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Abstract

The incretin hormone glucagon-like peptide-1 (GLP-1) is capable of ameliorating glucose-dependent
insulin secretion in subjects with diabetes. However, its very short half-life (1.5–5 min) in plasma rep-
resents a major limitation for its use in the clinical setting. The present study was designed to charac-
terize the duration of the effect of GLP-1 in the Zucker diabetic fatty (ZDF) rat. ZDF rats were subjected
to a 48 h infusion of human GLP-1 (30 pmol/kg per min), followed by an i.p. glucose tolerance test
(IPGTT) (1 g/kg body weight), 2 h after removing the infusion pump. At 15 min from the beginning
of the test, GLP-1-treated animals had lower plasma glucose levels (442!38 mg/dl) than saline-
infused controls !583!63 mg#dl" P ! 0!01"! This was re!ected in the higher insulin levels attained
in the GLP-1-treated animals !1999!163 vs 1250!51 pmol#l" GLP-1 vs saline respectively,
P ! 0!01"! Repetition of the IPGTT on day 3, 9 and 16 from the removal of the infusion pump
revealed a surprising lasting ‘memory’ of the exposure to GLP-1. Indeed, the best insulin secretory
response was observed approximately 1 week after discontinuation of the GLP-1 infusion, and
lasted up to 3 weeks from the early exposure to GLP-1. Detection of fasting plasma levels of GLP-1
during the 3 weeks of the experiment showed a very rapid decline, consistent with the data reported
by others. Our !ndings provide evidence for a long-lasting bene!cial effect of GLP-1 that persists for
weeks even when the circulating levels of GLP-1 are back to normal.
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Introduction

Glucagon-like peptide-1 (GLP-1) is a 30 amino acid
peptide secreted from the L-cells of the intestinal epi-
thelium in response to food. GLP-1 is formed as a
result of proteolytic cleavage of proglucagon (1). It
is the most potent insulinotropic hormone known
(2, 3). GLP-1 action is mediated by its binding to a
cell-surface receptor. This belongs to the secretin/
glucagon superfamily receptors that are coupled to
heterotrimeric G proteins. Binding of GLP-1 to its
receptor stimulates cAMP formation and a rise in
intracellular Ca2+. Interestingly, the insulinotropic
activity of GLP-1 is retained in patients with diabetes,
even after many years from the diagnosis (4). Indeed,
after administration of i.v. GLP-1, the insulin
secretory response in non-diabetic and diabetic sub-
jects is remarkably similar (5). When administered
by i.v. injection for 4 h to subjects with type 2 dia-
betes, whose fasting blood glucose was poorly con-
trolled on diet and sulfonylurea therapy, GLP-1

normalized the fasting and postprandial glucose
levels (6, 7). These observations suggest that even if
!-cells of the pancreas no longer respond to sulfonyl-
ureas, GLP-1 therapy may still be an option for the
treatment of type 2 diabetes.

The major drawback for the use of GLP-1 in the clini-
cal setting is its short biological half-life (1.5–5 min).
Even when given s.c. its peak concentrations have
returned to baseline by 90 min (1, 3, 8, 9). However,
when GLP-1 is given continuously to subjects with
type 2 diabetes, blood glucose is normalized and,
more importantly, postprandial glucose excursions are
also blunted (6). The present study was undertaken
to assess the duration of the glucose-normalizing
effect of GLP-1 in an animal model of type 2 diabetes
after a 48 h constant infusion. Using Zucker diabetic
fatty (ZDF) rats, we demonstrated that although GLP-1
levels in rat plasma rapidly return to normal after dis-
continuation of a continuous infusion, its bene!cial
effect in enhancing glucose-dependent insulin secretion
lasts for weeks.
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Materials and methods

Animals

Twelve-week-old male ZDF rats, as well as age- and sex-
matched Zucker lean control (ZLC) rats were purchased
from Harlan Bioproducts for Science, Inc. (Indianapolis,
IN, USA) and maintained on standard laboratory chow
under a 12 h light:12 h darkness schedule. They were
given free access to food and water until the evening
before any experimental procedure, when food was
removed. All institutional guidelines for care and use
of animals were followed.

Protocols

Insulin secretory response in ZDF and ZLC rats
ZDF and ZLC rats were subjected to an i.p. glucose tol-
erance test (IPGTT) (1 g glucose/kg body weight) after
an overnight fast (n # 5 per group). Glucose was
administered as a single bolus injection that lasted
1 min. Blood samples were collected by tail vein incision
at "20, 2, 15, 30, 45, 60, 90 and 120 min from the
beginning of the infusion. This procedure allowed for
collection without cutting the skeletal component of
the tail and did not require the catheterization of a
blood vessel. Blood samples were then assayed for glu-
cose and insulin levels.

