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Abstract

Aims/hypothesis. Our studies were undertaken to
characterise the defective insulin secretion of im-
paired glucose tolerance (IGT).

Methods. We studied 13 normal glucose tolerant sub-
jects (NGT) and 12 subjects with IGT carefully
matched for age, sex, BMI and waist-to-hip ratio. A
modified hyperglycaemic clamp (10 mmol/l) with a
standard 2-h square-wave hyperglycaemia, an addi-
tional glucagon-like-peptide (GLP)-1 phase (1.5
pmol - kg™! - min~! over 80 min) and a final arginine
bolus (5 g) was used to assess various phases of insu-
lin secretion rate.

Results. Insulin sensitivity during the second phase of
the hyperglycaemic clamp was low in both groups but
not significantly different (0.12+0.021 in NGT vs
0.11£0.013 umol - kg! - min™! - pmol™ in IGT, p =
0.61). First-phase insulin secretion was lower in IGT
(1467 £252 vs 3198 +527 pmol - min™!, p = 0.008)
whereas the second phase was not (67761 vs
878 £ 117 pmol - min™!, p = 0.15). The acute insulin

secretory peak in response to GLP-1 was absent in
IGT subjects who only produced a late phase of
GLP-1-induced insulin secretion rate which was low-
er (2228 +188 pmol - min™') than in NGT subjects
(3056 + 327 pmol - min!, p = 0.043). Insulin secretion
in response to arginine was considerably although not
significantly lower in IGT subjects. The relative im-
pairment (per cent of the mean rate for NGT sub-
jects) was greatest for the GLP-1 peak (19£9%).

Conclusion/interpretation. In this Caucasian cohort a
defective insulin secretion rate is essential for the de-
velopment of IGT. The variable degrees of impair-
ment of different phases of the insulin secretion rate
indicate that several defects contribute to its abnor-
mality in IGT. Defects in the incretin signalling path-
way of the beta cell could contribute to the pathogen-
esis of beta-cell dysfunction of IGT and thus Type II

(non-insulin-dependent) diabetes mellitus. [Dia-
betologia (2000) 43: 852-858]
Keywords Type II diabetes, insulin resistance,

GLP-1, arginine.

The pathogenesis of Type I (non-insulin-dependent)
diabetes mellitus involves a combination of impaired
insulin secretion and insulin resistance [1]. Because
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both could be secondary to so-called “glucose toxici-
ty” [2] or environmental factors such as obesity, fat
distribution or diet [3], it is still controversial which
of these factors represents the underlying defect.
One approach to narrow down the possible sites of
the defect is to clinically characterise the abnormali-
ty in people who are likely to carry the genetic de-
fect(s) but are not yet overtly hyperglycaemic. Thus,
an ideal study group includes first-degree relatives
of patients with Type II diabetes (prediabetic) and
subjects with mildly impaired glucose tolerance
(IGT). Whereas only 40% [4] of the former group
progress to manifest diabetes, the clinical penetrance
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of any underlying defect in people with IGT ap-
proaches 100 % [5].

Earlier studies suggested that insulin resistance is
the main defect responsible for the development of
IGT [6-8]. These studies did not, however, adequate-
ly control for environmental factors, in particular
obesity [6, 8] or were done in a specific ethnic group
[7] In contrast, a number of recent studies have indi-
cated that people with IGT have impaired insulin se-
cretion [9-11]. In these studies glucose was exclusive-
ly used as the insulin secretagogue. An oral glucose
load given to assess glucose tolerance, however, stim-
ulates insulin secretion not only through glucose but
also through incretins [12] and possibly other secreta-
gogues.

The incretin glucagon-like peptide-1 (GLP-1) for
instance, has been shown to greatly enhance insulin
secretion in the presence of hyperglycaemia [13, 14].
In contrast, arginine-induced insulin secretion which
involves multiple cellular mechanisms (nitric oxide,
glucagon, amino-acid transport) [15, 16] seems to be
partially independent of hyperglycaemia [17]. The
impaired insulin secretion observed in IGT most like-
ly represents the net effect of several distinct, possi-
bly genetically determined, abnormalities of the beta
cell. Thus, use of different secretagogues should al-
low the assessment of specific aspects of the insulin
secretory defect of IGT.

