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Abstract Aim/hypothesis: Glucagon-like peptide-1 (GLP-1)
is metabolised by the enzyme dipeptidyl-peptidase 4 (DPP-4),
generating a metabolite with potential antagonistic proper-
ties. This study was conducted to evaluate the effect of that
metabolite on plasma glucose levels in patients with type 2
diabetes. Materials and methods: The randomised cross-
over study consisted of five regimens: (1) i.v. infusion of
GLP-1 (1.2 pmol kg™ " min™"; IV); (2 and 3) s.c. infusion of
GLP-1 (2.4 and 9.6 pmol kg ' min~'; LSC, HSC); (4) s.c.
infusion of GLP-1 (2.4 pmol kg ' min™") in combination
with a DPP-4 inhibitor (IB); and (5) s.c. infusion of saline
(154 mmol NaCl/l; SAL). Seven patients with type 2 dia-
betes participated in all protocols. Results: Plasma levels
of intact GLP-1 increased from 7+1 (SAL) to 17+£3 (LSC),
61+7 (IB), 62+5 (IV) and 94+10 (9.6 s.c.) pmol/l, p<0.0001.
Plasma concentrations of the metabolite increased from 1+£3
(SAL) and 2+6 (IB) pmol/l to 42+4 (LSC), 6448 (IV) and
327416 (HSC) pmol/l, p<0.0001. Mean plasma glucose
levels at 6 h decreased from 12.4+1.1 (SAL) mmol/l to
10.4£1.1 (LSC), 8.6+0.6 (IB), 8.8+0.8 (IV) and 9.1£0.9
(HSC) mmol/l, p<0.0001. Conclusions/interpretation: At
approximately similar concentrations of intact GLP-1 (IV,
IB, HSC), but with widely ranging metabolite concentra-
tions, the effect on plasma glucose levels was equal,
indicating that the presence of the metabolite does not
antagonise the glucose-lowering effect of GLP-1.
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Introduction

The intestinal hormone glucagon-like peptide-1 (GLP-1) is
currently under investigation for its potential use as a new
agent for treatment of type 2 diabetes [1], but since it is a
peptide, oral administration is not feasible, and most
studies have, therefore, been carried out with i.v. and s.c.
infusions [2—4]. S.c. bolus injections of GLP-1 have short-
lasting effects on plasma glucose levels [5], presumably
due to the rapid degradation and elimination of the peptide
[6]. GLP-1 is metabolised by the enzyme dipeptidyl-
peptidase 4 (DPP-4), generating a truncated metabolite,
GLP-1(9-36)-amide [6, 7], which in in vitro studies in-
volving cloned human pancreatic GLP-1 receptors has
been shown to bind to the receptor without activating it,
suggesting that it may act as an antagonist [8]. However,
the metabolite has a binding affinity of only 1% compared
with intact GLP-1 [8]. Nevertheless, in vivo studies in pigs
have shown that it can antagonise the inhibitory effect of
intact GLP-1 upon gastric emptying [9], and GLP-1 in-
hibition of gastric emptying is supposed to contribute to the
postprandial glucose-lowering effect of GLP-1 [10]. On the
other hand, in anaesthetised pigs physiological concentra-
tions of the metabolite influenced neither basal nor GLP-1-
stimulated insulin secretion, and even exhibited an intrinsic
glucose-lowering capacity, which appeared to be indepen-
dent of insulin [11]. The use of DPP-4 inhibitors to reduce
GLP-1 degradation was proposed as a therapeutic approach
for type 2 diabetes [6, 12], and DPP-4 inhibition has been
shown to improve glucose tolerance and insulin secretion in
rodents [13, 14] and pigs [15] and to enhance beta cell
survival and islet neogenesis in diabetic rats [16]. Further-
more, in clinical studies, DPP-4 inhibition for 4 weeks
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improved glycaemic control in patients with type 2 diabetes
[17-19]. These effects could arise as a result of increased
levels of intact GLP-1 as well as reduced levels of the po-
tentially antagonistic metabolite, or as a combination of two.
Thus, the consequences of the generation of the DPP-4-
mediated metabolite during GLP-1 treatment of patients
with type 2 diabetes remains unclear.

Subjects, materials and methods

Seven patients (four men and three women) with type 2
diabetes diagnosed after the age of 40 years participated in
the study. The patients were 60 (range 51 64) years old
with a BMI of 35 (range 28-38) m/kg®. The mean
duration of the disease was 6 (range 4-9) years. Two pa-
tients were treated with a combination of sulfonylurea and
metformin, three patients were treated with metformin
alone, and one patient with sulphonylurea alone. One
patient was on dietary therapy. Oral antidiabetic medication
was discontinued 3 weeks in advance of the study. Mean
fasting glucose level after discontinuation of medication
was 11.5£1.1 mmol/l.

