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Context: First-phase insulin secretion (within 10 min after a sudden
rise in plasma glucose) is reduced in type 2 diabetes mellitus (DM2).
The incretin mimetic exenatide has glucoregulatory activities in
DM2, including glucose-dependent enhancement of insulin secretion.

Objective: The objective of the study was to determine whether
exenatide can restore a more normal pattern of insulin secretion in
subjects with DM2.

Design: Fasted subjects received iv insulin infusion to reach plasma
glucose 4.4–5.6 mmol/liter. Subjects received iv exenatide (DM2) or
saline (DM2 and healthy volunteers), followed by iv glucose challenge.

Patients: Thirteen evaluable DM2 subjects were included in the
study: 11 males, two females; age, 56 � 7 yr; body mass index, 31.7 �
2.4 kg/m2; hemoglobin A1c, 6.6 � 0.7% (mean � SD) treated with
diet/exercise (n � 1), metformin (n � 10), or acarbose (n � 2). Controls
included 12 healthy, weight-matched subjects with normal glucose
tolerance: nine males, three females; age, 57 � 9 yr; and body mass
index, 32.0 � 3.0 kg/m2.

Setting: The study was conducted at an academic hospital.

Main Outcome Measures: Plasma insulin, plasma C-peptide, in-
sulin secretion rate (derived by deconvolution), and plasma glucagon
were the main outcome measures.

Results: DM2 subjects administered saline had diminished first-
phase insulin secretion, compared with healthy control subjects. Ex-
enatide-treated DM2 subjects had an insulin secretory pattern sim-
ilar to healthy subjects in both first (0–10 min) and second (10–180
min) phases after glucose challenge, in contrast to saline-treated DM2
subjects. In exenatide-treated DM2 subjects, the most common ad-
verse event was moderate nausea (two of 13 subjects).

Conclusions: Short-term exposure to exenatide can restore the in-
sulin secretory pattern in response to acute rises in glucose concen-
trations in DM2 patients who, in the absence of exenatide, do not
display a first phase of insulin secretion. Loss of first-phase insulin
secretion in DM2 patients may be restored by treatment with
exenatide. (J Clin Endocrinol Metab 90: 5991–5997, 2005)

A PROMINENT FEATURE of type 2 diabetes is a dra-
matic reduction in first-phase insulin secretion, the

insulin normally secreted by pancreatic �-cells within 10 min
after a sudden rise in plasma glucose concentrations (1). This
early insulin response appears to be lost, even in the early
stages of the disease, when fasting glucose concentrations are
only slightly elevated above normal. This defect is important
because first-phase insulin secretion is postulated to have the
greatest impact on postprandial plasma glucose excursions
(1, 2) and the loss of early-phase insulin release is a common
defect that plays a pathogenic role in postmeal hyperglyce-
mia. Specific therapeutic interventions may result in im-
provements in glycemic control (3); however, it is contro-
versial whether antidiabetic medications that act through a
relatively glucose-independent stimulation of insulin secre-
tion (e.g. sulfonylureas) have a clinically meaningful influ-
ence on first-phase insulin secretion in patients with type 2

diabetes (4, 5). Therefore, other treatments for restoring nor-
mal physiological �-cell responses in patients with type 2
diabetes need to be explored.

The mammalian incretin hormone glucagon-like peptide
(GLP)-1 augments first-phase insulin secretion in healthy
subjects (6, 7), subjects with impaired glucose tolerance (8),
and patients with type 2 diabetes (7, 9). It also amplifies the
amplitude of pulsatile pattern insulin secretion in all these
groups (10–12). Exenatide is a 39-amino acid peptide incretin
mimetic that exhibits glucoregulatory activities similar to
those of GLP-1 (13–18). These actions include glucose-
dependent enhancement of insulin secretion (19–22), sup-
pression of inappropriately high glucagon secretion (20, 21),
and slowing of gastric emptying (20, 21). Exenatide’s glu-
cose-dependent enhancement of insulin secretion may be
mediated by exenatide binding to the pancreatic GLP-1 re-
ceptor (23). However, exenatide has a prolonged half-life
after sc injections of 2–3 h, compared with approximately 20
min for GLP-1 (21, 24). Thus, exenatide may be suitable for
long-term improvement of glycemic control in patients with
type 2 diabetes receiving two sc injections per day (15–17).
An additional benefit is that exenatide treatment is often
accompanied by weight loss (15–17). In addition, in animal
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models of diabetes and in insulin-secreting cell lines, ex-
enatide and GLP-1 improved �-cell function by increasing
the expression of key genes involved in insulin secretion and
by increasing insulin biosynthesis and augmenting �-cell
mass through multiple mechanisms (25, 26). Data obtained
in animal models also indicate that exenatide and GLP-1
reduce food intake, cause weight loss, and have an insulin-
sensitizing effect (25, 26). It was the aim of the present study
to assess the effect of an iv infusion of exenatide on biphasic
insulin secretory responses in patients with type 2 diabetes
and in comparison with healthy control subjects.

