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OBJECTIVEdIndividuals with normal glucose tolerance (NGT), whose 1-h postload plasma
glucose is$155mg/dL (NGT 1h-high), have an increased risk of type 2 diabetes. The purpose of
this study was to characterize their metabolic phenotype.

RESEARCH DESIGN AND METHODSdA total of 305 nondiabetic offspring of type 2
diabetic patients was consecutively recruited. Insulin secretion was assessed using both indexes
derived from oral glucose tolerance test (OGTT) and intravenous glucose tolerance test (IVGTT).
Insulin sensitivity was measured by hyperinsulinemic-euglycemic clamp.

RESULTSdCompared with individuals with a 1-h postload plasma glucose ,155 mg/dL
(NGT 1h-low), NGT 1h-high individuals exhibited lower insulin sensitivity after adjustment
for age, sex, and BMI. Insulin secretion estimated from the OGTT did not differ between the two
groups of individuals. By contrast, compared with NGT 1h-low individuals, the acute insulin
response during an IVGTT and the disposition index were significantly reduced in NGT 1h-high
individuals after adjustment for age, sex, and BMI. Incretin effect, estimated as the ratio between
total insulin responses during OGTT and IVGTT, was higher in NGT 1h-high individuals com-
pared with NGT 1h-low individuals.

CONCLUSIONSdNGT 1h-high individuals may represent an intermediate state of glucose
intolerance between NGT and type 2 diabetes characterized by insulin resistance and reduced
b-cell function, the twomain pathophysiological defects responsible for the development of type
2 diabetes. Postload hyperglycemia is the result of an intrinsic b-cell defect rather than impaired
incretin effect.
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Impaired glucose tolerance (IGT) iden-
tifies individuals with a dysglycemic
condition intermediate between nor-

mal glucose tolerance (NGT) and type 2
diabetes (1). Individuals with IGT are at
high risk for the future development of
type 2 diabetes, and several clinical trials
have shown that both lifestyle changes
and pharmacological intervention pre-
vent/halt the progression from IGT to
overt type 2 diabetes (2–5). The results
of these intervention studies highlight

the importance of identifying individuals
at high risk for type 2 diabetes in order to
offer them an intervention program to
reduce the incidence of the disease, and
recently new guidelines for the screening
of individuals for type 2 diabetes risks
and diabetes prevention have been devel-
oped by a European multidisciplinary
consortium (the Development and Im-
plementation of a European Guideline
and Training Standards for Diabetes Pre-
vention [IMAGE] project) to provide

evidence-based recommendations for
health care practitioners, organizations,
and funders on the prevention of type 2
diabetes in European health care settings
(6,7). It is important to note that all clinical
trials that have evaluated the impact of in-
tervention strategies for preventing type 2
diabetes have recruited subjects with IGT
(2–5). However, longitudinal studies have
demonstrated that over one-third of indi-
viduals who develop type 2 diabetes have
NGT at baseline (8), indicating that the use
of IGT or impaired fasting glucose (IFG)
categories as the sole means of identifying
individuals at high risk for type 2 diabe-
tes may overlook a considerable propor-
tion of individuals who will develop type
2 diabetes over time. Recently, it has been
reported that a cutoff of 155 mg/dL for 1-h
postload plasma glucose during an oral glu-
cose tolerance test (OGTT) can identify in-
dividuals at high risk for development of
type 2 diabetes among those who have
NGT (NGT 1h-high) (9–11). Addition of
HbA1c levels to 1-h postload plasma glu-
cose levels significantly increased their re-
spective power in predicting development
of type 2 diabetes risk, indicating that ad-
ditional information about type 2 diabetes
risk is embedded in HbA1c (12). Impor-
tantly, NGT 1h-high individuals exhibit
early signs of subclinical organ damage in-
cluding vascular atherosclerosis (13), re-
duced estimated glomerular filtration rate
(14), left ventricular hypertrophy (15), and
left ventricular diastolic dysfunction (16).
The metabolic abnormalities responsible
for 1-h postload hyperglycemia remain to
be elucidated. Impaired insulin sensitivity
and failure of pancreatic b-cells to com-
pensate for the enhanced insulin demand
are the principal factors responsible for
the development and progression of
type 2 diabetes. It is possible that defects
in b-cells function and/or in the incretin
effect occur at an earlier stage than IGT, i.e.,
in individuals who are considered to
have NGT according to current diagnostic
criteria. To gain a more deep insight into
the metabolic abnormalities charac-
terizing NGT 1h-high individuals, we
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evaluated insulin sensitivity assessed by
hyperinsulinemic-euglycemic clamp as
well as insulin secretion and the incretin
effect by using both OGTT and intrave-
nous glucose tolerance test (IVGTT) in a
cohort of nondiabetic offspring of type 2
diabetic patients.

