 to 150 min at 0.9 pmol - kg™! - min~! to induce supraphysio-
logical plasma levels. Each infusion period was preceded by a priming
infusion of GLP-1 over 30 min. In these four experiments with GLP-1,
0.154 M NaCl and ex(9-39)NH, at 30, 60, or 300 pmol - kg™ - min™!
were intravenously infused as background infusions throughout each
experiment after a priming infusion over 60 min. On three other days,
ex(9-39)NH, in combination with 0.154 M NaCl was infused at either
30, 60, or 300 pmol - kg™ - min~!, respectively. In the experiments
with 300 pmol - kg™! - min~! ex(9-39)NH,/0.154 M NaCl, the duration
of peptide infusion after the priming period was restricted to 60 min
in order to save peptide. In two further experiments, glucose-depen-
dent insulinotropic peptide (GIP) was infused from 0 to 60 min at 0.8
pmol - kg™! - min~! (priming period from -30 to 0 min) to establish
physiological postprandial plasma levels, either with background in-
fusion of 0.154 NaCl or ex(9-39)NH, at 300 pmol - kg~ - min~!. One
study day with infusion of only 0.154 M NaCl served as control.

Blood samples were taken at —70, —60, —30, 0, 15, 30, 40, 50, 60,
90, 105, 120, 130, 140, and 150 min for determination of the plasma
immunoreactivities of GLP-1, GIP, insulin, C-peptide, and glucagon.
Blood was collected in ice-chilled EDTA tubes containing 1,000 KIU
aprotinin/ml blood and was centrifuged immediately. The plasma was
stored at —20°C until assayed. Measurements of glucose in arterial-
ized blood were performed at —70, —60, —45, —30, —15, and —5 min,
and in 5-min intervals after the start of the hyperglycemic clamp until
the end of each experiment.

Throughout each experiment, pulse rate, blood pressure, and
well-being of the volunteers were carefully monitored.

GLP-1(7-36)amide, GIP, and ex(9-39)NH,. Synthetic human
GLP-1(7-36)amide, human GIP, and ex(9-39)NH, were purchased
from Saxon Biochemicals (Hannover, Germany). GLP-1 was deliv-
ered as GMP (good manufacturing practice) material of pharmaceu-
tical grade with a peptide content of 88.08% and a peptide purity
> 99%. Peptide contents of GIP and ex(9-39)NH, amounted to 70.5
and 79.93%, respectively, and both peptides exhibited a peptide pu-
rity > 99%. HPLC showed a single peak for GLP-1(7-36)amide, GIP,
and ex(9-39)NH,, respectively. All peptides were dissolved in 1%
HSA, filtered through 0.2-pum nitrocellulose filters, and then stored at
—70°C. HPLC after sterile filtration performed for all three peptides
showed single peaks, clearly separated from the HSA peak and con-
firmed a peptide recovery of 100% compared with the peptide solu-
tion before filtration. Samples were tested for pyrogens and bacterial
growth, and no contamination with bacterials or endotoxins was de-
tected. Dose calculations were based on peptide contents of prepara-
tions.

Determinations and assays. Blood glucose concentrations were
measured by the glucose oxidase method using a glucose analyzer
(YSI 1500 G; Schlag Co., Bergisch-Gladbach, Germany). Plasma im-
munoreactivities of insulin, C-peptide, GIP, and glucagon were ana-
lyzed by commercially available radioimmunoassay kits (Biermann,
Bad Nauheim, Germany). Immunoreactive (IR) GLP-1 was mea-
sured using the specific polyclonal antibody GA 1178 (Affinity Re-
search, Nottingham, United Kingdom) as described previously (2).
Immunoreactivities were extracted from plasma samples on C-18 car-
tridges using acetonitrile for elution of samples. The detection limit of
the assay was 0.25 pmol/liter. The antiserum did not cross-react with
ex(9-39)NH,, GIP, pancreatic glucagon, glicentin, oxyntomodulin, or
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GLP-1(7-36)amide (®,a,H)
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Figure 1. Immunoreactivities of GLP-1 in
response to single or combined intravenous
infusions of GLP-1(7-36)amide at 0.3 and 0.9
pmol - kg™! - min~! and ex(9-39)NH, at 30
or 300 pmol - kg~! - min~! in six healthy
volunteers. Mean*=SEM. For statistical
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GLP-2. Intra- and interassay coefficients of variation were 3.8 and
10.9%, respectively.