The protocol was approved by the ethical committee of
Copenhagen, Denmark, and all patients gave oral and
written consent before participation.

The study was designed as a randomised crossover study
consisting of five treatment reglmens (1) i.v. infusion of
GLP-1 (1.2 pmol kg ' min~ IV) (2) continuous s.c. in-
fusion of GLP-1 (2.4 pmol kg ' min_ LSC) (3) continuous
s.c. infusion of GLP-1 (2.4 pmol kg ' min"") in combination
with oral administration of a DPP-4 inhibitor (IB); (4) con-
tinuous s.c. infusion of saline (SAL), and (5) continuous s.c.
infusion of GLP-1 (9.6 pmol kg min_'; HSC). All patients
received all five treatment regimens in randomised order,
with each treatment regimen being separated by a washout
period of at least 2 days. The patients arrived at the hospital
at 17:00 hours; they received dinner and then fasted overnight.
GLP-1 infusion (the patients were equipped with a portable
insulin pump: MiniMed 506, Medtronic Diabetes, North-
ridge, CA, USA) was initiated immediately after dinner and
continued until the end of the examinations the following day
at 14:00 hours. The DPP-4 inhibitor was given as capsules of
NVP DPP 728 (a gift from Novartis, Basel, Switzerland)
100 mgx4 (after dinner at 18.00 hours and at 24:00, 06:00 and
at 12:00 hours). After the overnight fast, breakfast was
provided at 08:00 hours (time zero) and lunch 4 h thereafter,
with meals being identical in amount and composition on all
five regimens. The patients rated sensations of nausea and
well-being on 100-mm visual analogue scales before and
after breakfast and lunch, as well as 2 h after breakfast. Blood
samples were drawn as a 13-point measurement. The first
two blood samples were drawn immediately before breakfast
(time zero) and thereafter every 30 min for 6 h. Blood was
distributed into sodium fluoride tubes for plasma glucose,
into EDTA tubes for GLP-1 and glucagon, and into heparin
tubes for insulin and C-peptide determinations. Trasylol
(500 kIU/ml blood; Bayer, Leverkusen, Germany) and valine
pyrrolidide (10 pmol/l blood, a DPP-IV inhibitor used to

prevent post-sampling degradation of GLP-1; a gift from
R. D. Carr, NovoNordisk, Bagsvaerd, Denmark) were added
to the EDTA tubes, and Trasylol was added to the heparin
tubes. The tubes were immediately chilled in ice and
centrifuged at 4°C for 20 min. Plasma for insulin and
C-peptide analyses was stored at —80°C. Plasma for
glucagon and GLP-1 analyses was stored at —20°C.

GLP-1(7-36)-amide was produced as a custom synthesis
by Polypeptides, Wolfenbiittel, Germany. The correctness
of structure and the purity of the peptide (>98%) were
ascertained by HPLC, mass spectrometry and sequence
analysis. For s.c. infusions, the peptide was dissolved in an
acetate and p-mannitol buffer (pH 4.7), and diluted with
water to give the final concentrations. For i.v. infusion,
GLP-1 was dissolved in a sodium phosphate buffer, and
human albumin (20%) was added to give a final albumin
concentration of 5%. The peptide solution was subjected to
sterile filtration, dispensed into glass ampoules and stored
frozen under sterile conditions until use.

Plasma glucose concentrations were analysed using a
Beckman Analyzer (Beckman Instruments, Fullerton, CA,
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Fig. 1 Plasma concentrations of total GLP-1, intact GLP-1 and the
GLP-1 metabolite. Meal ingestion was at 0 and 4 h. Open circles: 1V;
open triangles: LSC; open squares: SAL; solid triangles: 1B; solid
circles: HSC. Plasma concentrations of total GLP-1 (a) increased
during GLP-1 infusions compared to saline infusion, p<0.0001.
There was no difference between mean levels of total GLP-1 in LSC
and IB groups (p>0.05), whereas the other levels differed
significantly (p<0.05). b Plasma concentrations of intact GLP-1
increased during GLP-1 infusions compared to saline infusion,
p<0.0001. There were no differences between intact GLP-1 in IV and
IB groups (p>0.05), whereas the other levels differed significantly
(»<0.05). In the first 2 h of the 6-h profile, no differences were
observed between IV, IB and HSC (p>0.05). ¢ There was no
difference in plasma concentrations of the GLP-1 metabolite in the
SAL and IB groups (p>0.05), but metabolite levels increased on the
LSC, IV and HSC groups
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Total GLP-1 Intact GLP-1 GLP-1 Glucose (mmol/l)
(pmol/l) (pmol/l) metabolite
(pmol/l)
Fasting 0-6h Fasting 06 h Fasting 0-6h  Fasting 6-h Postprandial glucose Postprandial glucose
mean mean mean mean excursion excursion
(0-3 h post breakfast) (4—6 h post lunch)