RESEARCH DESIGN AND
METHODSdThe study group com-
prised 305 nondiabetic offspring partici-
pating in the EUGENE2 (European
Network on Functional Genomics of
Type 2 Diabetes) project (17) who had
one parent with type 2 diabetes and one
parent without a history of type 2 diabetes
and a normal response to an OGTT. All
subjects were Caucasian andwere consec-
utively recruited at the Department of In-
ternal Medicine of the University of Rome
“Tor Vergata” and at the Department of
Medical and Surgical Sciences of the Uni-
versity “Magna Graecia” of Catanzaro. All
subjects were characterized according to a
previously described protocol (17,18).
Briefly, after 12-h fasting, all individuals
underwent anthropometrical evaluation
including body composition evaluated
by bioelectrical impedance, and a 75-g
OGTT was performed with 0-, 30-, 60-,
90-, and 120-min sampling for plasma
glucose and insulin. On the second visit,
the subjects underwent an IVGTT and a
hyperinsulinemic-euglycemic clamp. At
8 A.M., after a 12-h overnight fast, an in-
travenous catheter was placed in the an-
tecubital vein for the infusion of glucose.
Another cannula for blood sampling was
inserted into a wrist vein surrounded by
a heated box. After baseline blood col-
lection, a bolus of glucose (300 mg/kg
in a 50% solution) was given (within 30 s)
into the antecubital vein to acutely in-
crease the blood glucose level. Samples
for the measurement of blood glucose
and plasma insulin were drawn at 2, 4,
6, 8, 10, 20, 30, 40, 50, and 60 min. At
60 min after the glucose bolus, a continu-
ous insulin infusion was initiated at the
rate of 40 mU/m2 body surface area per
min, after a priming dose, in order to reach
andmaintain a steady-state plasma insulin
of 85 6 9 mU/mL. Plasma glucose was
assessed at 5-min intervals during the 2-h
clamp study by a glucose analyzer. In the
study subjects, mean plasma glucose con-
centration during the last hour of the clamp
was 92 6 4 mg/dL. The study was ap-
proved by institutional ethics committees,
and informed consent was obtained from
each subject in accordance with the prin-
ciples of the Declaration of Helsinki.

Calculation
Subjects were classified as NGT (fasting
plasma glucose [FPG] ,126 mg/dL and
2-h postload ,140 mg/dL) or IGT (FPG
,126 mg/dL and 2-h postload 140–199
mg/dL). Acute insulin response (AIR)
during the IVGTT was calculated as the
incremental area under the curve (AUC)
for insulin during the first 10 min of the
IVGTT using the trapezoidal rule. Two in-
dexes of insulin secretion were calculated
from the OGTT data using the Stumvoll
index (first-phase secretion = 1,283 +
1.829 3 Ins30 2 138.7 3 Gluc30 + 3.772
3 Ins0) (19), where Ins is insulin and
Gluc is glucose, and the ratio of total insu-
lin AUC to total glucose AUC during
0–30 min of the OGTT (InsAUC30/
GluAUC30). Glucose disposal (M) was
calculated as the mean rate of glucose in-
fusion measured during the last 60 min
of the clamp examination (steady state)
and is expressed as milligrams per minute
per kilogram fat-free mass (MFFM) mea-
sured with the use of electrical bioim-
pedance. To evaluate b-cell function, the
so-called disposition index was calculated
as AIR 3 MFFM (20). The incretin effect
was estimated as the ratio between total
insulin responses during OGTT and
IVGTT and expressed as percentage
[100% 3 (AUCins OGTT – AUCins
IVGTT)/AUCinsOGTT] (21). Three indexes
of insulin sensitivity, which have been
shown to strongly correlate with insulin
sensitivity measured by hyperinsulinemic-
euglycemic clamp (22), have been calcu-
lated from the OGTT data: the Matsuda
index [10,000/square root of (fasting
glucose in mmol/L) 3 fasting insulin in
mU/L] 3 [mean glucose 3 mean insulin
during OGTT] (23); the simple index
assessing insulin sensitivity using OGTT
(SIISOGTT), 1/[log(G0 + G30 + G90 +
G120) + log(I0 + I30 + I90 + I120)] (24);
and the Avignon SiM index, ([0.1373 in-
sulin sensitivity index derived from insulin
and glucose concentrations in the basal
state {Sib}] + Si2h)/2,where Sib = 108/[fast-
ing insulin 3 fasting glucose 3 glucose
distribution volume (VD)], Si2h = 108/
(2-h insulin 3 2-h glucose 3 VD), and
VD = 150 mL/kg body weight (25).