Statistical analysis. All values were expressed as mean*+SEM.
Time courses of plasma hormones, glucose, and glucose infusion rate
were represented by actual or incremental values over basal. Basal
levels were determined as the mean of the two first values at the start

Saline or
GLP-1 0.3 pmol/kg*min

analysis, see Tables II and III.

of each experiment (—70 and —60 min). For low and high dose GLP-1,
the effects of the different background infusions on plasma hor-
mones, blood glucose, and glucose infusion rate were analyzed sepa-
rately. Here, mean incremental plasma hormone and blood glucose
levels over basal as well as mean glucose infusion rates during the last
45 min of each infusion period of GLP-1 were used for evaluation.

| GLP-1 0.9 pmol/kg*min iv.

Hyperglycemia 8 mmol/|

357

30

257

207

157

10

Glucose Infusion Rate
(mg/kg*min)

Figure 2. Infusion rates of exogenous glu-

time (min)
—0— Saline iv.
GLP-1 iv.

GLP-1 + Ex(9-39)NH, 30

—0— —m— GLP-1 + Ex(9-39)NH, 300

—A— Saline + Ex(9-39)NH, 30
—0— Saline + Ex(9-39)NH, 300

cose during glucose clamp at 8 mmol/liter
in six healthy volunteers in response to sin-
gle or combined intravenous infusions of
GLP-1(7-36)amide at 0.3 and 0.9 pmol -
kg™ ! - min~! and ex(9-39)NH, at 30 or 300
pmol - kg™ - min~!'. Mean+SEM. For sta-
tistical analysis, see Tables II and I11.
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Table I1. Effect of Graded Doses of Intravenous ex(9-39)NH, on Consumption of Exogenous Glucose, Blood Glucose Levels, and
Plasma Immunoreactivities of GLP-1, Insulin, C-Peptide, and Glucagon against Intravenous Background Infusions of Saline or
Postprandial Physiological Doses of GLP-1 or GIP during the First Infusion Period (0-60 min) of the Hyperglycemic Clamp

(8 mmol/liter) in Healthy Subjects

Combination of intravenous infusions Blood glucose IR-GLP-1* Glucose infusion rate IR-Insulin* IR-C-peptide* IR-Glucagon*
mmol/liter pmol/liter mg/kg - min mU/liter ng/ml pg/ml
Saline i.v.
Saline + saline 8.0+0.03 —2.2+0.6 52+1.0 15.0+42 22+0.4 —-17.2+1.7
Saline + ex(9-39)NH, 30 8.0+0.07 —-1.2+05 4.7x0.4 15.5%3.1 2.1+03 —14.5+42
Saline + ex(9-39)NH, 60 8.0+0.03 —1.9+0.6 4.5+0.4 14.9+5.0 2.7+0.7 —9.3+4.0
Saline + ex(9-39)NH, 300 8.0=£0.03 —1.0=0.2 4.0+0.8¢ 8.6+1.5¢ 1.8+0.3¢ —2.0+4.7¢
GLP-10.3 pmol - kg™! - min™!
GLP-1 + saline 7.9+0.06 8.9+1.1¢ 11.7£2.7% 54.7+17.1% 6.7+1.0% —23.0+2.64
GLP-1 + ex(9-39)NH, 30 7.9%0.06 10.2+1.0* 7.8+1.6% 42.1+19.0* 5.0x1.2% —15.7+34
GLP-1 + ex(9-39)NH, 60 7.8+0.07 11.8+0.8* 8.3+1.9% 38.0=13.8* 4.6+0.94 —-16.2+5.0
GLP-1 + ex(9-39)NH, 300 8.0+0.08 10.6+0.6* 5.0+1.2¢ 22.0+8.2¢ 3.1+0.5% —7.6+3.2%
GIP-1 0.8 pmol - kg™ - min™!
GIP + saline 8.0=£0.07 —-1.1%+0.5 7.4%0.7% 33.5+10.2% 3.8+1.0% —12.9+3.28
GIP +ex(9-39)NH, 300 7.9+0.09 -1.4x0.8 7.3£0.8% 31.9+£9.9% 3.6=1.13 —5.0+2.8%1

