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Abstract
Aims/hypothesis We investigated glucagon responses dur-
ing OGTT and isoglycaemic i.v. glucose infusion, respec-
tively, to further elucidate the mechanisms behind the
glucose intolerance in patients with type 2 diabetes.
Materials and methods Ten patients (eight men) with type
2 diabetes (age: 64 [51–80] years; BMI: 23 [21–26] kg/m2;
HbA1c: 6.9 [6.2–8.7]%, values mean [range]) and ten
control subjects matched for sex, age and BMI were
studied. Blood was sampled on two separate days following
a 4-h 50-g OGTT and an isoglycaemic i.v. glucose infusion,
respectively.
Results Isoglycaemia during the 2 days was obtained in
both groups. In the control subjects no difference in
glucagon suppression during the first 45 min of OGTT
and isoglycaemic i.v. glucose infusion (−36±12 vs −64±
23 mmol/l×45 min; p=NS) was observed, whereas in the
group of patients with type 2 diabetes significant glucagon

suppression only occurred following isoglycaemic i.v.
glucose infusion (−63±21 vs 10±16 mmol/l×45 min; p=
0.002). The incretin effect was significantly reduced in
patients with type 2 diabetes compared with control
subjects, but no significant differences in the secretion of
glucagon-like peptide-1 or glucose-dependent insulino-
tropic polypeptide between the two groups during OGTT
or isoglycaemic i.v. glucose infusion, respectively, could
explain this.
Conclusions/interpretation Attenuated and delayed gluca-
gon suppression in patients with type 2 diabetes occurs
after oral ingestion of glucose, while isoglycaemic i.v.
administration of glucose results in normal suppression of
glucagon. We suggest that this phenomenon contributes
both to the glucose intolerance and to the reduced incretin
effect observed in patients with type 2 diabetes.
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Introduction

In type 2 diabetes plasma glucagon concentrations fail to
decrease appropriately or, paradoxically, may even increase,
after oral glucose or carbohydrate ingestion [1–4]. By
increasing hepatic glucose production, this lack of glucagon
suppression contributes significantly to postprandial hyper-
glycaemia in subjects with type 2 diabetes [5–8]. It has
been proposed that the non-suppressible glucagon secretion
could be an early alpha-cell-specific islet defect that
precedes insulin deficiency [9], but the exact mechanisms
underlying the disturbed regulation of glucagon in type 2
diabetes remain to be elucidated.

The phenomenon that oral glucose elicits a higher
insulin response than does i.v. glucose, even at identical
plasma glucose (PG) profiles (isoglycaemia), is called the
incretin effect. The incretin effect is caused by the two
incretin hormones: glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) [10].
Both hormones are secreted from endocrine mucosal cells
in the small intestine (L- and K-cells, respectively) in
response to ingestion of nutrients [10]. They are highly
insulinotropic in a strictly glucose-dependent fashion [10].
GLP-1 is known to also inhibit glucagon secretion in a
glucose-dependent manner [10, 11], whereas GIP appears
to have glucagonotropic properties [10, 12]. In type 2
diabetes, the incretin effect has been shown to be markedly
reduced or even absent [13]. In previous studies we found
that the postprandial GLP-1 response [14, 15] as well as the
insulinotropic potency of GLP-1 [16] were reduced. In
addition the insulinotropic effect of GIP is almost absent in
patients with type 2 diabetes [17].

In the present study we aimed to elucidate the interplay
between glucagon secretion and the reduced incretin effect
in patients with type 2 diabetes. Therefore, we investigated
glucagon, insulin and incretin responses during a 50-g
OGTT and an isoglycaemic i.v. glucose infusion, respec-
tively, in patients with type 2 diabetes and in matched
healthy control subjects.

