Diabetes Care Volume 43, October 2020

O

A Reduced Incretin Effect
Mediated by the rs7903146
Variant in the TCF7L2 Gene
Is an Early Marker of (3-Cell
Dysfunction in Obese Youth

Diabetes Care 2020;43:2553-2563 | https.//doi.org/10.2337/dc20-0445

OBJECTIVE

The risk genotype for the common variant rs7903146 of the transcription factor
7-like-2 (TCF7L2) gene has been found to affect the incretin response in healthy and
obese adults; however, whether a similar functional defect is also present in obese
adolescents remains unexplored. Herein, we examined the functional effect of the
rs7903146 variant in the TCF7L2 gene on the incretin effect and determined its
translational metabolic manifestation by performing deep phenotyping of the
incretin system, [3-cell function relative to insulin sensitivity, the gastrointestinal-
induced glucose disposal (GIGD) in obese youth with normal and impaired glucose
tolerance.

RESEARCH DESIGN AND METHODS

Thirty-nine obese adolescents without diabetes (median age 15 [25th, 75th percentile
14, 18] years; BMI 37 [33, 43] kg/m?) were genotyped for the rs7903146 variant of TCF7L2
and underwent a 3-h oral glucose tolerance test (OGTT) followed by an isoglycemic
intravenous glucose infusion (iso-intravenous glucose tolerance test [IVGTT]) to
match the plasma glucose concentrations during the OGTT and a hyperglycemic
clamp with arginine stimulation. The incretin effect was measured as 100 * (AUC-SRogrT —
AUC-SRi;o.verr) / AUC-SRogrr, Where AUC-SR = area under the curve of C-peptide
secretionrate. Participants were grouped into tertiles according to the percentage incretin
effect (high, moderate, and low) to describe their metabolic phenotype.

RESULTS

The presence of T risk allele for TCF7L2 was associated with a markedly reduced
incretin effect compared with the wild-type genotype (0.3% [—7.2, 14] vs. 37.8%
[12.5, 52.4], P < 0.002). When the cohort was stratified by incretin effect, the high,
moderate, and low incretin effect groups did not differ with respect to anthro-
pometric features, while the low incretin effect group exhibited higher 1-h glucose
(P =0.015) and a reduced disposition index, insulin sensitivity, and insulin clearance
compared with the high incretin effect group. GIGD was reduced in the low incretin
effect group (P = 0.001). The three groups did not differ with respect to intravenous
glucose-induced insulin secretion and arginine response during the hyperglycemic
clamp.

CONCLUSIONS

A reduced incretin effect and its association with the TCF7L2 variant rs7903146
identify an early metabolic phenotype in obese youth without diabetes, featuring a
higher plasma glucose peak at 1 h; lower insulin secretion, sensitivity, and clearance;
and GIGD.
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Incretin Effect in Obese Youth

The greater insulin response to an oral
versus intravenous glucose load—namely
the incretin effect—results from the sen-
sitivity of the 3-cell to the gut-derived
incretin hormones glucagon-like peptide
1 (GLP-1) and glucose-dependent insuli-
notropic polypeptide (GIP) (1). A reduced
incretin effect has been described as a
consequence of the diabetic state in
adults (2) and associated with worsening
of glucose tolerance in youth with pre-
diabetes and overt diabetes (3-6).
However, a relative reduction of incretin
response to glucose has also been dem-
onstrated in healthy adults carrying the
diabetes risk allele for the rs7903146
variant of the transcription factor 7-like
2 (TCF7L2) gene in the absence of im-
paired glucose intolerance (IGT) (7-9).In a
previous study (7), we showed that the
rs7903146 variant in the TCF7L2 gene
increases the risk of IGT and type 2 di-
abetes (T2D) in obese adolescents by
impairing B-cell function; however, the
role of the rs7903146 variant on the
incretin effect in obese adolescents
was not explored.