Mean=SEM of actual values during the last 45 min of the first infusion period (15-60 min). n = 6. *Mean increment in actual values from

basal=SEM. P < 0.05 vs. saline/saline; $P < 0.05 vs. GLP-1/saline; |P < 0.05 vs. GLP-1/ex(9-39)NH, 30; 1P < 0.05 vs. GIP/saline. Doses of ex(9-39)-
NH, represent pmol - kg~! - min~'. Keypoints are indicated in bold letters.

All samples were first tested for normality of distribution by the Kol-
mogoroff-Smirnoff test. Differences between experimental sets were
analyzed by one-way repeated-measures ANOVA. When this analy-
sis indicated different responses, a Student-Newman-Keuls multi-
comparison test was performed. Differences were considered signitfi-
cant at P < 0.05.

Results

The intravenous infusions of ex(9-39)NH, were well tolerated
in all volunteers, even upon repeated administrations.

Pooling all experiments, basal blood glucose was 4.5+0.04
mmol/liter. During the 150 min of controlled hyperglycemia,
blood glucose concentrations amounted to 7.9£0.01 mmol/li-
ter. They were stably maintained throughout this period with a
variation coefficient of 4.5+0.3%.

Basal GLP-1 levels averaged 2.8+0.2 pmol/liter (Fig. 1).
With intravenous infusions of GLP-1 at 0.3 and 0.9 pmol - kg™ -
min~!, plasma levels of GLP-1 dose-dependently increased.
Stable plasma levels were reached within 30 min by infusion of
both the low (13.0£0.5 pmol/liter) and the high (25.9+0.8
pmol/liter) load of GLP-1. Immunoreactivities of GLP-1 were

Table I11. Effect of Graded Doses of Intravenous ex(9-39)NH, on Consumption of Exogenous Glucose, Blood Glucose Levels,
and Plasma Immunoreactivities of GLP-1, Insulin, C-Peptide, and Glucagon against Intravenous Background Infusions of Saline
or a Supraphysiological Dose of GLP-1 during the Second Infusion Period (90-150 min) of the Hyperglycemic Clamp

(8 mmol/liter) in Healthy Subjects

Combination of intravenous infusions Blood glucose IR-GLP-1* Glucose infusion rate IR-Insulin* IR-C-Peptide* IR-Glucagon*
mmol/liter pmol/liter mg/kg - min mU/liter ng/ml pg/ml
Saline i.v.
Saline + saline 7.9+0.02 —2.7%0.8 9.1£22 26.9%7.2 3.9x0.6 —18.6+3.4
Saline + ex(9-39)NH, 30 7.9%+0.03 —1.8+0.6 9.3*2.1 27.8%6.8 3.9x0.7 —19.6+4.5
Saline + ex(9-39)NH, 60 7.9%0.04 -3.6=0.7 8.8+2.4 26.1x7.6 3.6+0.7 —13.2*34
GLP-10.9 pmol - kg™! - min~!
GLP-1 + saline 8.0%0.05 21.7+1.7¢ 23.5+3.3% 402.6129.5% 19.1£3.8* —27.5+3.8*
GLP-1 + ex(9-39)NH, 30 8.0x0.02 21.8+1.3¢ 19.3£2.3% 300.1+142.2% 13.9+3.4% —21.0x3.2
GLP-1 + ex(9-39)NH, 60 7.9%+0.01 25.1+1.3¢ 19.4%2.6% 249.4+106.4% 12.4%3.1% —20.5%5.5
GLP-1 + ex(9-39)NH, 300 7.9+0.04 24.4+1.3¢ 13.3+2.781 97.1+42.54 6.6+0.5% —16.1+3.7°