Preliminary results have been published in abstract form.

Subjects and Methods
Study protocol

The study protocol was approved by the ethics committee of the
medical faculty of the Georg-August-University, Göettingen, Germany,
on August 25, 2003 (registration number 17/8/03) before the study, in
accordance with the principles described in the Declaration of Helsinki,
including all amendments through the 1996 South Africa revision (27).
All subjects provided written informed consent before participation.

Subjects

Patients with type 2 diabetes were studied twice in randomized order.
On one occasion, exenatide was administered iv, and saline was ad-
ministered iv on the other occasion. These subjects were compared with
gender-, age-, and weight-matched healthy subjects with normal oral
glucose tolerance who were studied once and received saline iv. Exclu-
sion criteria were age younger than 35 or more than 70 yr; body mass
index (BMI) less than 25 or more than 35 kg/m2; blood pressure (mea-
sured in the sitting position) more than 165/95 mm Hg; any other
clinically significant abnormalities detected during physical examina-
tion, laboratory tests, or electrocardiogram; failure to document a neg-
ative pregnancy test; and a positive screen for alcohol and drugs. Ad-
ditional exclusion criteria for patients with type 2 diabetes were a disease
duration less than 3 months; any treatment other than diet and exercise
alone or in combination with metformin or an �-glucosidase inhibitor;
fasting plasma glucose concentration greater than 200 mg/dl (�11.1
mmol/liter); or a hemoglobin A1c greater than 6.0 or more than 8.5%
(normal range 4.3–6.1%).

Study medication

Exenatide was supplied by Amylin Pharmaceuticals (San Diego, CA)
as a clear, colorless, sterile solution in sodium acetate buffer (pH 4.5),
containing 4.3% mannitol as an isoosmolality modifier and 0.22% meta-
cresol as a preservative. The strength of this formulation was 0.25 mg/
ml. Study medication was stored at 2–8 C.

Experimental procedures

After providing informed consent, participants attended a screening
visit to verify inclusion and exclusion criteria, perform anthropometric
measurements (body height and weight, calculation of BMI), and mea-
sure safety parameters (physical examination, vital signs, laboratory
screening, electrocardiogram, review of medication). A normal oral glu-
cose tolerance (after a 75-g oral glucose load) was confirmed in healthy
subjects by measuring capillary blood glucose 120 min after glucose
challenge [plasma glucose 108 � 4 mg/dl (6.0 � 0.2 mmol/liter)].

Subjects returned to the study site within 14 d of the screening visit
and subsequently were hospitalized for the duration of the study. In
subjects with type 2 diabetes, two experiments were performed in ran-
domized order on d 2 and 4. No study-related procedures were per-
formed on d 3. All antidiabetic medications (metformin or �-glucosidase
inhibitor) were withheld throughout the study duration. In healthy
subjects, a single experiment (saline) was performed on d 2. On the days
before experiments, food and beverages were allowed until 2200 h and
then only water the rest of the night. Study procedures began at 0600 h

with the insertion of an indwelling iv catheter and the infusion of insulin
(subjects with diabetes) or saline (healthy subjects) for 390 min. The
insulin infusion was varied as needed to reach a fasting plasma glucose
concentration of 79–101 mg/dl (4.4–5.6 mmol/liter) within approxi-
mately 3 h and to maintain this glucose concentration for the duration
of the insulin infusion. At approximately 1000 h (e.g. after 240 min of
exogenous insulin or saline administration and 180 min before injection
of the glucose bolus), an iv infusion of exenatide or saline was started
and maintained for 300 min. For the initial 30 min, the exenatide dose
was 50 ng/min. After this loading dose, infusion was maintained at 25
ng/min. At approximately 1230 h, i.e. after 390 min, the infusion of
insulin was stopped, 30 min before giving the iv glucose bolus. At
approximately 1300 h, the glucose bolus (0.3 g/kg body weight as 50%
glucose in water) was administered over 30 sec.