IV 12213% 127+£7°° 6448% 62+£5%  58+£10° 64+8"  8.8+0.8°!  8.8+0.8*¢ [.1+2% 2.0+0.6
LSC 46+10 62+4 16+7 17+3 30+8 42+4 9.9+1 10.4+£1.1 4.3+1.5 2.5+0.8
SAL 5+1 82 642 7+1 0+1 1£3  11.6x1.1 12.4£1.1 4.4+0.9 3.549
1B 64+14 6316 5716  61+7 T+4 2+6 8.1+0.6 8.6+0.6 3.5+1.1 1.0+0.5
HSC 354+59  421+£17 84+18 9410 270+47 32716 8.8+l 9.1+0.9 2.2+1.5 2.0+1.1
2p<0.05 for difference between GLP-1 treatment and saline
bp<0.05 for difference between IV and the IB and HSC groups
°p>0.05 for no difference between IV and 1B
p>0.05 for no difference between IV and the IB and HSC groups
USA). The CV was 2% for intra-serial analysis and 4% for Results

inter-serial analysis.

Glucagon was measured by RIA employing antibody
code no. 4305 [20].

Total GLP-1 was measured by RIA employing antise-
rum code no. 89390 [21], which is highly specific for the
amidated COOH-terminus of GLP-1 and therefore mea-
sures the sum of GLP-1(7-36) amide and its metabolite,
GLP-1(9-36)amide. Concentrations of intact GLP-1 were
measured using an NH,-terminally directed antibody (code
no. 93242) [22]. The concentrations of the metabolite,
GLP-1 (9-36)amide, were calculated by subtraction of the
concentrations of intact GLP-1 from the concentrations of
total GLP-1 for each individual plasma sample. For
glucagon and GLP-1 analysis, plasma was extracted with
ethanol (final concentration 70%, v/v) before analysis.
Detection limits and intra-assay CV of the assays used were
1 pmol/l and <6% for both assays.

Insulin and C-peptide concentrations were measured
using autoDELFIA immunoassay (Wallac Oy, Turku,
Finland). The detection limits of the assays are <5 pmol/l
for insulin and <50 pmol/l for C-peptide. Intra- and inter-
assay CV were 4-5% at 39-700 pmol/l for insulin and 5-
6% at 355-3700 pmol/I for C-peptide. The cross-reactivity
was 0.1% with intact proinsulin, 0.4% with 32-33 split
proinsulin, and 66% with Des 64—65 split proinsulin in the
insulin assay. In the C-peptide assay, cross-reactivity was
51% with intact proinsulin, 35% with 32-33 split proin-
sulin, and 92% with Des 64—65 split proinsulin.

Data are presented as meanstl SEM. Data were
analysed by repeated measurement ANOVA followed by
Tukey post hoc test (GraphPad Instat version 3 for
Windows; GraphPad, San Diego, CA, USA). The first p
value indicates the overall results of repeated-measures
ANOVA. Significant differences between groups as dem-
onstrated by the Tukey post hoc test are indicated after the
first p value. p values<0.05 were considered significant.

Plasma levels of GLP-1 are shown in Fig. 1 and Table 1.
During the saline infusion, total GLP-1 concentrations
increased in response to meal ingestion (from ~5 to
~11 pmol/l 90 min after the first meal and from ~6 to
~16 pmol/l 60 min after the second meal).

In order to determine whether there were differences in
GLP-1 metabolism between i.v. and s.c. administration, the
ratios between the mean concentrations during the 13-point
profile of intact GLP-1 and total GLP-1 were calculated.
This ratio was 0.50+£0.05 during i.v. infusion, and de-
creased by half during s.c. infusion, to 0.26+0.04 (LSC)
and 0.22+0.02 (HSC), p=0.0007. There was no difference
between the ratios obtained during the two s.c. infusions.