Therefore, we studied various aspects of beta-cell
function and insulin sensitivity in 12 subjects with
IGT and 13 normal glucose tolerant control subjects
carefully matched for age, sex, BMI, waist-to-hip ra-
tio and HbA, .. For this purpose we used a modified
hyperglycaemic clamp (10 mmol/l) in which the stan-
dard 2-h square-wave hyperglycaemia was followed
by additional treatment with GLP-1 over 80 min and
a final arginine bolus. Insulin sensitivity was deter-
mined during the second phase of the hyperglycaemic
clamp. The specific aim of the study was to determine
the relative impairment of insulin secretion in re-
sponse to different secretagogues in IGT.

Subjects and methods

Subjects. We studied 13 healthy, normal glucose tolerant vol-
unteers and 12 subjects with impaired glucose tolerance
(IGT) all of German origin. The characteristics of the subjects
are shown in Table 1. The family histories of the subjects were
not suggestive of maturity-onset diabetes of the young
(MODY) diabetes. They did not take any medication known
to affect glucose tolerance, insulin sensitivity or insulin secre-
tion. A 75-g oral glucose tolerance test was done to classify
subjects according to World Health Organisation (WHO) cri-
teria [18].

Clamp protocols. The study protocol was approved by the eth-
ics committee of the University of Tiibingen. Before the study,
informed written consent was obtained from all participants.
All subjects underwent a modified hyperglycaemic clamp
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Table 1. Demographics of subjects with normal glucose toler-
ance (NGT) and impaired glucose tolerance (IGT)

NGT IGT p value
n (men/women) 7/6 7/5
Age (years) 427+3.6 438149 0.85
Body weight (kg) 81.0£3.0 773+25 036
BMI (kg/m?) 270+£08 26.1+08 045

Waist-to-hip ratio 0.90+0.02 0.88+0.02 0.55
Fasting plasma glucose (mmol/l) 5.01 £0.18 5.66 £0.23 0.03
HbA,. (%) 53+01 55%£01 0.29
Fasting plasma insulin (pmol/l) 63+12 70+12  0.72

(10 mmol/l) and were given GLP-1 and arginine. Subjects had
been instructed to maintain their usual diet before the study.
After an overnight fast, at around 0800 hours a dorsal hand
vein was cannulated retrogradely and kept in a thermoregulat-
ed box at 55°C to obtain arterialised blood samples. At the
same time, an antecubital vein of the contralateral arm was
cannulated for infusions. After baseline samples had been ob-
tained, a hyperglycaemic clamp was carried out as described
previously [19]. An intravenous bolus of 20% glucose over
1 min was given to instantaneously raise blood glucose to
10 mmol/l [bolus dose (mg) = body weight (kg) x desired in-
crease in blood glucose (mmol/l) - 27]. Subsequently, a glucose
infusion was adjusted to maintain blood glucose at 10 mmol/l.
After 120 min GLP-1 [human GLP-1 (7-36) amide, (Poly Pep-
tide, Wolfenbiittel, Germany)] was given as a primed and con-
tinuous infusion (0.6 pmol/kg; 1.5 pmol - kg™ - min™!) during
the next 80 min [20]. At 180 min a bolus of 5 g arginine hydro-
chloride (Pharmacia, Erlangen, Germany) was injected over
45 s while the GLP-1 infusion was continued. In all subjects
GLP-1 was used from the same batch.

Plasma glucose was determined bedside with a HemoCue
blood glucose photometer (HemoCue, Aengelholm, Sweden)
at 5 min intervals. Samples for insulin (Microparticle Enzyme
Immunoassay, Abbott Laboratories, Tokyo, Japan, CV
2.5-6%) and C-peptide (RIA, Byk-Sangtec, Dietzenbach,
Germany) measurement were taken at -30, —15, 0, 2.5, 5, 7.5,
10, 20, 40, 60, 80, 100, 120, 125, 130, 140, 150, 160, 170, 180,
182.5, 185, 187.5, 190 and 200 min.

Measurement of insulin secretion rate (ISR). Standard kinetic
parameters for C peptide (rate constants, volume of distribu-
tion) adjusted for age, sex, BMI and body surface area were
used [21] and assumed to remain unchanged throughout the ex-
periment. These parameters were used to calculate the ISR for
the time intervals indicated above from the plasma C-peptide
concentrations by deconvolution as described previously [22].