Mean=SEM of actual values during the last 45 min of the second infusion period (105-150 min). » = 6. *Mean increment in actual values from
basal=SEM. *P < 0.05 vs. saline/saline; *P < 0.05 vs. GLP-1/saline; IP < 0.05 vs. GLP-1/ex(9-39)NH, 30. Doses of ex(9-39)NH, represent pmol - kg~" -
min~!. Keypoints are indicated in bold letters.
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Saline or
GLP-1 0.3 pmol/kg*min

| GLP-1 0.9 pmol/kg*min iv.
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-30 0 30 60 90 120 150 healthy volunteers. Shown are responses to
single or combined intravenous infusions of
time (m i n) GLP-1(7-36)amide at 0.3 and 0.9 pmol -

—0— Saline iv.
GLP-1 iv.

—A— GLP-1 + Ex(9-39)NH, 30

~o— ~m— GLP-1 + Ex(9-39)NH, 300

not changed by ex(9-39)NH, with or without concomitant infu-
sion of GLP-1.

The requirement of exogenous glucose to maintain hyper-
glycemia dose-dependently increased with GLP-1 (Fig. 2).
ex(9-39)NH, diminished glucose consumption at both loads of
GLP-1 in a dose-dependent manner. Against a background of
low-dose GLP-1, ex(9-39)NH, at 30 and 60 pmol - kg™! - min™!
significantly reduced the glucose infusion rate by 43+25 and
41+19%, respectively. ex(9-39)NH, at 300 pmol - kg™! - min~?

—A— Saline + Ex(9-39)NH, 30
—0O— Saline + Ex(9-39)NH, 300

kg™! - min~! and ex(9-39)NH, at 30 or 300
pmol - kg~ - min~!. Mean=SEM. For sta-
tistical analysis, see Tables I and I11.

totally abolished the elevated demand for exogenous glucose
(reduction by 105£10%, Table II, see Fig. 6 A). With the high
load of GLP-1, glucose consumption was also substantially
reduced by increasing loads of ex(9-39)NH, (reduction by
25+12, 2629, and 70+6% with 30, 60, and 300 pmol - kg™ -
min~!, respectively). Still, it remained significantly elevated
compared with saline control, even at the highest load of
ex(9-39)NH, (Table I11, see Fig. 6 B).

Pooling all experiments, basal levels of IR-insulin and IR-

Il GLP-1/Saline
GLP-1/Ex(9-39)NH, 30

5001

400

3007

2007

1007

mean IR-insulin in plasma

(mU\, difference from saline control)

/%

GLP-1/Ex(9-39)NH, 60
*D GLP-1/Ex(9-39)NH, 300

Figure 4. Effect of intravenous infusions of
graded doses of ex(9-39)NH, (30, 60, and
300 pmol - kg™ - min~!) on incremental
IR-insulin with intravenous infusions of
GLP-1(7-36)amide at 0.3 (low dose) or