Plasma glucose levels are shown in Fig. 2 and Table 1.
The reductions in plasma glucose levels (the difference
from saline) were 3.6+0.6 (IV), 2.0+0.5 (LSC), 3.8+0.7
(IB) and 3.3+0.7 (HSC) mmol/l, p=0.03, with the 1V, IB
and HSC treatments achieving significantly greater reduc-
tions than LSC. From Table 1 it can be seen that at the same
plasma levels of intact GLP-1, fasting plasma glucose
levels, mean plasma glucose levels during the day and the

mmol/I
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Fig. 2 Plasma glucose levels. Meal ingestion was at 0 and 4 h.
Open circles: 1V; open triangles: LSC; open squares: SAL; solid
triangles: 1B; solid circles: HSC. Fasting and 6-h mean plasma
glucose levels were reduced by GLP-1 infusions compared to saline
infusion, p<0.01. IV, IB and HSC treatments achieved greater
reductions than LSC, p=0.03
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Table 2 Sensation of nausea and plasma concentrations of insulin, C-peptide and glucagon

Treatment  Insulin (pmol/l) C-peptide (pmol/l) Glucagon (pmol/l) Sensation of nausea (mm on VAS)
Fasting 0-6 h mean  Fasting 0-6 h mean  Fasting 0-6 h mean 0-6 h mean

v 106+21 130+21 1544+197% 19164221 7.4+1.7 7.0£0.7 14.6+10.2

LSC 79£19 11714 1293£140 1768+166 7.2+1.6 8.1£0.9 4.9+1.7

SAL 60+10 119£19 1030+129 1642+£219 8.4+£1.1 9.7£1 43+1.4

IB 85+15 124422 1376+166% 1863£252 6.94+0.7 6.7£0.4 19.2+11.6

HSC 87+15 124+19 15394133 19754229 7.7£1.2 7.0£0.6 33.8+11.1°

VAS visual analogue scale

2p=0.0009 for difference between the IV, IB and HSC groups and saline

®p=0.02 for difference between the HSC group and SAL and LSC

postprandial glucose excursions were similar for all treat-
ments, despite widely ranging metabolite concentrations.

Plasma concentrations of insulin,C-peptide and gluca-
gon are shown in Table 2. Sensations of nausea are also
shown in Table 2.

Discussion

In the present study, we investigated the consequences of
DPP-4-mediated GLP-1 metabolism on metabolic control
in patients with type 2 diabetes. We used the DPP-4
inhibitor NVP DPP 728 (Novartis) to prevent GLP-1
degradation (and hence metabolite formation), together
with different GLP-1 infusions, in order to achieve
different levels of intact GLP-1 and metabolite. This in-
hibitor has been demonstrated to provide extensive inhi-
bition of GLP-1 degradation and significant improvement
of glycaemic control in patients with type 2 diabetes [17].
We found that at the same concentration of intact GLP-1
(~60 pmol/l), the reductions in plasma glucose levels were
the same in spite of a wide range of concomitant metabolite
concentrations. Thus, the metabolite seems to have no
influence on GLP-1-induced changes in plasma glucose
levels. Similarly, neither glucagon nor insulin levels were
influenced by the metabolite concentration. In vitro studies
have shown that the metabolite acts as an antagonist
towards the pancreatic GLP-1 receptor, albeit binding to
the receptor with an affinity of <1% compared with intact
GLP-1 [8]. However, in vivo studies in anaesthetised pigs
have shown that the metabolite does not elicit antagonistic
effects towards insulin secretion, even when present in 30-
fold higher concentrations compared with intact GLP-1,
and the metabolite even appeared to possess an intrinsic
glucose-lowering effect [11]. Judging from the present data
in humans, the metabolite does not seem to possess any
glucose-lowering effect, or to have any antagonistic effect
upon the metabolic control achieved by intact GLP-1.
These interpretations are supported by a recently published
study in healthy humans, in which it was shown that GLP-1
-induced insulin release and glucose metabolism is not
influenced by the metabolite [23]. In addition, another
study in mice has indicated that the metabolite is not
involved in the regulation of glucose homeostasis [24]. The
metabolite has been demonstrated to antagonise the action