Subjects and methods

Subjects

Patients Ten patients (eight men, two women) with type 2
diabetes diagnosed according to the WHO criteria [18, 19]
were studied. Patient characteristics were: age: 62 (51–80)
years; BMI: 23.3 (21.1–26.0) kg/m2; WHR: 1.0 (0.9–1.0);
fasting plasma glucose (FPG): 8.6 (6.2–12.2) mmol/l;
HbA1c: 6.9 (6.2–8.7)%; values mean (range). Four patients
were being treated with diet, five with sulfonylurea and one
with sulfonylurea in combination with metformin. The

duration of known type 2 diabetes was 61±17 months
(mean±SEM). Diabetic retinopathy, nephropathy or neu-
ropathy had not been clinically established in any of the
patients. Three patients were receiving antihypertensive
treatment (ACE inhibitors, thiazide with amiloride and a
combination of beta-blockers, angiotensin II receptor
antagonists, thiazide with KCl and calcium antagonists).
Five were being treated with statins because of hyper-
cholesterolaemia and one patient was taking digoxin and
warfarin due to atrial fibrillation. Finally, one patient was
diagnosed with colitis ulcerosa and was taking mesalazine
to prevent exacerbations (no clinical or biochemical signs
of inflammatory activity during the examinations).

Healthy control subjects Ten healthy subjects (eight men,
two women) without a family history of diabetes mellitus
served as control subjects. Their characteristics were: age:
58 (44–69) years; BMI: 23.1 (20.0–25.0) kg/m2; WHR: 1.0
(0.9–1.0); FPG: 5.4 (4.9–6.0) mmol/l; HbA1c: 5.5 (5.1–
5.8)%; PG concentration 120 min after a 75-g OGTT
(PG120 min), conducted to establish that control subjects had
NGT: 4.3 (3.1–6.7) mmol/l. Two of the subjects had
hypertension and were receiving: (1) combined ACE
inhibitor and thiazide therapy; and (2) angiotensin II
receptor antagonists in combination with thiazide and
beta-blockers, respectively. The latter was also taking
statins because of hypercholesterolaemia. One control
subject was on warfarin because of a previous deep venous
thrombosis and one was taking beta-blockers due to atrial
fibrillation.

All subjects To our knowledge the drugs taken by the
volunteers do not significantly influence beta cell function,
alpha cell function or incretin effect. At any rate, they are
unlikely to differentially affect the responses to oral
compared with i.v. glucose in the same subject.

All participants were negative with regard to islet cell
autoantibodies except for one patient with type 2 diabetes,
who produced weakly positive fluorescence. This particular
patient had had type 2 diabetes for more than 10 years and
was being treated with a combination of diet and
sulfonylurea. He was negative with regard to GAD-65
autoantibodies and his metabolic control was acceptable
(HbA1c: 6.5%; FPG after discontinuation of sulfonylurea
treatment for 1 week: 8.6 mmol/l). All participants were
negative with regard to GAD-65, except for one control
subject, who had positive GAD-65 (27.3 U/l; normal:
< 9.5). This particular subject had normal glucose tolerance
(PG120 min: 4.3 mmol/l; FPG 5.3 mmol/l, HbA1c 5.3%) and
normal islet cell autoantibodies. Otherwise, all the subjects
had normal clinical and biochemical parameters. None had
impaired renal function, i.e. all had normal plasma
creatinine levels < 130 μmol/l and no albuminuria.
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All subjects agreed to participate (orally and in writing)
after receiving oral and written information. The study was
approved by the Scientific-Ethical Committee of the
County of Copenhagen, March 2004 (registration number
KA 04034) and was conducted according to the principles
of the Helsinki Declaration II.

Experimental design

All subjects were studied on two separate occasions
separated by at least 24 h. Before each occasion the
patients with type 2 diabetes had not taken their glucose-
lowering agents, if any, for a period of no less than 1 week.
Other medication was not taken on the morning of the
experiments (both groups). Otherwise the participants lived
as usual. On both occasions the subjects were studied in a
recumbent position after an overnight (10 h) fast.