0.9 pmol - kg™ - min™! (high dose) in six
healthy volunteers. Data are shown as dif-
ferences from saline control. Mean+SEM.
*P < 0.05 indicating significant differences
compared with GLP-1(7-36)amide/saline.
P < 0.05 indicating significant differences

o

low dose of GLP-1

high dose of GLP-1

compared with GLP-1(7-36)amide/
ex(9-39)NH, 60.
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Figure 5. Immunoreactivities of glucagon
over basal, i.e., mean of values at —70 and
—60 min, at euglycemia (—30 min) and
during hyperglycemia at 8 mmol/liter in six
healthy volunteers. Shown are responses to
single or combined infusions of GLP-1-
(7-36)amide at 0.3 and 0.9 pmol - kg™ -
min~! and ex(9-39)NH, at 30 or 300 pmol -
kg ! - min~!. Mean+=SEM. With ex(9-39)-
NH, at 300 pmol - kg™! - min~! during
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C-peptide averaged 4.2+0.3 mU/liter and 1.2+0.1 ng/ml, re-
spectively. The plasma levels of IR-insulin (Fig. 3) strongly
paralleled those of IR-C-peptide. IR-insulin was dose-depen-
dently raised to mean plasma levels of 54.7£17.1 mU/liter at
the low and 402.6+129.5 mU/liter at the high load of GLP-1,
respectively. ex(9-39)NH, coinfused with GLP-1 inhibited
dose-dependently this insulin releasing effect of GLP-1. Coin-
fusion of the highest dose of ex(9-39)NH, reduced plasma in-
sulin obtained with the low dose of GLP-1 by 95+10%. Then,
the resultant plasma levels of insulin corresponded to saline
control (Fig. 4 and Table II). In contrast, plasma insulin with
high dose GLP-1 was reduced at the highest dose of ex(9-
39)NH, by 84+6%. However, these levels still resided above
those under saline control (P < 0.05, Fig. 4 and Table III).

Basal levels of glucagon amounted to 57.8+3.2 pg/ml. Infu-
sion of exogenous glucose in the hyperglycemic clamp reduced
IR-glucagon. Both loads of GLP-1 further significantly de-
creased IR-glucagon (Fig. 5 and Tables II and III). Coinfused
with GLP-1, ex(9-39)NH, dose-dependently blocked the glu-
cagon lowering action of GLP-1. Even the lowest dose of ex(9-
39)NH, (30 pmol - kg™! - min™!) was sufficient to completely
antagonize the diminution of IR-glucagon induced by both
loads of GLP-1. Coinfusion of ex(9-39)NH, at 300 pmol - kg™ -
min~! and low dose GLP-1 not only blocked the effect of GLP-1,
but significantly raised plasma glucagon levels compared with
saline control (Table IT and Fig. 6 A).

At euglycemia, infusion of ex(9-39)NH, at 300 pmol - kg™! -
min~! significantly raised basal plasma glucagon levels by
12.9£3.5 pg/ml (P < 0.05 vs. saline control, Figs. 5 and 7). This
effect of the highest load of ex(9-39)NH, was accompanied by
an increase of blood glucose from basal levels of 4.5+£0.08 to
4.9x0.07 mmol/liter (P < 0.05, Fig. 7). Plasma insulin re-
mained unchanged with ex(9-39)NH, in the euglycemic state.
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—4~ Saline + Ex(9-39)NH, 30
~0- Saline + Ex(9-39)NH, 300

euglycemia (white and black squares, —30
min), glucagon plasma levels were signifi-
cantly elevated compared with saline or the
low dose of ex(9-39)NH, (P < 0.05, arrow).
See text for further explanation. For statis-
tical analysis of IR-glucagon during hyper-
glycemia, see Tables II and II1.

During the hyperglycemic clamp, ex(9-39)NH, dose-depen-
dently enhanced plasma glucagon. This increase of IR-gluca-
gon was significant at the highest dose of ex(9-39)NH, (Table
IT and Fig. 6 A). It already became evident at euglycemia and
persisted with hyperglycemia. Remarkably, hyperglycemia still
reduced IR-glucagon against a background of ex(9-39)NH,
(Fig. 5). In parallel to the elevated plasma glucagon, glucose re-
quirement maintaining hyperglycemia was dose-dependently
reduced by ex(9-39)NH, [P < 0.05 for ex(9-39)NH, 300 pmol -
kg™! - min~! vs. saline control; Table IT]. The increase of insu-
lin during hyperglycemia was significantly inhibited by ex(9-
39)NH, at the highest dose (Table II).