Dose response to GLP-1 To determine the dose
response to GLP-1, ZDF rats were subject to a 2 day
infusion of different concentrations of human recombi-
nant GLP-1 (Bachem, King of Prussia, PA, USA). Four
rats per treatment group (saline; 1.5 pmol/kg per
min; 15 pmol/kg per min; 30 pmol/kg per min) were
used. The infusion of GLP-1 was performed using an
Alzet micro-osmotic pump (Alza Corp., Minneapolis,
MN, USA) implanted in the interscapular region for
48 h. Prior to the surgical implant of the pump, the
rats were anesthetized using 45 mg/kg ketamine
(Phoenix Scienti!c, Inc., St Joseph, MO, USA) and
4.5 mg/kg xylazine (Loyd Laboratories, Shenandoah,
IO, USA). Two hours after the removal of the infusion
pump they were subjected to an IPGTT, as described
above, and blood samples were collected.

Effect of GLP-1 infusion in ZLC and ZDF rats To
evaluate the ef!cacy of GLP-1, ZDF and ZLC rats
(n # 6 per treatment group) were subjected to a 48 h
infusion with GLP-1 (30 pmol/kg per min) or saline sol-
ution, and tested for insulin and glucose levels through
an IPGGT, as described above.

Duration of GLP-1 effect on the glucose-dependent
secretion of insulin After determining the optimal
dose of GLP-1 to elicit the maximal insulin secretory
response, ZDF rats were subjected to repetitive IPGTT
at 1, 3, 9 and 16 days after removal of the infusion

pump (n # 6 per treatment group). Each individual rat
was subjected to repetitive IPGTTs (after an overnight
fast), and the insulin secretory response was compared.

Assays

Insulin and GLP-1 plasma levels were measured by RIA
(Linco Research, Inc., St Charles, MA, USA). The GLP-1
kit speci!cally recognized the active (7–36 amide) GLP-1.
Plasma glucose was measured by the glucose oxidase
method. The areas under the curve (AUCs) for insulin
and glucose were calculated according to the trapezoi-
dal rule from insulin measurements at baseline, 2, 15
and 30 min.

Statistical analysis

The data are expressed as means!S.E. Signi!cance of
the data was evaluated by an unpaired Student’s t-test.
One-way ANOVA was used to evaluate statistical sig-
ni!cance when more than two data points were ana-
lyzed. Statistical analyses by unpaired Student’s t-test
or ANOVA are explicitly identi!ed in the text or in
the !gure legends.

Results

Glucose tolerance in ZLC and ZDF rats

There was a signi!cant difference in the fasting serum
glucose !260!26!1 vs 106!9!2 mg#dl" ZDF vs ZLC
respectively; P ! 0!001" or insulin !925!89!6 vs
364!66!4 pmol#l" ZDF vs ZLC respectively;
P ! 0!001" between ZDF and ZLC rats.

After an IPGTT, the secretion of insulin was
increased signi!cantly in both the ZLC and ZDF rats.
However, while the ZLC rats exhibited a brisk peak at
15 min and had their insulin level returning back to
baseline at 45 min, the ZDF rats showed a delayed
and prolonged insulin secretory response, returning
to baseline only after 2 h from the beginning of glucose
infusion (Fig. 1). The increased baseline insulin level
together with the abnormal kinetics of insulin secretion
observed in the ZDF rats resulted in much greater
insulin levels over the time period of the IPGTT. The
AUC calculated from the injection of glucose to the
end of the test (120 min) showed that ZDF rats had a
4.5-fold increase in insulin levels, when compared
with ZLC control rats !P ! 0!001" (Fig. 1).

Glucose levels in the two animal groups showed a
variation that was opposite to the one observed for
insulin. As expected, after an IPGTT the glucose levels
of ZDF rats increased to a much greater extent and
for a longer period of time when compared with ZLC
rats (Fig. 1). The AUC for glucose from 2 to 30 min
from the beginning of the test showed a 3.7-fold greater
glucose level in ZDF rats compared with ZLC !P !

0!001"!
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GLP-1 dose-dependent response after IPGTT

ZLC and ZDF rats showed a different threshold of
response to a 48 h infusion of GLP-1. While ZLC rats
exhibited their maximum insulin secretory response
with 1.5 pmol GLP-1/kg per min (P ! 0!01" GLP-1-
treated vs saline-infused rats), the minimum dose of
GLP-1 capable of eliciting an increase in insulin
secretion in ZDF rats was 10-fold greater (15 pmol/kg
per min) (P ! 0!01 for GLP-1-treated vs saline-infused
rats), and it was best when they were subjected to the
infusion of 30 pmol/kg per min of GLP-1 (P ! 0!001"
GLP-1-treated vs saline-infused rats). Figure 2 shows
the AUC for insulin and glucose (2–30 min) of ZDF
rats infused with increasing concentrations of GLP-1.