On day 1, a cannula was inserted in the retrograde
direction into a dorsal hand vein for collection of
arterialised blood samples. The cannulated hand was placed
in a heating box (42°C) throughout the experiment. For the
50-g OGTT the subjects ingested 50 g of water-free glucose
dissolved in 400 ml water over the first 5 min of the
experiment. Arterialised blood was drawn 15, 10 and 0 min
before and 5, 10, 15, 20, 30, 40, 45, 50, 60, 70, 90, 120,
150, 180 and 240 min after ingestion of glucose. Blood was
distributed into chilled tubes containing EDTA plus
aprotinin (500 kIU/ml blood; Trasylol; Bayer, Leverkusen,
Germany) and a specific dipeptidyl peptidase IV inhibitor
(valine–pyrrolidide, final concentration 0.01 mmol/l; do-
nated by R. D. Carr, Novo Nordisk, Bagsværd, Denmark)
for analysis of glucagon, GLP-1 and GIP. For analysis of
insulin and C-peptide, blood was distributed into chilled
tubes containing heparin plus aprotinin (500 kIU/ml blood;
Trasylol; Bayer). All tubes were immediately cooled on ice
and then centrifuged for 20 min at 1,200 g and 4°C. Plasma
for glucagon, GLP-1 and GIP analyses was stored at −20°
C, and plasma for insulin and C-peptide analyses was
stored at −80°C until analysis. For bedside measurement of
PG, blood was distributed into fluoride tubes and centri-
fuged immediately for 2 min at 7,400 g at room
temperature.

On day 2, a retrograde cannula was inserted in a dorsal
hand vein for blood sampling (42°C) and a cannula was
inserted in the contralateral cubital vein for glucose
infusion. An isoglycaemic i.v. glucose infusion (20% w/v)
was performed, aimed at copying the PG profile determined
in the same individual on day 1 (50-g oral glucose load).
Blood was sampled as on day 1, except for more frequent
PG-sampling, every 5 min to adjust the glucose infusion
rate in order to obtain isoglycaemia, and less frequent
EDTA sampling.

Analysis

PG concentrations were measured during the experiments
by the glucose oxidase method, using a glucose analyser
(YSI 2300 STAT plus analyser; Yellow Springs Instru-
ments, Yellow Springs, OH, USA).

Plasma samples were assayed for total GLP-1 immuno-
reactivity using an RIA (antiserum no. 89390) that is
specific for the C-terminal of the GLP-1 molecule and
reacts equally with intact GLP-1 and the primary (N-
terminally truncated) metabolite [20]. Intact GLP-1 was
measured using an enzyme-linked immunosorbent assay.
The assay is a two-site sandwich assay using two
monoclonal antibodies; GLP-1F5 as catching antibody (C-
terminally directed) and Mab26.1 as detecting antibody (N-
terminally directed) [21].

Total GIP was measured using the C-terminally directed
antiserum R65, which reacts fully with intact GIP and the N-
terminally truncated metabolite [22, 23]. Intact, biologically
active, GIP was measured using antiserum no. 98171 [24].

Plasma insulin and C-peptide concentrations were
measured using a commercial time-resolved fluoroimmuno-
assay (AutoDELFIA; Wallac Oy, Turku, Finland), as
previously described [25].

The glucagon assay is directed against the C-terminal of
the glucagon molecule (antibody code no. 4305) and
therefore measures glucagon of mainly pancreatic origin
[26]. Neither glicentin nor oxyntomodulin cross-react,
whereas proglucagon 1–61, which is formed in the pancreas
in very small amounts, but may also be found in gut
extracts and in the circulation, does react fully in this assay
[27, 28].