Phases of insulin secretion and insulin sensitivity. The calcula-
tion of the individual phases of insulin secretion have been
standardised (Table 2). An acute response of insulin secretion
rate has been defined as the response within 10 min to a stimu-
lus (glucose, GLP-1 or arginine). This response has to form a
clearly discernible peak. Insulin sensitivity was assessed as an
insulin sensitivity index, calculated by dividing the average glu-
cose infusion rate during the last 40 min of the hyperglycaemic
clamp by the average plasma insulin concentration during the
same interval [19]. For the purpose of graphical display mean
glucose infusion rates were calculated for 5-min intervals dur-
ing acute phases, otherwise for 10-min intervals.

Statistical analysis. Data are given as means £ SEM. Compari-
sons between NGT and IGT subjects for specific time points
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Table 2. Calculations of different phases of insulin secretion
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Description of variable

Denotation used

ISR, time points used for calculation of phase

First-phase glucose-stimulated insulin secretion First phase Sum of 2.5 and 5 min
Second-phase glucose-stimulated insulin secretion Second phase Mean of (80 + 100 + 120 min)
Acute insulin secretory response to GLP-1 GLP AIR 125 min minus mean of (80 + 100 + 120 min)
Peak of GLP-1-induced insulin secretion GLP peak 125 min minus mean of (160 + 150 + 180 min)
Plateau of GLP-1-induced insulin secretion GLP plateau Mean of (160 + 170 + 180 min)
Maximum insulin secretion Maximum 182.5 min
Acute insulin secretory response to arginine AIR 182.5 minus 180 min
A 12 Results
i \ Oral glucose tolerance test (Fig. 1). The glucose and in-
10 / sulin curves during the oral glucose tolerance test were
So { {\ clearly different between IGT and NGT subjects
£ - E (Fig.1). The blood glucose concentration in IGT sub-
3 jects was higher at all time points and the area under
® 8 I 5 the glucose curve was 227 =12 mmol - I"' - h™'in NGT
3 R \% vs 341 + 21 mmol - I'! - h™!in IGT subjects (p < 0.001).
= \ The area under the insulin curve was not significantly
o 6 % different between NGT (752+115 pmol-1!-h™T)
L 3 \\§ and IGTsubjects (586 + 95 mmol -1 - h™, p = 0.3).
4 L Plasma insulin concentrations during the modified hy-
perglycaemic clamp (Fig.2). During the first phase of
B _ the hyperglycaemic clamp insulin concentrations in-
creased from 50 £+ 8 pmol/l at baseline to a peak val-
600 - ue of 375 + 81 pmol/l in NGT and from 48 + 4 pmol/l
at baseline to a peak value of 162 +26 pmol/l in
— i T IGT subjects (p =0.02). After reaching a trough at
3 400 |- \ about 20 min insulin increased progressively to
g_ I i 458 £ 120 pmol/l in NGT and to 229 + 28 pmol/l in
= - % IGT subjects (p =0.08) at 120 min. In response to
= 200 the GLP-1 priming-dose insulin concentrations rose
2 sharply to 1981 + 340 pmol/l at 125 min in NGT and
= - to 716 £ 83 pmol/l in IGT subjects (p = 0.001). Subse-
quently insulin increased progressively  to
0 - 5866 + 1000 pmol/l in NGT and 2098 + 322 pmol/l in
| | | | IGT subjects (p =0.002) at 180 min. In response to
the arginine bolus, insulin concentrations once again
Y 30 60 90 120  rose to a peak value of 8988 + 1260 pmol/l in NGT
Minutes and 4035 £ 346 pmol/l in IGT subjects (p = 0.001) at

Fig.1A, B. Blood glucose (A) and serum insulin (B) in sub-
jects (n = 13) with normal glucose tolerance (O) and subjects
(n=12) with impaired glucose tolerance (@) during a 75-g
oral glucose tolerance test

were made using an unpaired Student’s ¢ test (two-tailed). A p
value of less than 0.05 was considered statistically significant.
The relative impairment of insulin secretion in IGT was as-
sessed by expressing each phase as a percentage of the mean
value in NGT subjects. For multiple comparisons we did an
analysis of variance with Duncan’s procedure for multiple
range tests (alpha level 0.05). The software package SPSS/
PC + (SPSS, Chicago, Ill.,, USA) was used for statistical analy-
sis.