Statistical analysis
Continuous variables are expressed as
means 6 SD. Categorical variables were
compared by x2 test. A general linear
model with post hoc Bonferroni correc-
tion for multiple comparisons was used
to compare differences of continuous var-
iables between groups. For all analyses, a

P value#0.05 was considered statistically
significant. All analyses were performed
using SPSS software, version 16.0, for
Windows.

RESULTSdOf 305 nondiabetic individ-
uals examined, 49 had IGT. We divided
the subjects with NGT into two groups:
184 individuals with 1-h postload plasma
glucose ,155 mg/dL (NGT 1h-low) and
72 individuals with 1-h postload plasma
glucose $155 mg/dL (NGT 1h-high).
Table 1 shows the clinical characteristics
and laboratory findings of the three
study groups. Significant differences be-
tween the three groups were observed
with respect to sex (higher prevalence
of men among NGT 1h-high and IGT
compared with NGT 1h-low subjects),
age (NGT 1h-high and IGT subjects were
older than NGT 1h-low subjects), and
BMI (IGT subjects were heavier than
NGT 1h-high and NGT 1h-low subjects).
Therefore, all analyses were adjusted for
age, sex, and BMI.

By design, NGT 1h-high and IGT
individuals had significantly higher 1-h
and 2-h postload plasma glucose levels in
addition to higher fasting plasma glucose
compared with NGT 1h-low individu-
als. A significant reduction in periph-
eral insulin sensitivity, evaluated by the
hyperinsulinemic-euglycemic clamp, was
observed in NGT 1h-high and IGT in-
dividuals compared with NGT 1h-low
individuals, but no differences were ob-
served between the two former groups.
Similarly, a significant reduction in insulin
sensitivity was observed in NGT 1h-high
and IGT individuals compared with NGT
1h-low individuals by using three vali-
dated OGTT-derived surrogate indexes
such as the Matsuda, SIISOGTT, and
Avignon SiM indexes (Table 1).

The InsAUC30/GluAUC30 and the
Stumvoll first-phase indexes of insulin
secretion, estimated from the OGTT, did
not differ between the three groups of
individuals. By contrast, compared with
NGT 1h-low individuals, the AIR during
an IVGTT, a direct measure of insulin
secretion from b-cells, was significantly
reduced in NGT 1h-high individuals but
not in IGT individuals. As insulin secretion
is dependent on actual insulin sensitiv-
ity, we compared the disposition index,
calculated as the product of the insulin-
stimulated glucose disposal and AIR in-
dexes in the three groups of individuals.
The disposition index was significantly
lower in NGT 1h-high and IGT individuals
compared with NGT 1h-low individuals,
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but no differences were observed between
the two former groups.

The divergent results between esti-
mates of glucose-stimulated insulin secre-
tion during oral versus intravenous
glucose administration in NGT 1h-high
individuals compared with NGT 1h-low
individuals raise the possibility that an
increased incretin effect may account for
these disparities. Since the glucose AUC
during OGTT (2196 31, 2646 15, and
2926 29 for NGT 1h-low, NGT 1h-high,
and IGT groups, respectively) was similar
to the glucose AUC during IVGTT (2206
39, 2506 27, and 2806 30 for NGT 1h-
low, NGT 1h-high, and IGT groups, re-
spectively) in each of the three groups, we
compared the incretin effect estimated as
the ratio between total insulin responses
during OGTT and IVGTT. The incretin ef-
fect was higher inNGT1h-high individuals
compared with NGT 1h-low individuals.