Calculations and statistical analysis

All results are expressed as means±SEM. AUC values were
calculated using the trapezoidal rule and are presented as
the incremental values, unless otherwise stated. Incretin
effects were calculated by relating the difference in
integrated beta cell secretory responses (insulin and C-
peptide responses) between stimulation with oral and
isoglycaemic i.v. glucose to the response after oral glucose,
which was taken as 100% using the following formula:
100%×(AUCOGTT – AUCi.v.)/AUCOGTT [13]. In addition,
the incretin effect was calculated by relating the difference
between the 50 g of glucose ingested and the total amount
of glucose infused intravenously to the 50 g of glucose
ingested using the following formula: 100% × (glu-
coseOGTT – glucosei.v.)/glucoseOGTT. The latter method not
only includes insulinotropic substances released upon intesti-
nal stimulation, but also takes into account differences of all
factors affecting PG concentrations (e.g. glucagon responses)
during the two administration forms. The homeostatic model
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assessment (HOMA) was used to obtain a quantitative
assessment of insulin resistance (HOMAIR) [29]. Compar-
isons of experimental determinations in which the data were
distributed normally were made with two-tailed t-test (paired
within groups, unpaired between groups). For data that did
not follow a normal distribution, the significance of differ-
ences between groups was tested using Mann–Whitney U
test; for within-subject comparisons Wilcoxon’s test for
paired differences was used. Within-group comparisons of
post-stimulus to basal values were made using repeated-
measures ANOVA. A p value of < 0.05 was considered to be
statistically significant.

Results

Glucose

No difference in FPG between day 1 and 2 was observed
for the patients with type 2 diabetes (8.5±0.5 vs 8.6±

0.7 mmol/l; p=NS) or for the control subjects (5.2±0.1 vs
5.2±0.1 mmol/l; p=NS). Duplication of the PG profile
(Fig. 1) following the 50-g oral load (day 1) was obtained
by i.v. infusion of 44.3±1.9 and 21.3±0.8 g of glucose (p<
0.0001) on day 2 in the patients with type 2 diabetes and in
the control subjects, respectively. No significant differences
between the plasma glucose curves within each group were
observed. Peak values for the patients with type 2 diabetes
amounted to 15.9±0.8 and 16.2±0.7 mmol/l on day 1 and
2, respectively (p=NS). In the control subjects, PG peaked
earlier and amounted to 9.5±0.5 and 10.1±0.4 mmol/l on
the 2 days (p=NS). The AUCs for glucose for day 1 and 2,
respectively, were significantly higher among the patients
with type 2 diabetes than among control subjects (Table 1).

Glucagon

In the control group, fasting levels of plasma glucagon were
7.5±0.4 and 7.8±0.5 pmol/l on day 1 and 2, respectively
(p=NS), whereas the corresponding values in the patients

Fig. 1 Plasma glucose (a, b),
plasma insulin (c, d) and plasma
C-peptide (e, f) concentrations
during OGTT (filled symbols)
and isoglycaemic i.v. glucose
infusion (open symbols),
respectively, in healthy control
subjects (a, c, e) and in patients
with type 2 diabetes (b, d, f)
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with type 2 diabetes were significantly higher (10.1±0.6, p<
0.001 and 10.3±0.5 pmol/l, p=0.002, respectively,) with
no significant difference between day 1 and 2. In the
control group equal suppression of plasma glucagon
concentrations (Fig. 2) was observed on both experimental
days (p=NS) with similar nadirs of 4.9±0.4 and 5.0±
0.5 pmol/l following OGTT and isoglycaemic i.v. glucose
infusion, respectively, (p=NS). In the patients with type 2
diabetes, complete lack of suppression of plasma glucagon
was observed during the first 45 min after the glucose load
(OGTT), with an increase to a maximum concentration of
10.6±0.8 pmol/l occurring 15 min after initiation of the
OGTT. Then the plasma concentrations dropped to fasting
levels at 45 min and to a nadir of 6.5±0.6 pmol/l at
150 min, subsequently increasing to near-basal levels
towards the end of the experiment (8.0±0.6 pmol/l). During
day 2, immediately after initiation of the isoglycaemic i.v.
glucose infusion, the plasma glucagon concentration was
suppressed with a nadir of 6.4±0.5 pmol/l occurring at
120 min (Fig. 2a). The significantly (p=0.007) diverging
curves in the patients with type 2 diabetes resulted in a
significant difference between AUCs for plasma glucagon

on the two days (−498±134 vs −771±155 mmol/l×4 h; p=
0.02); moreover, an even more pronounced difference was
observed during the initial 45 min of days 1 and 2 (10±16
vs −63±21 mmol/l×45 min; p =0.002) (Fig. 2b). A
significantly larger integrated glucagon response among
patients with type 2 diabetes than among the control
subjects was evident during day 1 (p=0.03), but no
significant differences between the two groups was ob-
served during day 2.