182.5 min.

Insulin secretion rates (ISR) during the modified hy-
perglycaemic clamp (Fig.2). During the first phase of
the hyperglycaemic clamp the mean ISR (measured
from the C-peptide concentrations) increased from
178 22 pmol - min™' at baseline to a peak of
2367 443 pmol - min~! in NGT and from 206 + 15
pmol - min™' at baseline to a peak of 810+212
pmol - min~! in IGT subjects (p = 0.005). After reach-
ing a trough at about 20 min the mean ISR increased
progressively to 892 + 115 pmol - min™ in NGT and
to 672 + 56 pmol - min~! in IGT subjects (p = 0.11) at
120 min. In response to the GLP-1 priming-dose the
mean ISR rose to a sharp peak of 5429 + 820
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Fig.2. Glucose infusion rates (GIR), blood glucose concentra-
tion (BG), insulin secretion rates (calculated from plasma C-
peptide concentrations by deconvolution) and plasma concen-
trations of insulin at baseline and during 200 min of the hyper-
glycaemic clamp in NGT (O) and IGT (@) subjects. Note
that for clarity reasons the y-axis for insulin was split and con-
tinued on the right with a different scale. Arrow denotes argin-
ine (5 g) bolus, open bar denotes GLP-1 infusion (0.6 pmol/kg;
1.5 pmol/kg - min), solid bar denotes hyperglycaemia
(10 mmol/1)

Table 3. Comparison of different phases of insulin secretion
between subjects with NGT and IGT

NGT IGT p value
First phase 3198 £ 527 1467 £ 252 0.008
Second phase 878 £ 117 677 £ 61 0.15
GLP AIR 5041777 2098 £277 0.007
GLP peak 2373 £ 636 452 £223 0.01
GLP plateau 3056 £ 327 2228 £ 188 0.043
Max 10476 £ 1479 6916 £ 1044 0.065
AIR 7430 £ 1281 4783 £ 961 0.12

Means + SEM; insulin secretion rates are given in pmol/min.
Max = maximum insulin secretion

pmol - min™ at 125 min in NGT but only to 2681 +
312 pmol - min™! in IGT subjects (p = 0.006) without
forming a similar peak. Subsequently, the mean ISR
levelled off at 3046 + 381 pmol - min~! in NGT and
2133+ 169 pmol - min™ in IGT subjects by 180 min
(p =0.04). In response to the arginine bolus the ISR
again rose to a peak value of 10476 + 1479 pmol -
min~! in NGT and 6916 + 1044 pmol - min™! in IGT
subjects (p = 0.07) at 182.5 min. With the exception
of the second phase (p = 0.15) and acute insulin secre-
tory response to arginine (AIR) (p = 0.12) all phases
of insulin secretion were significantly higher in NGT
than in IGT subjects (Table 3).
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Fig.3. Insulin sensitivity determined during the second phase
of hyperglycaemia in NGT and IGT subjects. The bracket de-
notes statistical comparison between NGT and IGT (p = 0.61)

Insulin sensitivity (Fig.3). The glucose infusion rate
necessary to maintain a blood glucose concentration
of 10mmol/l between 80 and 120min was
37+ 6 umol - kg' - min™ in NGT and 21+ 2 umol -
kg - min™ in IGT subjects (p = 0.019). The insulin
sensitivity index as determined by relating this glu-
cose infusion rate to the mean insulin concentrations
during the same interval was not significantly differ-
ent between NGT (0.12+0.02 umol - kg! - min™" -
pmol - I'') and IGT subjects (0.11 £ 0.01 umol - kg -
min~! - pmol - I, p = 0.61).