CONCLUSIONSdThere is evidence
that a significant proportion of individu-
als with NGT are at risk for type 2 diabetes
(8), and recent studies have shown that a
cutoff value of 155 mg/dL for 1-h post-
load glucose during anOGTT can identify

NGT individuals at high risk for develop-
ment of type 2 diabetes (9–11). In this
study, we provide evidence that subjects
with NGT, whose 1-h postload plasma
glucose is$155 mg/dL, have a reduction
in both insulin sensitivity and b-cell dys-
function, the two main pathophysiological
defects responsible for the development of
type 2 diabetes. We found that, compared
with NGT 1h-low individuals, NGT 1h-
high and IGT individuals had a similar im-
pairment of insulin sensitivity, but only
NGT 1h-high individuals had a defect in
first-phase insulin secretion assessed by
IVGTT. Because the amount of insulin se-
creted by the b-cell is strongly dependent
on the prevailing degree of insulin sensitiv-
ity, accounting for differences in insulin
sensitivity is a critical point when evaluat-
ing b-cell function. Thus, adjusting insulin
secretion for the level of insulin sensitivity
using the disposition index (insulin sensi-
tivity 3 b-cell function) may be a better
measure of b-cell function (20). Using
this approach, we found that both NGT
1h-high and IGT individuals had a lower
disposition index compared with NGT 1h-
low individuals after adjusting for age, sex,
and BMI. Consistent with the present

data, a recent report from the Relationship
between Insulin Sensitivity and Cardiovas-
cular Risk (RISC) study group showed that
NGT individuals, whose 1-h postload
plasma glucose was .161 mg/dL, exhibi-
ted lower insulin sensitivity and b-cell dys-
function compared with NGT individuals
with 1-h postload plasma glucose #161
mg/dL (26).

Conceptually, in the presence of in-
creased insulin resistance, 1-h postload
hyperglycemia may arise either from an
intrinsic b-cell defect or from an impair-
ment of incretin’s ability to potentiate
insulin secretion. We found that NGT
1h-high individuals have a normal insulin
response to oral glucose ingestion as esti-
mated by two OGTT-derived indexes of
insulin secretion, but they exhibit a sig-
nificant impairment in insulin response to
intravenous glucose administration. In-
triguingly, NGT 1h-high individuals
showed a higher incretin effect estimated
as the ratio between total insulin responses
during OGTT and IVGTT. These results
suggest that postload hyperglycemia
may be the result of an intrinsic b-cell de-
fect rather than of an impaired incretin
effect. The enhanced incretin effect could

Table 1dAnthropometric and clinical characteristics of the study subjects stratified according to glucose tolerance

Variables

Subjects with
1-h glucose ,155

mg/dL

Subjects with
1-h glucose $155

mg/dL IGT P

P:1-h glucose
,155 mg/dL vs.
1-h glucose
$155 mg/dL

P:1-h glucose
,155 mg/dL

vs. IGT

P:1-h glucose
$155 mg/dL

vs. IGT

n (male/female) 184 (59/125) 72 (41/31) 49 (29/20) ,0.0001 ,0.0001 0.0009 0.87
Age (years) 35 6 9 40 6 9 46 6 10 ,0.0001* ,0.0001* ,0.0001* 0.006*
BMI (kg/m2) 28.8 6 7.6 30.1 6 6.8 32.1 6 5.5 0.06** 0.72** 0.06** 0.61**
Fasting glucose (mg/dL) 85 6 9 93 6 10 98 6 14 ,0.0001 0.002 ,0.0001 0.09
1-h glucose (mg/dL) 115 6 23 178 6 19 188 6 39 ,0.0001 ,0.0001 ,0.0001 0.45
2-h glucose (mg/dL) 100 6 19 114 6 18 161 6 18 ,0.0001 ,0.0001 ,0.0001 ,0.0001
Fasting insulin (mU/mL) 11 6 7 12 6 7 17 6 11 0.007 0.90 0.006 0.03
1-h insulin (mU/mL) 71 6 52 119 6 86 90 6 54 ,0.0001 ,0.0001 0.51 0.08
2-h insulin (mU/mL) 56 6 48 82 6 55 111 6 63 ,0.0001 0.03 ,0.0001 ,0.0001
InsAUC30/GluAUC30 46.6 6 27.6 44.5 6 27.9 43.7 6 28.4 0.41 0.91 0.72 0.92
Stumvoll 1st-phase index 1,332 6 616 1,197 6 717 1,248 6 771 0.13 0.19 0.54 0.90
AIR (mU/mL 3 min) 548 6 448 385 6 133 490 6 250 0.003 0.003 0.13 0.93
Matsuda index 5.89 6 3.1 3.7 6 2.1 2.86 6 1.49 ,0.0001 ,0.0001 ,0.0001 0.72
Avignon SiM 1.49 6 1.25 0.90 6 0.54 0.54 6 0.25 ,0.0001 0.001 ,0.0001 0.21
SIISOGTT 0.122 6 0.009 0.113 6 0.007 0.109 6 0.007 ,0.0001 ,0.0001 ,0.0001 0.20
Insulin-stimulated
glucose disposal
(mg/min 3 kg FFM) 11.3 6 5.0 8.9 6 4.2 8.3 6 3.8 0.003 0.01 0.01 0.97