With intravenous infusion of GIP, physiological plasma
levels were achieved (2, 11). Plasma IR-GIP upon GIP infu-
sion rose from basal levels of 150.6=25.2 pg/ml to a steady
state of 616.1+27.3 pg/ml with saline, and from 176.0£35.6 to
591.2%27.3 pg/ml at the highest dose of ex(9-39)NH, (differ-
ences not significant). Compared with saline, GIP significantly
stimulated glucose consumption as well as release of insulin
and C-peptide. The insulinotropic effects of GIP were signifi-
cantly smaller compared with GLP-1 (Table IT). Coadministra-
tion of ex(9-39)NH, at 300 pmol - kg~! - min~! affected neither
insulin and C-peptide responses to GIP nor the infusion rate of
exogenous glucose during hyperglycemia. GIP did not influ-
ence plasma levels of glucagon. Coinfusion of ex(9-39)NH,
and GIP caused a significant increase of plasma glucagon com-
pared with the effect of GIP alone.

Discussion

This study introduces ex(9-39)NH, as an antagonist of GLP-1
in human. So far, ex(9-39)NH, was established in vitro or in
animal models as a competitive antagonist at the GLP-1 recep-
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Figure 6. Effects of intravenous infusions of GLP-
1(7-36)amide at 0.3 (A) and 0.9 pmol - kg™! - min~!
(B) and ex(9-39)NH, at 300 pmol - kg™! - min~! dur-
ing hyperglycemia on the incremental response over
basal, i.e., mean of values at —70 and —60 min, of
IR-glucagon and IR-C-peptide, and on the infusion
rate of exogenous glucose during glucose clamp at
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individual means during the last 45 min of the first
(15-60 min, A) and second (105-150 min, B) infusion
period. *P < 0.05 indicating significant differences
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tor (21, 23, 27-29). We have now provided data to define ex(9-
39)NH, as a new tool to further characterize the significance of
GLP-1 in the regulation of fuel homeostasis in humans.

Physiological postprandial plasma levels of GLP-1 were
reached with the low dose of GLP-1. They were comparable to
peak levels achieved after oral ingestion of a high caloric glu-
cose meal (2, 31). With the high dose of GLP-1, supraphysio-
logical plasma levels of GLP-1 were obtained. We can now
demonstrate that ex(9-39)NH, dose-dependently antagonizes
the effects of physiological and supraphysiological amounts of
GLP-1. In this context, an important finding was that already
basal circulating levels of endogenous GLP-1 apparently play
a role in the control of glucagon release.

Agreeing with previous studies, infusion of GLP-1 dose-
dependently increased plasma insulin and inhibited release of
glucagon even during hyperglycemia (7, 8, 10, 11, 32). Accord-
ingly, the infusion rate of glucose had to be increased with
GLP-1 to maintain physiological hyperglycemia. ex(9-39)NH,

infusion rate
{(mg/(kg x min))

compared with saline control. *P < 0.05 indicating
significant differences compared with GLP-1(7-36)-
amide. See Tables II and III for further details.

dose-dependently reduced this elevated requirement of exoge-
nous glucose, and at the highest dosage of the GLP-1 antago-
nist the increase of glucose consumption induced by low-dose
GLP-1 was fully abolished. In parallel, the GLP-1-induced in-
crease of plasma insulin and the concomitant decrease of
plasma glucagon were antagonized by ex(9-39)NH, in a dose-
dependent manner.