Relative impairment of insulin secretion in response to
different secretagogues in subjects with impaired glu-
cose tolerance (Fig.4). Insulin secretion in the sub-
jects with IGT expressed as the per cent of the mean
insulin secretion rates in subjects with NGT clearly
differed between the individual phases of insulin se-
cretion. The relative impairment of insulin secretion
was greatest for the acute GLP phase (GLP-peak)
(19 £ 9% of the mean NGT value) which was lower
than for the first phase (40 +7% of the mean NGT
value, p = 0.04). The insulin secretion peak in the
NGT group in response to GLP-1 was absent in the
IGT group (Fig.2). In contrast, in the second phase
of hyperglycaemia, the GLP-plateau (73 £ 6 % of the
mean NGT value) and the acute insulin response to
arginine (66 = 10% of the mean NGT value) were
relatively least impaired.

Discussion

In the subjects with IGT most phases of insulin secre-
tion were significantly reduced compared with the
control group. The insulin sensitivity was not signifi-
cantly different between the two groups. It is impor-
tant to point out that the matching process in this
study excluded the effect of obesity, body fat distribu-
tion, age and sex which are associated with insulin re-
sistance [3]. Thus, our data clearly show that for a giv-
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Fig.4. Relative impairment of insulin secretion in response to
different secretagogues in subjects with impaired glucose toler-
ance. Data are expressed as the per cent of insulin secretion in
subjects with normal glucose tolerance. Horizontal lines de-
note statistical difference (p < 0.05) using Duncan’s procedure
for multiple comparisons

en degree of insulin resistance an additional defect in
insulin secretion is necessary to produce impaired
glucose tolerance. This is consistent with a previous
study finding no difference for insulin sensitivity in
analogously matched groups using the hyperinsulin-
aemic euglycaemic clamp technique although insulin
secretion determined by the hyperglycaemic clamp
was significantly lower [9].

In addition to simply quantifying insulin secretion
as such we made an effort to elaborate different qual-
ities of beta-cell dysfunction. The IGT group did not
behave homogeneously in the relative impairment of
the different phases. Displaying the individual data
shows that the pattern of impairment varies greatly
between subjects. For example, one subject (@)
reached 55 % of the normal first phase but not even
20% of the average maximum secretion. Another
subject (O) produced an almost normal maximum
secretion but the GLP peak was entirely absent.

A surprising finding of the study was the presence
of a sharp peak in insulin secretion in response to
the start of the GLP infusion in the NGT subjects.
This finding might represent a new variable of beta-
cell function. In the subjects with IGT in contrast,
this initial peak response was absent and could repre-
sent a characteristic of subjects with IGT. A reduced
incretin effect on insulin secretion was previously
shown in patients with overt Type II diabetes [23]. In
that study long-standing hyperglycaemia could, how-
ever, have resulted in a secondary secretion defect

GLP GLP
peak plateau

AIR Maximum

non-specific for a particular secretagogue. In contrast
in our study we could show a defective GLP-1 effect
before the onset of overt hyperglycaemia.

The failure of the IGT subjects to produce an acute
secretory phase in response to the GLP-1-priming
dose (calculated on a body-weight basis) contrasts
with the clearly discernible, albeit small, first phase
in response to the glucose prime and the almost nor-
mal response to arginine. This suggests that a beta-
cell defect specifically in the GLP-1-dependent sig-
nalling pathway could be involved in the pathogene-
sis of the secretory failure of IGT and thus Type II di-
abetes. Although such a molecular defect could theo-
retically exist independently of other defects, e.g. in
glucose-induced insulin secretion itself, it is more
likely that a combination is necessary for the manifes-
tation of defective insulin secretion. That the GLP-1
peak was significantly more reduced than the first-
phase peak in response to glucose (80% vs 60% for
first phase) could indicate that loss of the former is a
very sensitive sign of early beta-cell failure, at least
in some subjects.

It is necessary to point out that our arbitrary defi-
nition of the GLP-1 peak, i.e. peak value minus late
plateau of GLP-1, somewhat overemphasises the
loss of the acute insulin secretory response to GLP-
1. The acute rise above the prestimulus concentration
(GLP AIR) in contrast, was defective to a similar pro-
portion as the first phase. It could also be argued that
GLP-1 as a secretagogue simply magnifies any defect
in glucose-stimulated insulin secretion. The NGT
subjects clearly produced, however, a true peak of in-
sulin secretion in response to the GLP-1 prime
whereas in the IGT group insulin secretion increased
only in a square-wave fashion. In our view, this pri-
marily qualitative difference is most appropriately
quantified by expressing the peak as the maximum
value minus the later plateau. Moreover, the observa-
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tion that the GLP plateau was significantly lower in
IGT but the second phase of hyperglycaemia was
not, might support the idea of a specific defect in the
incretin pathway being involved at least in some sub-
jects (e.g. A in Fig.4).