Disposition index
(AIR 3 MFFM) 4,708 6 2,467 2,945 6 1,318 3,836 6 1,925 ,0.0001 ,0.0001 0.03 0.96

Incretin effect (%) 49 6 20 62 6 18 54 6 21 ,0.0001 ,0.0001 0.27 0.06

Data are means 6 SD unless otherwise indicated. Comparisons between the three groups were performed using a general linear model with post hoc Bonferroni
correction for multiple comparisons. P values refer to results after analyses with adjustment for age, sex, and BMI. Categorical variables were compared by x2 test.
*P values refer to results after analyses with adjustment for sex. **P values refer to results after analyses with adjustment for age and sex.
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be due to a compensatory increase in ei-
ther secretion or action of incretin hor-
mones or to both. Another possibility is
that similar insulin responses to oral glu-
cose load between the NGT 1h-low, NGT
1h-high, and IGT individuals in the face of
higher glucose levels during the OGTT in
the latter group may indicate a lower sen-
sitivity of the b-cells to glucose in NGT
1h-high individuals. Accordingly, it has
indeed been shown that NGT individuals,
whose 1-h postload plasma glucose was
.161 mg/dL, have a reduction in b-cell
glucose sensitivity (26).

The current study has several strengths.
Data were collected by a trained staff,
following a standardized protocol (17),
and metabolic and hormonal analyses
were performed in a centralized labora-
tory. Our results are also strengthened
by the use of state-of-the-art techniques
for assessments of insulin sensitivity and
insulin secretion. Most previous studies in
NGT 1h-high versus NGT 1h-low individ-
uals have used only oral glucose tests, and
in none of these studies were simulta-
neous measurements of insulin sensitivity
by the gold standard hyperinsulinemic-
euglycemic clamp, and insulin secretion
by OGTT and IVGTT, performed (9–
13,26). The present results point to the
importance of discriminating between in-
sulin secretion measurements derived
from oral or from intravenous glucose
challenge tests, the relevance of estimating
the incretin effect when evaluating insulin
secretion, and the impact of adjusting for
the actual insulin sensitivity when evalu-
ating b-cell function.

Nevertheless, the current study needs
to be interpreted in the context of some po-
tential limitations. First, the cross-sectional
nature of our study does not provide in-
sight into the time course of the develop-
ment of alterations in insulin secretion and
insulin sensitivity leading to deterioration
in glucose homeostasis; therefore, no con-
clusions regarding cause-effect relation-
ships can be made. A second limitation of
the current study is that each test (OGTT,
IVGTT, and euglycemic clamp study)
assessing insulin sensitivity and glucose-
stimulated insulin secretion was only per-
formed once. Although such an approach
reflects clinical practice, intraindividual
variation in levels of these variables cannot
be taken into account, and some individ-
uals might have been misclassified. More-
over, the observed differences in insulin
secretion and insulin sensitivity may be,
in part, due to differences in sex, age, and
BMI among the groups with different

glucose tolerance; however, all measures
of insulin secretion and insulin action were
adjusted for these variables. Additionally, it
can also be argued that the findings of the
current study might have been influenced
by the presence of a family history of
diabetes. However, all of the subjects in
this study came from families with only
one parent affected by type 2 diabetes, and
many subjects who develop the disease
have a family history of diabetes. Finally,
the current results are only based on
Caucasian individuals, and generalizing
them to other ethnic groups must be done
with caution because differences between
ethnic groups in insulin resistance and
b-cell function have been reported. The
present cross-sectional study should be
considered hypothesis generating and
requiring confirmation by both cross-
sectional and prospective studies in
other ethnic populations.
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