Recent studies with cells expressing the recombinant hu-
man (33) or rat (34) GIP receptor suggested that ex(9-39)NH,
binds with significant affinity to the GIP receptor. At the hu-
man GIP receptor, ex(9-39)NH, inhibited GIP-induced cAMP
accumulation with an ICs, of 4.5 pmol/liter and, therefore,
seemed to be a weak antagonist (24). In contrast, when infused
in rats, doses of ex(9-39)NH, sufficient to antagonize the in-
sulinotropic action of exogenous GLP-1 did not alter the in-
sulinotropic effect of exogenous GIP (27, 28). However, in view
of the proposed role of GIP in the entero-insulinar axis (4, 31)
any possible effect of ex(9-39)NH, on GIP-stimulated insulin
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Figure 7. Effect of intravenous infusion of
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saline during euglycemia (—30 min) on the
incremental response over basal, i.e., mean
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gon and IR-insulin, and of blood glucose
levels in six healthy volunteers. Mean=*
SEM. *P < (.05 indicating significant dif-
ferences compared with saline control. For
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experiments with saline or ex(9-39)NH,
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secretion had to be considered in the present study. We con-
clusively demonstrated that there is no such effect in humans,
since a high dose of ex(9-39)NH, that completely antagonizes
the insulinotropic effect of GLP-1 does not alter the insulino-
tropic activity of GIP in humans (2, 11).

Recently, the presence of GLP-1 receptors on a subset of
islet A cells and D cells has been suggested (35, 36). This im-
plies that the inhibition of glucagon release by GLP-1 may be a
direct effect or an indirect one via somatostatin release. In fact,
exogenous GLP-1 at physiological plasma levels inhibits gluca-
gon secretion in various species (37) including humans (7-11).
An indirect suppression of glucagon by somatostatin is sug-
gested by data revealing that GLP-1 stimulates somatostatin
secretion in isolated rat and human pancreatic islets and per-
fused pancreas preparations (38-40). GLP-1 possesses func-
tionally active receptors on somatostatin-secreting cells (41,
42). Therefore, glucagon secretion may be suppressed by a
paracrine action induced by GLP-1, and mediated by stimula-
tion of somatostatin secretion. Additionally, GLP-1 may influ-
ence the A cell indirectly through its stimulatory effect on the
release of insulin which potently inhibits glucagon secretion
(43).

Our study provides sufficient evidence that the pancreatic
A cell, by whatever mechanism, is under a tonic control of
GLP-1. This inhibitory influence of GLP-1 on glucagon plasma
levels is dose-dependently reversed by the GLP-1 receptor an-
tagonist. Even the lowest dose of ex(9-39)NH,, which inhibits
GLP-1-induced insulin secretion by ~ 25%, fully antagonized
the decrease of plasma glucagon seen at the low dosage of
GLP-1. Moreover, even the effects of supraphysiological
plasma levels of GLP-1 on glucagon suppression were com-
pletely blocked by the antagonist. Thus, the antagonistic effect
of ex(9-39)NH, on glucagon release was clearly more potent
than that on insulin release. This suggests a dominant regula-
tory role for gut GLP-1 on pancreatic glucagon secretion, an
action which may be mediated by somatostatin.

This is further endorsed by the observation that ex(9-

1428  Schirra et al.

were averaged, respectively. See text for
further details.

39)NH,, infused in the euglycemic state and without exoge-
nous GLP-1, significantly increased plasma glucagon, in spite
of unaltered plasma insulin. Concomitantly, blood glucose sig-
nificantly rose. Our findings in humans are supported by re-
cent findings in baboons (29) and rats (44). A tonic regulation
of an islet hormone by basal concentrations of a gut hormone
indicates a possible nutrient-independent fine tuning of the en-
docrine pancreas, at least at the interdigestive state.