Insulin, C-peptide, incretin effect and HOMA

There were no statistically significant differences between
fasting values on day 1 and day 2 for plasma insulin or
C-peptide for the two groups (Fig. 1). Maximum concen-
trations of both hormones were attained earlier in the

Table 1 Incremental AUC values for plasma glucose, insulin,
C-peptide, incretin hormones (total and intact GLP-1 and total and
intact GIP) in response to oral glucose (50 g in 400 ml water) and to
adjustable (isoglycaemic) i.v. glucose infusion (20% w/v) in patients
with type 2 diabetes and in healthy control subjects

AUC Patients with type 2
diabetes

Healthy control subjects

(n=10) (n=10)

Oral
glucose
(50 g)

Isoglycaemic
i.v. glucose
infusion

Oral
glucose
(50 g)

Isoglycaemic
i.v. glucose
infusion

Glucose
(mol/×4 h)

3.0±0.2 3.2±0.2 1.5±0.1 1.6±0.1

Insulin
(nmol/l×4 h)

10±2** 4±1 17±2** 3±1

C-peptide
(nmol/l×4 h)

147±25** 89±14 184±18** 66±14

Total GLP-1
(nmol/l×4 h)

1.2±0.4** 0.3±0.2 1.2±0.3** 0.1±0.1

Intact GLP-1
(nmol/l×4 h)

0.6±0.1* 0.3±0.1 0.6±0.1** 0.3±0.1

Total GIP
(nmol/l×4 h)

5.0±0.5** −1.9±0.6 6.8±0.7** −0.7±0.2

Intact GIP
(nmol/l×4 h)

1.8±0.4** −0.4±0.3 2.6±0.4** −0.6±0.4

Data are mean values±SEM.
* p<0.05 and ** p<0.01 for differences between responses to oral
glucose and isoglycaemic i.v. glucose infusion in the two groups. For
differences between groups please refer to text.
GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulino-
tropic polypeptide

Fig. 2 a Plasma glucagon concentrations during OGTT (filled
symbols) and isoglycaemic i.v. glucose infusion (open symbols),
respectively, in patients with type 2 diabetes (dark green curves,
diamonds) and in healthy control subjects (light green curves, circles).
b Incremental values for plasma glucagon during the initial 45 min of
OGTT (coloured bars) and isoglycaemic i.v. glucose infusion (open
bars) in healthy control subjects and in patients with type 2 diabetes. *
p<0.05
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control subjects than in the patients with type 2 diabetes. In
both groups AUCs differed significantly between day 1 and
2 for insulin and C-peptide (Table 1). A significant
difference between the positive incremental AUC for
insulin was observed between the groups during day 1 (p=
0.03), but during day 2 no difference could be shown (p=
NS). However, AUCs for insulin and C-peptide during the
initial 45 min were significantly (p<0.05) higher in the
control subjects than in the patients with type 2 diabetes,
both after oral and after i.v. glucose, respectively (data not
shown).

Based on plasma insulin concentrations, the incretin
effect amounted to 43±16% in the patients with type 2
diabetes and 83±6% in the control subjects (p=0.03). The
corresponding values calculated from plasma C-peptide
concentrations were 36±9 and 64±7% (p=0.02). Incretin
effects based on glucose ingested during the OGTT and
glucose infused during the isoglycaemic i.v. clamp
amounted to 11±4 and 57±2% (p<0.00001) in the two
groups, respectively.

HOMAIR differed with borderline significance between
the two groups (1.3±0.2 for patients with type 2 diabetes vs
2.3±0.5 for control subjects; p=0.07).