A second indwelling iv catheter was inserted into a contralateral
forearm vein for blood sampling at the same time the first catheter was
inserted. Blood was sampled at �195, �180, �120, �60, �30, �15, �10,
�5, and 0 min before the glucose bolus and at 2, 4, 6, 8, 10, 12, 15, 20,
30, 45, 60, 90, and 120 min after the bolus for the measurement of plasma
glucose, insulin, C-peptide, and glucagon. At �195, �180, �165, �150,
�120, �90, �60, 0, 60, and 120 min relative to bolus injections, blood was
collected for the determination of plasma exenatide concentrations in
subjects with type 2 diabetes. Blood samples were kept in ice and
centrifuged in a prechilled centrifuge at 1000 � g for 15 min at 4 C.
Plasma was separated within 15 min of centrifugation and stored frozen
at �20 to �70 C until analysis. After each experiment, participants
immediately received a mixed meal. Plasma glucose concentration was
measured before subject release from the hospital to exclude hypogly-
cemia due to stimulated insulin secretion. Subjects were dismissed from
the hospital after an additional assessment of safety parameters on either
d 2 (healthy subjects) or d 4 (subjects with type 2 diabetes).

Laboratory determinations

Glucose was measured using a glucose oxidase method with a glu-
cose analyzer 2 (Beckman Instruments, Munich, Germany). Insulin, C-
peptide, and glucagon were determined by specific immunoassays as
previously described (28, 29). For the measurement of glucagon (anti-
serum 4305), plasma was extracted with ethanol. Plasma exenatide was
measured as previously described (30).

Statistical analysis

The intent-to-treat population encompassed all subjects who received
at least one study infusion. The evaluable population encompassed all
intent-to-treat subjects who completed the infusion procedures on d 2
(groups 1 and 2) and d 4 (group 1). The primary study end point was
first-phase insulin response [area under the insulin secretion curve
(AUC) for the first 10 min after glucose challenge plus additional mea-
sures of insulin secretory activity]. Secondary end points were second-
phase insulin release, glucose disappearance constant (Kg), and insulin
secretion rate.

First-phase insulin response was assessed by calculating the incre-
mental area under the insulin concentration curve relative to basal
insulin concentration during the first 10 min after the iv glucose bolus.
The basal insulin concentration was the mean insulin concentration
obtained between �15 min and 0 min before the glucose bolus. Second-
phase insulin release was calculated in a similar manner as first-phase
insulin release, as the incremental area relative to basal insulin concen-
tration from 10 min to 120 min after glucose administration. Integrations
were carried out using the trapezoidal rule. Kg was calculated as 100 �
the slope of the regression line fitted to the natural logarithm of glucose
concentrations from time 10 min to 30 min after the glucose bolus.
Insulin secretion rates were calculated by deconvolution analysis based
on a two-compartment model of C-peptide elimination as described by
Eaton et al. (31) and Polonsky et al. (32) and calculated from C-peptide
concentrations using the insulin SECretion (ISEC) computer program (3,
33).

All statistical comparisons were carried out using a mixed-effects
model for the two experiments performed in subjects with type 2 dia-
betes. The mixed-effect model included treatment (exenatide vs. saline),
treatment sequence (exenatide or saline first), and period (first vs. second
study) as fixed effects and subject within sequence as a random effect.
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Results for the exenatide and saline infusions in subjects with type 2
diabetes were compared with those in healthy controls. The SAS*
MIXED procedure (SAS* version 8.2, SAS Institute, Durham, NC) was
used for statistical analyses. Except for Tmax, all other pharmacodynamic
parameters were log transformed (base e) before fitting the mixed-effect
ANOVA model. Pharmacokinetics parameters were calculated using
SAS and verified by WinNonlin* standard version 4.0. P �0.05 was
considered a significant difference. Results are reported as mean � sem
unless otherwise indicated.

Results

Thirteen evaluable subjects with type 2 diabetes (group 1)
treated with diet and exercise alone (n � 1), metformin (n �
10), or acarbose (n � 2) were studied in randomized order
(one exenatide and one saline infusion) and were compared
with 12 healthy weight-matched subjects with normal glu-
cose tolerance (group 2). Demographic characteristics and
baseline values are given in Table 1. Subjects with type 2
diabetes who normally received metformin or an �-gluco-
sidase inhibitor were required to withhold antidiabetic med-
ications until study termination. The most common concom-
itant medications for indications other than diabetes for the
evaluable population were from the following classes: an-
giotensin-converting enzyme inhibitors [eight group 1 sub-
jects (62%); two group 2 subjects (17%)]; �-blocking agents
[five group 1 subjects (39%), two group 2 subjects (17%)]; and
thiazides [four group 1 subjects (31%), two group 2 subjects
(17%)].