GLP-1 enhances glucose tolerance in ZDF rats

The infusion of GLP-1 had a signi!cantly positive effect
on both glucose excursion and insulin secretion, both
in ZDF and in ZLC rats (Fig. 3). This occurred by
respectively increasing and decreasing the AUC for
insulin and glucose within the !rst 30 min from the
beginning of glucose infusion. In ZDF rats, GLP-1 par-
tially restored the early-phase insulin secretion peak,
characteristically lost in subjects with diabetes, and it
was also capable of rapidly lowering plasma insulin
levels after the initial secretory spike that occurred
within the !rst 15 min from the beginning of the test
(P ! 0!05" GLP-1 vs saline-treated rats) (Fig. 3).

Prolonged amelioration of glucose tolerance in
GLP-1-treated ZDF rats

ZDF (30 pmol/kg per min) and ZLC (1.5 pmol/kg per
min) rats were subjected to IPGTTs multiple times
after the discontinuation of the GLP-1 infusion. The
!rst IPGTT was performed 1 day after the end of
the infusion (day 1) and the test was repeated, in
the same rats, at day 3, day 9 and day 16. We
observed that after the !rst IPGGT, the GLP-1-depen-
dent amelioration in glucose tolerance, rather than
declining, got progressively better, and reached its
very best at day 9. Indeed, while glucose excursions
were progressively less vigorous over time, the bursts
of insulin secretion in response to the exogenous
administration of glucose got progressively better as
the number of days from the GLP-1 infusion increased
(Fig. 4). Even on day 16, when the effect of GLP-1
probably started to decline, treated rats had a much
better response to glucose than control saline-treated
rats.

Repetitive measurements of plasma GLP-1 levels in
the fasting state did not show a signi!cant variation
over the 3 week period of the study (Fig. 5). This
con!rmed the data reported by various studies that
GLP-1, when administered exogenously, is rapidly
eliminated from the blood stream and also demonstrated
that the exogenous GLP-1 did not induce an upregula-
tion of the endogenous GLP-1 levels.

Figure 1 Insulin and glucose responses (means!S.E., n # 6) of ZDF and ZLC rats after an IPGTT. Panels on the left depict insulin
(top) and glucose (bottom) responses after an IPGTT with 1 g of glucose/kg body weight, in ZDF and ZLC rats. Statistical signi!cance
was evaluated by ANOVA. Panels on the right represent the AUC for insulin (top) and glucose (bottom) after an IPGTT with 1 g of
glucose/kg body weight, in the same animal groups shown in the panels on the left. The AUC was generated using the time points
between 2 and 120 min after the injection of glucose. Statistical signi!cance of the data was evaluated by Student’s t-test.
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Changes in body weight in GLP-1-treated rats

GLP-1 has a well known effect on the inhibition of sati-
ety. In the present study we observed a signi!cant
reduction in body weight, both in ZDF and in ZLC
rats, following the infusion of GLP-1 (P ! 0!001 and
P ! 0!05 in ZDF and ZLC rats respectively) (Table 1).
This decrease in weight reached its peak after 6 days
from the discontinuation of the treatment with GLP-1,
and remained stable in the last week of the study.

Discussion

The capability of GLP-1 to stimulate insulin secretion
depends on the concentration of its active form (GLP-
1(7-36)) in the blood stream. The plasma level of
GLP-1 is regulated by its rate of production, due to syn-
thesis and secretion by the L-cell of the gastrointestinal
tract (1, 3, 10), and by the rate of disappearance from
the blood stream, resulting from its enzymatic degra-
dation (1.5–2 min) (10) and the renal clearance
(12 min) (10, 11). The chief regulatory mechanism
employed for the control of the concentration of
active GLP-1 is represented by its rate of degradation.

The enzyme dipeptidyl peptidase IV (DPP IV), which
is present in the plasma and in tissues, is the primary,
although not the exclusive, inactivating enzyme for
GLP-1 (12). DPP IV can liberate Xaa-Pro or Xaa-Ala
dipeptides from the N-terminus of regulatory peptides.
The enzymatic digestion of GLP-1 generates many
metabolites, including GLP-1(9-36), GLP-1(7-35),
GLP-1(7-34) and GLP-1(9-36) amides (13). None of
these are capable of promoting insulin secretion, and
in pharmacological concentrations they are thought
to act as antagonists of the active form of GLP-1. The
importance of the kidney in the clearance of GLP-1
involves both the glomerular !ltration rate and the tub-
ular catabolism. It has been shown that 10 min after
the injection of radiolabeled GLP-1, the major part of
the radioactivity is accumulated in the kidney (14).