GLP-1

Time courses for both total and intact GLP-1 are shown in
Fig. 3. No significant differences in basal and stimulated
values between the two groups were observed. In both
groups total and intact GLP-1 responses were evident on
day 1 (p<0.05), whereas no significant responses (flat

lines) of total or intact GLP-1 were observed during the
isoglycaemic i.v. glucose administration in the two groups.
In both groups AUCs for total and intact GLP-1 were
significantly greater on day 1 than on day 2 (Table 1),
but no differences between the two groups were found
(p=NS).

GIP

Time courses for total and intact plasma concentrations of
GIP are shown in Fig. 3. No significant differences in basal
values between the two groups were observed. Brisk
increases of both total and intact GIP concentrations were
observed in both groups following glucose ingestion (day
1). No significant responses (flat lines) of total or intact GIP
were observed during isoglycaemic i.v. glucose administra-
tion in either group. In both groups the AUC for total GIP
was significantly greater on day 1 than on day 2, as were
the AUCs for intact GIP (Table 1). A significantly reduced
incremental AUC for total GIP was observed among the
patients compared with the healthy control subjects (p=
0.048; Table 1) but the absolute AUCs were not different
(9.4±0.9 vs 10.3±1.0 nmol/l×4 h; p=NS).

Discussion

In the present study we report that inappropriate glucagon
suppression in patients with type 2 diabetes occurs
following oral ingestion of glucose, but not following
isoglycaemic i.v. administration.

Fig. 3 Total glucose-dependent
insulinotropic polypeptide (GIP)
(a), intact GIP (c), total gluca-
gon-like peptide 1 (GLP-1) (b)
and intact GLP-1 (d) plasma
concentrations during OGTT
(filled symbols) and isoglycae-
mic i.v. glucose infusion (open
symbols), respectively, in
patients with type 2 diabetes
(dark green curves, diamonds)
and in healthy control subjects
(light green curves, circles)
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It is well established that both fasting hyperglucagonae-
mia and reduced postprandial glucagon suppression result
in increased hepatic glucose production contributing to the
hyperglycaemia characterising patients with type 2 diabetes
[5–8]. Glucagon secretion has previously been observed to
paradoxically increase after oral glucose or to exhibit
exaggerated increases after meal ingestion in these patients
[1–4]. This pathophysiological trait has been considered to
represent an alpha-cell-specific islet defect [9] involving
loss of alpha cell responsiveness to glucose and/or lack of
insulin-induced suppression within the pancreatic islets.
Studies on glucagon responses during intravenous glucose
tolerance tests in patients with diabetes are scarce [30];
moreover, due to varying glucose concentrations during the
experiments, the results are difficult to interpret. To our
knowledge, reports on glucagon secretion during isogly-
caemic clamp experiments have not been published
previously, either for healthy subjects or for patients with
type 2 diabetes.

How can the loss of initial inhibition during OGTT as
opposed to normal suppression during isoglycaemic i.v.
infusion be explained? We can rule out differences in PG
concentrations under the two conditions since the PG curve
during the OGTT was copied successfully during the
second experimental day. According to the intra-islet
insulin hypothesis, glucagon secretion is suppressed as a
consequence of glucose-induced insulin release from the
beta-cell-enriched core of the islets of Langerhans [31–35].
Nevertheless, the inappropriate suppression of glucagon
observed in the patients with type 2 diabetes occurred
during OGTT when insulin secretion was significantly
higher (although reduced compared with control subjects)
than during isoglycaemic i.v. glucose infusion (Fig. 1).
Therefore, differences in beta cell secretion during the two
experimental days do not seem to explain the delayed
suppression of glucagon secretion in patients with type 2
diabetes. GLP-1 has been shown to be glucagonostatic [11],
whereas the other incretin hormone, GIP, has been shown to
enhance glucagon secretion particularly during the initial
phase of GIP administration in patients with type 2 diabetes
[10, 12, 17, 36]. In the present study, robust responses of
both incretin hormones occurred during the OGTT in both
groups (p=NS) and in neither of the groups were
significant responses evident during the isoglycaemic i.v.
glucose infusion. Thus, differences in total or intact GLP-1
and GIP responses, respectively, do not explain the
findings. The glucagon-suppressive effect of GLP-1 has
been found to be preserved in patients with type 2 diabetes
[37], but in that study supraphysiological doses of GLP-1
were used, and it is possible that a decreased alpha cell
sensitivity to GLP-1, similar to the decreased beta cell
sensitivity to GLP-1 in type 2 diabetes, contributes to the
lack of glucagon suppression. The other L-cell hormone,