Intravenous infusion of exenatide resulted in steady-state
plasma concentrations of approximately 130 pg/ml (Fig. 1A),
well within the range of concentrations observed after sc
injection of exenatide in phase 3 clinical trials (15–17). Plasma
glucagon concentrations were similar among group 1 sub-
jects during both exenatide and saline infusions and were
similarly suppressed after the iv glucose bolus (Fig. 1B).

In comparison with healthy subjects, first-phase insulin
secretion in subjects with type 2 diabetes given saline was
significantly blunted (Fig. 2, A–C and Table 2). Treatment
with exenatide increased plasma insulin (P � 0.005) and

C-peptide integrated incremental responses (P � 0.005) dur-
ing the first (0–10 min) and second (10–120 min) phases of
glucose-stimulated insulin secretion by approximately 180–
310% and also increased insulin secretion rates relative to
saline. Exenatide-treated patients with type 2 diabetes had a
similar secretory pattern to healthy subjects but with an even
higher secretion rate during the second-phase insulin re-
sponse. The elevation in insulin was accompanied by a sig-
nificant increase in Kg, the glucose disappearance constant in
exenatide-treated subjects with type 2 diabetes (least square
mean 1.5 � 0.1%/min for exenatide vs. 0.9 � 0.1%/min for
saline; 95% confidence interval difference 0.3–1.0; P �
0.0031). Kg in exenatide-treated patients with type 2 diabetes
was not significantly different from Kg in saline-treated,
healthy volunteers (1.1 � 0.1%/min; P � 0.089).

The most common adverse event was mild to moderate
nausea (Table 3). Only one mild hypoglycemic event [plasma
glucose 56 mg/dl (3.1 mmol/liter)] that occurred during ex-
enatide infusion, 70 min after the iv glucose bolus was consid-
ered a result of exenatide administration, and the subject
recovered without intervention. In addition, one group 1 saline

TABLE 1. Intent-to-treat subject disposition with demographics
and baseline characteristics for the evaluable population

Group 1:
type 2 diabetes

Group 2:
healthy

Enrolled (intent-to-treat) [n (%)] 14 (100)a 12 (100)
Completed (evaluable) [n (%)] 13 (93) 12 (100)
Withdrew (adverse event) [n (%)] 1 (7)a 0 (0)
Sex, M/F (n) 11/2 9/3
Age (yr) 56 � 7 57 � 9
Weight (kg) 94 � 13 97 � 10
BMI (kg/m2) 31.7 � 2.4 32.0 � 3.0
HbA1C (%) 6.6 � 0.7 5.5 � 0.4
Fasting plasma glucose

[mg/dl (mmol/liter)]
145 � 23
(8.0 � 1.3)

NA

Diabetes duration (yr) 4 � 2 NA
Diabetes treatment [n (%)]

�-Glucosidase inhibitors 2 (15) NA
Metformin 10 (77) NA
Diet/exercise 1 (7) NA

Mean � SD. NA, Not applicable; HbA1C, hemoglobin A1aC. All sub-
jects were Caucasian.

a One subject who had not received exenatide (only saline) with-
drew from the study on d 2 due to an elevated white blood cell count,
probably unrelated to study procedures.

FIG. 1. Plasma exenatide pharmacokinetic (A) and glucagon phar-
macodynamic (B) profiles in evaluable subjects with type 2 diabetes
(DM2; group 1).
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subject who had not received exenatide withdrew from the
study on d 2 due to an elevated white blood cell count.

Discussion

To examine whether iv exenatide could stimulate first- and
second-phase insulin secretion in response to an iv glucose
bolus in subjects with type 2 diabetes, 13 subjects were stud-
ied in randomized order (one exenatide infusion and one
saline infusion) and compared with 12 healthy weight-
matched subjects with normal glucose tolerance.