In this study, we con!rmed that GLP-1 potentates
glucose-stimulated insulin secretion in vivo. A dose-
dependent response to GLP-1 of non-anesthetized ZDF
rats was observed after an IPGTT. Compared with
saline-infused ZDF rats, a 48 h infusion with GLP-1 pro-
duced a signi!cant dose-dependent increase in insulin
secretion and lowering of glucose excursion after a glu-
cose challenge.

In human subjects, not affected by diabetes, a GLP-1
dose–response study has revealed that a rapid s.c.
administration of 0.5 nmol/kg GLP-1 represents the
threshold dose for a minimum stimulation of glucose-
dependent insulin secretion (15). In non-diabetic mice
and rats, the threshold level of GLP-1 capable of elicit-
ing insulin secretion has been reported to be between
0.3 and 0.5 nmol/kg, with a half-maximal effect
observed with 1 nmol/kg (16–18). In the present
study, we demonstrated that a constant infusion of
1.5 pmol/kg per min of GLP-1 for 48 h was not suf!-
cient to increase the secretion of insulin in ZDF rats,
and that the earliest signi!cant response to GLP-1
was observed when its concentration was raised 10-
fold (15 pmol/kg per min).

While the observation that GLP-1 is effective in low-
ering plasma glucose levels in ZDF rats con!rms the
work of others (19, 20) the novelty of the present
study is represented by the demonstration that
although GLP-1 is rapidly degraded and removed
from the blood stream, its bene!cial effect lasts for
days after its administration.

Pharmacokinetic studies of exogenously adminis-
tered GLP-1 demonstrate its rapid elimination from
the plasma, with a half-life of 3!3!0!6 min" a clearance
of 117!15 ml#min" and a distribution volume of 557!

61 ml (14). In the present study, repetition of an IPGTT
in diabetic animals over time showed a surprisingly
lasting bene!cial effect of an earlier exposure to GLP-1.
Interestingly, the best glucose-dependent insulin
secretory response was observed 9 days after the GLP-1
infusion pump was removed from the diabetic animals.
This !nding is in evident contradiction to the general
understanding of the time of action of GLP-1. However,

Figure 2 Dose-dependent response to GLP-1 of ZDF rats after
an IPGTT. Insulin (top panel) and glucose (bottom panel) levels
were evaluated after an IPGTT with 1 g glucose/kg body weight.
AUCs from 2 to 30 min from the glucose injection were evaluated
for glucose and insulin. AUCs determined in control rats (saline-
infused) were considered as equal to 100% and the responses to
various doses of GLP-1 were calculated as percentages (means!

S.E., n # 6) of controls. Statistical signi!cance was evaluated by
Student’s t-test.
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a careful review of previous studies appears to support,
indirectly, the data of our current report. Burcelin et al.
(19) observed that when a dipeptidyl peptidase IV-
resistant analog of GLP-1 (GLP-1-Gly8) was tested in
vivo, a single injection of 0.1 nmol of the peptide in dia-
betic mice was capable of correcting fasting hyperglyce-
mia and glucose intolerance for several hours. This was
in contrast to the rapid disappearance of the peptide
from the blood stream. Indeed, euglycemia was main-
tained over a period longer than could be predicted

based on the peptide half-life (21). Furthermore, in a
recently published study from our laboratory (22), we
also observed that the capability of GLP-1 to induce
the expression of the insulin transcription factor, IDX-
1, starts increasing 2–3 days after the discontinuation
of the treatment with GLP-1, and reaches its peak after
almost a week, when the exogenous peptide has
already been fully degraded. Because IDX-1 is a main
transcription factor regulating the gene expression of
insulin, glucose transporter GLUT-2 and glucokinase,

Figure 4 Long-lasting insulin secretory mem-
ory after GLP-1 infusion in ZDF rats. ZDF
rats were subjected to a 2 day infusion with
GLP-1 (30 pmol/kg per min) or saline solution
and subjected to repeated IPGTTs (1 g/kg
body weight) 1, 3, 9 and 16 days after the
discontinuation of GLP-1 infusion. Graphs on
the left show glucose (lower) and insulin
(upper) responses to repetitive IPGTT, while
bar graphs on the right represent the AUCs
for glucose (lower) and insulin (upper) from 0
to 30 min from the beginning of the glucose
infusion. Means!S.E., n # 6! Statistical sig-
ni!cance was evaluated by Student’s t-test.