GLP-2, which is secreted in parallel with GLP-1, has been
shown to cause increased alpha cell secretion without
affecting insulin secretion [38–40]. We did not measure
GLP-2 in these studies, but given that GLP-2 is co-secreted
from the L-cell in equimolar amounts with GLP-1 [41, 42],
and in these experiments with no apparent difference
between the control subjects and the patients, it is unlikely
that an increased secretion of GLP-2 could be responsible
for reduced glucagon suppression during OGTT in patients
with type 2 diabetes. However, abnormal alpha cell
sensitivity to GLP-2 might theoretically be involved.

In healthy subjects we suggest that the normal glucagon
response to an OGTT consists of a glucose-induced
inhibition of alpha cell secretion, which is modulated by
the release and stimulatory actions of GIP and GLP-2, thus
counteracting the glucagonostatic effects of GLP-1 and the
inhibitory effects of increased intra-islet insulin, but still
resulting in an equal suppression compared to the less
insulinotropic i.v. stimulus. In type 2 diabetes the lost
glucagon response during OGTT might be explained by an
imbalance between the glucagonotropic effects of GIP and
GLP-2 on the one hand, and the glucagonostatic effects of
GLP-1 and increased intra-islet insulin on the other. In type
2 diabetes, the beta cell is resistant to GIP and insensitive to
GLP-1 [17, 43] and therefore less insulin is secreted.
Furthermore, the alpha cells seem to respond more readily
to the stimulatory actions at least of GIP. Indeed, in
hyperglycaemic clamp experiments in patients with type 2
diabetes, glucagon secretion was inadequately suppressed
by glucose and paradoxically increased above basal by GIP
[17, 36]. Clearly, further studies are needed to confirm the
possible role of GIP and perhaps GLP-2 as mediators of the
paradoxical glucagon responses during OGTT in patients
with type 2 diabetes.

When we gauged the incretin effect by comparing the
amount of intravenous glucose required to copy the
PGOGTT curve, the incretin effect was almost completely
lost in the patients, whereas a comparison of insulin
responses indicates that the incretin effect was reduced
from 83 to 43%. We propose that the abnormal glucagon
suppression during the OGTT is responsible for this
difference. Thus, the dampened glucagon suppression
during OGTT compared with isoglycaemic i.v. glucose
infusion would be expected to result in inadequate
suppression of hepatic glucose production pulling the PG
curve upwards. This, in turn, means that an increased
amount of glucose is required to obtain isoglycaemic
glucose excursions during i.v. infusion, eventually
approaching the amount of glucose given orally.

Thus, the diabetic intolerance to oral glucose appears to
include not only an inadequate amplification of insulin
secretion by the incretin hormones GIP and GLP-1, but also
a lack of suppression or a frank elevation of glucagon

Diabetologia (2007) 50:797–805 803



secretion, possibly induced by GIP (and possibly GLP-2),
which is not observed in healthy subjects.

In summary, the present study confirms the observation
made by Nauck and colleagues in 1986 that the incretin
effect is reduced in patients with type 2 diabetes [13], and it
seems that the explanation for this deficiency is not to be
found in the response of the incretin hormones to oral or
isoglycaemic i.v. glucose. In addition, we report the novel
finding that in patients with type 2 diabetes glucagon is
suppressed in a normal fashion during isoglycaemic i.v.
glucose infusion, whereas the suppression is dampened
during oral ingestion of glucose. The mechanism of this
phenomenon is currently unclear, but there is little doubt
that this inappropriate glucagon suppression contributes to
the glucose intolerance and the reduced incretin effect in
patients with type 2 diabetes, when estimated by comparing
the amounts of glucose given orally and intravenously
during isoglycaemic glucose challenges.
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