Exenatide restored both first- and second-phase insulin
secretion in response to glucose bolus in subjects with type
2 diabetes (Fig. 2). The insulin secretory response could be
augmented using a dose of exenatide that produced few
adverse reactions, resulting in a pattern of insulin secretion

that was comparable with the responses in healthy control
subjects given saline. Whereas in saline-treated subjects with
type 2 diabetes, first-phase insulin secretion was barely de-
tectable, compared with healthy control subjects (Fig. 2B),
first-phase insulin secretion was clearly delineated and quan-
titatively important after exenatide administration. These
results confirm previous studies demonstrating a prominent
and rapid augmentation of insulin secretion by exenatide
with metformin and/or sulfonylureas (20, 21) or different
regimens of glucose administration (22, 34). They also sup-
port the view that iv exenatide has the same potential to
improve or even normalize �-cell function that has previ-
ously been demonstrated for GLP-1 in healthy subjects (6,
35), subjects with impaired glucose tolerance (8, 11), and
patients with type 2 diabetes (7, 9, 11).

FIG. 2. Plasma glucose concentrations
(A) and insulin secretion rates (B) in 13
subjects with type 2 diabetes (DM2)
given an iv infusion of exenatide or saline
and 12 healthy volunteers given an iv
infusion of saline. Repeated-measures
ANOVA indicated significant differences
in insulin secretion as measured by AUC
analysis of the first- (0–10 min) and sec-
ond-phase (10–120 min) insulin release
between subjects with type 2 diabetes
treated with exenatide and saline. Ex-
enatide-treated subjects with type 2 di-
abetes also had significantly increased
second-phase insulin release, compared
with healthy volunteers. Data represent
mean � SEM. Conversion factor for glu-
cose concentrations: millimoles per liter
divided by 0.05551 � milligrams per de-
ciliter. C, Exenatide significantly in-
creased glucose clearance rates in sub-
jects with type 2 diabetes. LS mean �
SEM.

TABLE 2. Pharmacodynamic comparisons within and between groups (evaluable population)

Group 1: type 2 diabetes Group 2: healthy

Saline
(n � 13)

Exenatide
(n � 13)

Ratio group 1
exenatide to saline

Saline
(n � 12)

Ratio group 1 exenatide to
group 2 saline

Insulin (mU�min/liter)
Geometric LS mean AUC0–10min 212 � 38 655 � 116 3.1 (P � 0.0001) 441 � 78 1.5 (P � 0.1236)
Geometric LS mean AUC10–120min 2611 � 355 6923 � 941 2.7 (P � 0.0001) 2374 � 433 3.0 (P � 0.0001)
Geometric LS mean AUC0–120min 2830 � 386 7623 � 1040 2.7 (P � 0.0001) 2880 � 490 2.7 (P � 0.0002)

C-peptide (ng�min/liter)
Geometric LS mean AUC0–10min 26 � 3 52 � 6 2.0 (P � 0.0001) 52 � 5 1.0 (P � 0.9879)
Geometric LS mean AUC10–120min 514 � 37 908 � 65 1.8 (P � 0.0001) 573 � 66 1.6 (P � 0.0014)
Geometric LS mean AUC0–120min 541 � 39 961 � 70 1.8 (P � 0.0001) 627 � 70 1.5 (P � 0.0021)

Data represent geometric least square (LS) mean � SE.
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One limitation of our study is that we do not know
whether the results can be generalized to all patients with
type 2 diabetes, notably those with a longer disease duration
and more complex therapy (combination of oral antidiabetic
agents, combination of antidiabetic tablets and insulin, or
insulin only). The full recovery of first-phase insulin secre-
tion may, accordingly, be limited to early stages of the dis-
ease. This, however, can and should be tested in further
studies focusing on patients with more advanced stages of
type 2 diabetes.

A second limitation is that the results have been achieved
under experimental conditions that artificially normalized
glucose before the glucose stimulus was administered. It may
be questioned whether this is representative of the situation
of chronic antidiabetic treatment with sc exenatide because
the degree of normalization of glycemia described under
such conditions is different. It cannot be determined, based
on available data, whether this normalization of glycemia is
absolutely necessary to elicit the full effect on early phase
insulin secretion in response to a glucose bolus as described
in the present communication. In other studies, without the
previous normalization of glycemia through a feedback-
regulated insulin infusion, slight elevations in fasting glu-
cose were associated with a reduction in early insulin secre-
tion (4, 36). It is not known whether this is brought about by
a short-term or a more chronic exposure to elevated glucose
concentrations. In the patients with type 2 diabetes studied
in the present examination, fasting glucose was higher than
the normalized glucose attained before iv glucose was given
as an artificial stimulus to elicit a biphasic insulin response.
It remains to be determined whether a similar protocol with-
out prior normalization of plasma glucose would result in a
similar stimulation of insulin secretion, in particular first-
phase response.