Our data are somewhat at variance with the obser-
vation that the GLP-1 effect on insulin secretion was
only marginally lower in patients with Type II diabe-
tes than in normal control subjects [13]. Differences
in subjects (younger age, no pretreatment with sul-
phonylureas) and experimental design (preceding 2-
h hyperglycaemia, higher glucose concentration dur-
ing the clamp) could explain the apparent discrepan-
cy to some extent. We are, however, unable to fully
explain why in subjects with Type II diabetes in
whom greater beta-cell dysfunction would be expect-
ed, GLP-1 stimulates relatively more insulin secre-
tion than in our IGT group.

In strong contrast to the loss of the GLP-1 peak,
the AIR seemed to be rather well preserved in our
IGT group. This is consistent with previous data find-
ing no difference whatsoever in insulin response to
arginine in IGT subjects at fasting glucose concentra-
tions [16]. Although at 14 mmol/l glucose, a signifi-
cantly lower AIR was found in that study, the peak
character was still well preserved. Taken together,
those and our data suggest that the secretory insulin
response to arginine itself is intact whereas the
glucose-modulatory portion could be defective. Nev-
ertheless, it is important to note that some subjects
had a very low maximum (< 5% of NGT) but an av-
erage first-phase secretion (e.g. @ in Fig.4).

In vitro data support the concept that the signal-
ling pathways of GLP-1 compared with glucose to in-
sulin secretion are independent at least upstream of
calmodulin-dependent protein kinase (CaMK) [24].
In various insulin-secreting cells GLP-1 was shown
to stimulate not only the voltage-dependent calcium
channel but also the release of calcium from intracel-
lular stores [25, 26] which “sets the stage” for glucose-
mediated insulin secretion. In this sense GLP-1 acts
as a potentiator of glucose-induced insulin secretion
as proposed previously [27]. It is thus conceivable
that, for example, a defect in pathways specific for
the GLP-1 signalling to the mobilisation of intracellu-
lar calcium stores contributes to the pathogenesis of
the insulin secretion defect in IGT.

Less is known about the exact intracellular mecha-
nism mediating the strong insulin secretagogue effect
of arginine. Different modes of action have been pro-
posed from both in vitro and in vivo studies: (1) stim-
ulation of glucagon secretion, which induces insulin
secretion by the glucagon receptor and cAMP-depen-
dent pathways [26], (2) nitric oxide-mediated path-
ways [15, 28] and (3) amino-acid transporter-depen-
dent pathways [29]. In contrast to the GLP-1 peak
the AIR in some of our IGT subjects approached or
even exceeded the mean AIR of the NGT subjects
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(Fig.4). It is currently not clear why arginine-induced
insulin secretion is preserved over a relatively long
period of time during the development of beta-cell
failure. Notably, in patients with “early” Type I (insu-
lin-dependent) diabetes mellitus the insulin response
to arginine was also best preserved [30].

Parenthetically, the infusion of GLP-1 restored in-
sulin secretion in IGT to levels which exceeded those
observed in NGT before the start of the GLP-1 infu-
sion, i.e. during hyperglycaemia itself. Thus, our
data strongly support the concept of GLP-1 as a ther-
apeutic agent to improve the defective insulin secre-
tion in patients with Type II diabetes [14, 31].

In this Caucasian cohort defective insulin secre-
tion is critical for the development of IGT and pre-
sumably also Type II diabetes. The large interindivid-
ual variation in the pattern of impairment of the dif-
ferent phases of insulin secretion might reflect the
heterogeneity of the mechanisms involved in beta-
cell dysfunction. The first-phase insulin secretion
and the acute secretory phase in response to GLP-1
were most impaired, whereas the acute response to
arginine and the second phase of glucose-induced in-
sulin secretion were least impaired. Because the
peak in response to the start of the GLP-1 infusion
was absent in IGT, it is possible that defects specifi-
cally in the incretin signalling pathway of the beta
cell contribute to the pathogenesis of the insulin se-
cretion defect of IGT and Type II diabetes.
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