of GLP-1 on gastric motility [9], but in recent studies in our
laboratory infusions of large amounts of the metabolite
(resulting in a plasma concentration ~600 pmol/l) had no
effect on gastric emptying of a liquid meal (C. F. Nagell
and J. J. Holst, unpublished results). In the present study
the metabolite had no influence on the postprandial glucose
excursions. An effect of the metabolite on gastric emptying
is therefore unlikely to have influenced the results. DPP-4
has substrates other than GLP-1, e.g. gastric inhibitory
peptide; therefore, DPP-4 inhibition will also inhibit gastric
inhibitory peptide degradation. However, gastric inhibitory
peptide is completely ineffective in type 2 diabetes [25,
26]. Therefore, one would not expect a protection of gastric
inhibitory peptide to influence glycaemia in the present
study. In addition, in experiments in DIRKO mice (mice
with double knock-out of the GLP-1 and gastric inhibitory
peptide receptors), DPP-4 inhibitors have no effect on
glycaemia or insulin secretion, indicating that GLP-1 and
gastric inhibitory peptide are the most important substrates
for DPP-4 with regard to glucose metabolism [27].
GLP-1 is currently under investigation for its potential
therapeutic use as a new agent for treatment of type 2
diabetes. Being a peptide hormone, oral administration is
not possible and as i.v. infusions are inconvenient, alter-
native therapeutic approaches have involved s.c. injections.
In the present study, we found that GLP-1 was more
extensively degraded when given s.c. compared with i.v.
The metabolite accounted for 50% of the total GLP-1
concentration during i.v. infusion compared with 70-80%
during s.c. infusion. It has previously been reported that the
metabolite accounts for more than 80% of total GLP-1 after
a single s.c. injection of native GLP-1 [6]. This might be
explained by enzymatic activity in the subcutis and in the
s.c. capillaries. S.c. injections of GLP-1 may, therefore, be
an inexpedient way of GLP-1 administration. On the other
hand, as long as sufficiently high plasma concentrations of
intact GLP-1 are achieved, the generation of the metabolite
does not seem to create problems with regard to reaching
acceptable glycaemic control. Inhibition of GLP-1 degra-
dation by DPP-4 inhibition has also been proposed as a
therapeutic approach [6, 12]. DPP-4 inhibition has been
shown to improve glucose tolerance and insulin secretion
in rodents [13, 14] and pigs [15], as well as glycaemic
control in patients with type 2 diabetes [17, 18]. These
effects, therefore, as discussed above, seem to be due to



increased levels of intact GLP-1 and not, as previously
speculated, because of reduced levels of antagonistic metab-
olite. In line with this, we found that plasma levels of mtact
GLP-1 increased when GLP-1 infusion (2.4 pmol kg ' min)
was combined with DPP-4 inhibition, and we found a
concomitant reduction in plasma glucose levels. Thus, com-
bination therapy with GLP-1 and a DPP-4 inhibitor may have
therapeutic advantages as a way of achieving higher plasma
levels of intact GLP-1 and, thereby, a more efficacious
reduction in plasma glucose levels.

We have previously shown that plasma glucose levels
are efficaciously reduced in patients with type 2 diabetes by
continuous s.c. infusion of GLP-1 [4]. In that study, the
treatment penod was 6 weeks, the infusion rate was
4.8 pmol kg'' min ' and plasma glucose levels were
reduced by ~6 mmol/l after 1 week as well as 6 weeks of
infusion. In the Present study we increased the infusion rate
to 9.6 pmol kg " min , but plasma glucose was reduced by
only 3 mmol/l. It may be speculated, therefore, that the full
glucose-lowering effect of s.c.-infused GLP-1 is not seen
acutely, but requires at least 1 week of infusion.

We found that plasma glucose levels were equally
reduced with infusion of GLP-1, resulting in plasma
concentrations of intact GLP-1 of 60 and 90 pmol/l. In
addition, both infusions were more efficacious than in-
fusions resulting in levels of 20 pmol/l. Thus, a maximal
effect of GLP-1 appears to be reached with plasma con-
centrations of intact GLP-1 between 20 and 60 pmol/l.
High concentrations of intact GLP-1 may cause down-
regulation of GLP-1 receptor function [28], explaining why
increasing doses of GLP-1 may give no further advantage.
Furthermore, the increases in plasma concentrations of
intact GLP-1 above 60 pmol/l were associated with a
significantly higher incidence of nausea. Thus, this level of
intact GLP-1 may delineate not only the maximal thera-
peutic effect, but may also be the level where side effects
begin to appear. It should be noted, however, that GLP-1
has been shown to stimulate beta cell replication and
neogenesis, and to inhibit apoptosis of beta cells [29, 30].
Thus, long-term GLP-1 treatment may have additional
beneficial effects compared with short-term treatment.

In conclusion, we found that the antihyperglycaemic
effects of GLP-1 depend upon the plasma concentration of
intact hormone, whereas the metabolite seems to have no
influence, either as an independent glucose-reducing factor
or as an antagonist to the glucose-lowering effect of the
intact hormone. Furthermore, GLP-1 was more extensively
metabolised in the subcutis than the vascular bed. GLP-1 in
combination with a DPP-4 inhibitor efficaciously increases
the plasma concentration of intact GLP-1, making this
combination a potential therapeutic approach.
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