Third, it must be stressed that our study examined a single
exposure to exenatide, lasting a few hours before and after
the glucose stimulus was given. It would be necessary to
demonstrate maintenance of this effect over days, weeks, or
months in response to repeated or continuous administration
of exenatide to demonstrate a lasting recovery of �-cell
function.

In the present study, exenatide was administered, and
plasma exenatide concentrations were within the therapeutic
range well before glucose was administered. When GLP-1
was the agent used in other studies to augment glucose-
induced insulin secretion, such a pattern of administration
was associated with a greater insulinotropic effect, compared
with initiation of GLP-1 infusion immediately before a glu-
cose bolus, especially concerning the first-phase response (7).
However, with an immediate start of GLP-1 infusions con-

comitant with the glucose bolus, it is likely that GLP-1 plasma
concentrations might not have reached therapeutically rel-
evant levels during the period when first-phase insulin se-
cretion occurred (7). Other studies do not support the notion
that there is time-dependent potentiation or a memory effect
for GLP-1 effects on insulin secretion (6), and there is no
reason to assume that this might be different with exenatide.

The present results show that exenatide can rapidly, i.e.
within hours, restore a normal pattern of glucose-stimulated
insulin secretion in patients with type 2 diabetes. This may
be taken to indicate that it is, in principle, possible to revert
the type 2 diabetic phenotype of insulin secretion with its
relative inability to quickly respond to experimental stimuli
(9, 37, 38) and different metabolic conditions (5, 39–41). This
is compatible with the view that this deficient pattern of
insulin secretion is mainly functional in nature and that the
reduction in pancreatic islet �-cell mass is moderate in pa-
tients with type 2 diabetes (42–44). It is also very unlikely that
typical effects mediated through the interaction of ligands
(like exenatide) with the GLP-1 receptor, such as stimulation
of proinsulin biosynthesis and replenishment of insulin se-
cretory granules (45, 46), have contributed to the effects on
insulin secretion within the time frame of the present study.
These mechanisms may, however, be more important in the
long-term treatment with exenatide (15–17) or similar agents
(47, 48). We did not test the efficacy of exenatide in healthy
volunteers with normal oral glucose tolerance test results. It
is possible that the potentiation of insulin secretion by ex-
enatide in patients with type 2 diabetes was only a fraction
(�50%) of what would have been achieved in the volunteers
with a normal oral glucose tolerance test. In any case, the
present study clearly underlines the value of attempts to
search for or improve agents that have the potential to
acutely or chronically improve pancreatic �-cell function in
patients with type 2 diabetes.

In studies using sc injections of GLP-1 (35, 49–52), ex-
enatide (15–17, 30), and GLP-1 derivatives like liraglutide (47,
53–55), nausea was the most common side effect. The oc-
currence of this side effect appears to be associated with the
peak plasma concentration of the insulinotropic agent. Nev-
ertheless, any effects on insulin secretory responses or
plasma glucose concentrations tended to be smaller in mag-
nitude than in the present study, albeit given the differences
in study designs these comparisons must be considered pre-
liminary in nature. In our study, exenatide was administered
in a manner designed to result in continuous exposure to
therapeutic concentrations without accompanying peaks
(Fig. 1A). This might be the reason that only a modestly
higher incidence of nausea was reported in exenatide-treated
subjects, compared with saline-treated subjects, and nausea
incidence overall was low. Nonetheless, these data suggest
it would be helpful to improve the pharmacokinetics of avail-
able candidate antidiabetic drugs that interact with the
GLP-1 receptor, with the aim of producing steady concen-
tration profiles without prominent peaks. If this were pos-
sible, the potential antidiabetic potency of such agents might
be further improved.

In conclusion, iv exenatide restored the ability of type 2
diabetic pancreatic �-cells to respond to rapid changes in
glycemia in a physiological manner. These results elucidate

TABLE 3. Treatment-emergent adverse events with an overall
incidence of 10% or more in any treatment arm (intent-to-treat
population)

Group 1: type 2 diabetes Group 2: healthy

Saline (n � 14)
n (%)

Exenatide (n � 13)
n (%)

Saline (n � 12)
n (%)

Nausea 1 (7) 2 (15) 0 (0)
Hypoglycemia 2 (14) 2 (15) 0 (0)
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another mechanism of exenatide action, support the contin-
ued clinical development of exenatide as a treatment for type
2 diabetes, and suggest that the loss of first-phase insulin
secretion in patients with type 2 diabetes may be reversible
with appropriate treatments, e.g. exenatide, GLP-1, or incre-
tin mimetics in general.
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