Similarly, the high dose of ex(9-39)NH, significantly in-
creased plasma glucagon during hyperglycemia (Fig. 5 and Ta-
ble II). However, considering the plasma glucagon levels be-
fore glucose infusion, hyperglycemia reduced glucagon release
to a comparable extent with or without infusion of the GLP-1
antagonist. Thus, endogenous basal GLP-1 does not add to the
reduction of glucagon plasma levels induced by intravenous
glucose. On the other hand, the increase of glucagon plasma
levels in response to the GLP-1 antagonist was maintained
even during hyperglycemia and probably contributes to the
lower glucose consumption during the administration of ex(9-
39)NH,, arguably due to an increase of hepatic glucose output.

ex(9-39)NH, left unchanged the basal plasma levels of in-
sulin at euglycemia. This is in agreement with previous studies
in animals (28, 29). In contrast, during physiological hypergly-
cemia and at basal GLP-1 plasma levels, ex(9-39)NH, at the
highest dose diminished insulin compared with hyperglycemia
alone. Thus, even basal levels of endogenous GLP-1 exert a
tonic stimulatory influence on the release of insulin from the B
cell, but only in the presence of a simultaneous stimulation of
the B cell by elevated plasma glucose. Thus, the insulinotropic
action of both exogenous and endogenous GLP-1 is markedly
potentiated during hyperglycemia (4, 10, 31, 45, 46).

In the rat, no effect of ex(9-39)NH, on glucose-stimulated
insulin plasma levels was detected (28). However, in this study,
such an effect occurred 30 min after onset of glucose infusion
during physiological hyperglycemia. By contrast, in the study
of Wang et al. (28), a short bolus of ex(9-39)NH, together with
a high intravenous glucose load was given over 2 min. There-



fore, an unphysiological hyperglycemia could have masked the
effect of ex(9-39)NH,. In this study, the elevation of plasma
glucagon and the decrease of plasma insulin may in concert ex-
plain the significantly diminished glucose consumption during
hyperglycemia with the high dose of ex(9-39)NH,.

The two low doses of ex(9-39)NH, at 30 and 60 pmol - kg™! -
min~! were derived from in vivo studies in rat showing that an
~ 10-fold excess of the antagonist was necessary to completely
block the action of exogenous GLP-1 (27, 28). In vitro experi-
ments with the recombinantly expressed human GLP-1 recep-
tor indicate a high-affinity binding of ex(9-39)NH, to the GLP-1
receptor (K4 1.7 nM), that was not significantly different from
that of GLP-1 itself (24). In contrast, the insulinotropic effects
of physiological plasma levels of GLP-1 obtained with the low
load of GLP-1 during hyperglycemia were inhibited by only
~ 30% with ex(9-39)NH, at 60 pmol - kg™ - min~, and a rela-
tively high dose of ex(9-39)NH, of 300 pmol - kg™! - min~!, i.e.,
a 1,000-fold excess in relation to the GLP-1 dose, was needed
to almost completely inhibit these insulinotropic effects of
GLP-1. Considering the high affinity of this peptide for the hu-
man GLP-1 receptor in vitro (24), one can only speculate
about a faster metabolism in plasma. We did not measure
ex(9-39)NH, immunoreactivity due to lack of an available
RIA. Therefore, the reason that such a large excess of ex(9-
39)NH, is required in humans to fully establish antagonism
against GLP-1 remains unknown. Recently, another derivative
of exendin-4, exendin(3-39)amide, has been shown in rats, to
be up to 10-fold more potent than ex(9-39)NH, in antagonizing
GLP-1-stimulated insulin release (47). However, the antago-
nistic potency of exendin(3-39)amide in humans has to be
proven.

In summary, the present data demonstrate that ex(9-
39)NH, is a useful antagonist of GLP-1 in humans and is with-
out agonistic properties. The use of GLP-1 receptor antago-
nists such as ex(9-39)NH, offers the possibility to really define
the role of endogenous GLP-1 in the regulation of essential
gastrointestinal functions, such as gastrointestinal motility,
gastric emptying, and postprandial glucose homeostasis in hu-
mans. A novel observation made here is the tonic inhibition of
the pancreatic A cell by basal levels of GLP-1. Furthermore,
there is even stimulation of the B cell under physiological hy-
perglycemia by basal GLP-1.
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