Figure 3 Insulin and glucose responses (means!S.E., n # 6) of GLP-1-treated ZDF and ZLC rats after an IPGTT. Insulin (A, B) and
glucose (C, D) levels were evaluated by subjecting ZLC (A, C) and ZDF (B, D) rats to an IPGTT (1 g/kg body weight) after a 48 h
infusion with GLP-1 (30 pmol/kg per min) or saline solution. Statistical signi!cance was evaluated by ANOVA.
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the observation of a lasting effect of GLP-1, reported in the
present study, may re!ect the time course necessary for
GLP-1 to exert its effect on the transcription of key regula-
tor genes for !-cell function.

In attempting to explain the diverse effects of GLP-1
in vivo, we propose that this peptide hormone might act
via different signaling pathways activated in a time-
dependent manner. In the !rst few minutes after its
exogenous administration (acute phase) GLP-1 pro-
motes a glucose-dependent secretion of insulin that is
regulated via a cAMP/protein kinase A-dependent sig-
naling pathway. This leads to the closure of the ATP-
sensitive potassium channels and to the activation of
the sulfonylurea receptor SUR1. The closure of these
channels results in a rise in the resting potential
(depolarization) of the !-cell, leading to the opening
of the voltage-sensitive calcium channels (L-type
VDCC). The open-end L-type VDCC would then trigger
the fusion of insulin-containing vesicles with the cell
membrane resulting in the exocytosis of insulin (10).
This phase lasts a few minutes and is the major
target for the design of GLP-1 analogs.

The second phase of action of GLP-1 takes place
within a few hours from the infusion of GLP-1 and is

characterized by the expression of !-cell-speci!c
genes. These include insulin, GLUT-2 and the enzyme
glucokinase. It has been proposed that in glucose-intol-
erant aging Wistar rats, this would result in a greater
amount of insulin being synthesized and stored in the
!-cells, leading to an overall improvement of glucose
tolerance. It could also be attributed to the inhibitory
effect of GLP-1 on gastric acid secretion and gastric
emptying (14). In the hours after the exposure to
GLP-1, its effects on the central nervous system also
take place. Indeed, the brain is a very important
target for GLP-1, as demonstrated by the observation
that after infusion with radiolabeled GLP-1, approxi-
mately 9% (of the blood value) is found in the brain
tissue (14). Interestingly, the capability of exogenously
administered GLP-1 receptor agonists to reduce food
intake and lower body weight is preserved in animal
models of diabetes and obesity (23–25). This obser-
vation has been con!rmed in humans (in the presence
or absence of diabetes), where the reduction in food
intake has been interpreted as a satiety effect and not
food aversion (26, 27).

The third phase of action of GLP-1 begins several
days after the discontinuation of its administration
and occurs when the active peptide is completely
metabolized. This is probably regulated by the neogen-
esis and differentiation of !-cell triggered during the
!rst phase, which results in an increase in !-cell
mass, as demonstrated by recent reports from our and
other laboratories (22).

In summary, the data presented in this report
demonstrate that GLP-1, despite its short half-life, has
a long-term effect in an animal model of type 2
diabetes.
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Table 1 Changes in body weight (means!S.E., n # 6) in GLP-1- and saline-treated rats.

Body weight (g)

Rats Treatment
Before GLP-1 infusion

(day 0)
After !rst IPGTT

(day 1)
After second IGPTT

(day 3)
After third IGPTT

(day 9)
After fourth IGPTT

(day 16)

ZDF Saline 452!29 455!31 457!41 449!37 446!46 (N.S.)
ZDF GLP-1 456!32 450!27 423!34 370!22 380!35 !P ! 0!001"

ZLC Saline 155!17 154!22 160!30 157!19 161!16 (N.S.)
ZLC GLP-1 152!20 145!24 137!32 132!15 134!21 !P ! 0!05"

Statistical signi!cance was evaluated by unpaired Student’s t-test (before GLP-1 infusion vs after fourth IPGTT).

Figure 5 GLP-1 levels (means!S.E., n # 6) in ZDF rats exposed
to a 2 day infusion with human GLP-1. ZDF rats were subjected
to a 2 day infusion with GLP-1 (30 pmol/kg per min) and their fast-
ing GLP-1 levels measured on day 0 (prior to the exogenous
infusion of GLP-1), day 1 (from the discontinuation of the GLP-1
infusion), 3, 9 and 16. The blood samples assayed to determine
the levels of GLP-1(6-36) amide were collected 20 min before the
IPGTT performed on the various testing days.
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