Assessing the metabolic phenotype of
obese youth for potential alterations
in the incretin effect during the predia-
betic phase is not only critical to the
understanding of the pathophysiology of
youth-onset T2D but also of great clinical
relevance because it may help to cus-
tomize therapeutic interventions that
target the incretin axis as a preventive
measure of T2D in youth, thereby max-
imizing their cost effectiveness (8). A
single pediatric cross-sectional study
that was based on a surrogate measure
of incretin effect showed that the de-
cline of the incretin effect across the
spectrum of glucose tolerance (6) is not
paralleled by a decreased GLP-1, but the
effect of the TCF7L2 risk variant was not
studied. It should be noted that partic-
ipants in that study (6) exhibited only
marginally significant differences in
acute insulin response to intravenous
glucose during the hyperglycemic clamp,
suggesting a prevailing role of incretin
response in glucose tolerance change in
youth (9).

In the current study, we hypothesized
that the functional effect of the rs7903146
variant in the TCF7L2 gene might be linked
to impairment in the incretin system in
obese youth with normal glucose toler-
ance (NGT) or IGT (7,10,11). Therefore,
we genotyped a cohort of obese youth

for the TCF7L2 rs7903146 variant and
performed a detailed phenotyping of
the incretin system to quantify the in-
cretin effect by using measurements of
insulin secretion in response to oral and
matched isoglycemic intravenous glu-
cose infusion (iso-intravenous glucose
tolerance test [IVGTT]), the most robust
and sensitive test to assess the incretin
effect (4,12,13). Thereafter, to assess the
impact of potential changes in the
incretin system on the metabolic profiles
of these obese youth, we stratified the
cohort into high, moderate, and low
incretin effect and characterized them
with respect to 1) B-cell response to
oral glucose load (oral glucose toler-
ance test [OGTT]) and to intravenous
hyperglycemia (hyperglycemic clamp
with arginine stimulation), 2) insulin
sensitivity (Sl), 3) insulin clearance, and
4) gastrointestinal-induced glucose dis-
posal (GIGD).

RESEARCH DESIGN AND METHODS

From 2017 to 2019, 273 overweight/
obese adolescents were recruited from
the Yale Pediatric Obesity Clinic and
participated in the Yale Study of the
Pathophysiology of Prediabetes/T2D in
Youth, an ongoing study aimed at deci-
phering the genetic and metabolic under-
pinnings of prediabetes. All adolescents
from this multiethnic cohort were gen-
otyped for the TCF7L2 rs7903146 variant,
and 39 agreed to participate in further
metabolic studies as described below.
Main inclusion criteria were a BMI >85th
percentile for age and sex and an age
between 8 and 21 years. Adolescents
using medications affecting glucose me-
tabolism, diagnosed with syndromic obe-
sity, or participating in clinical trials that
included a structured dietary or exercise-
based intervention were excluded from
the study. All participants underwent a com-
plete physical examination, including the
assessment of pubertal development (Tan-
ner stage) (14,15).

The study protocol was approved by
the human investigations committee of
the Yale School of Medicine. Participants
provided assent and parents provided
written informed consent to participate
in the study. Eligible participants under-
went an OGTT, as previously described
(16), and a matched iso-IVGTT, reproduc-
ing the same plasma glucose profile
observed during the OGTT, and an hy-
perglycemic clamp.
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Procedures and Calculations

OGTT

Before the OGTT, all participants followed
a weight maintenance diet consisting of at
least 250 g of carbohydrates per day for
7 days before the study. They were ad-
mitted to the Yale Center for Clinical In-
vestigation at 8:00 a.m. after a 12-h
overnight fast. After the local application
of a topical anesthetic cream (Emla; Astra-
Zeneca, Wilmington, DE), one antecu-
bital intravenous catheter was inserted for
blood sampling. Two baseline samples
were then obtained for measurements of
plasma glucose, insulin, C-peptide, glu-
cagon, and GLP-1. Thereafter, flavored
glucose in adose of 1.75 g/kg body weight
(up to amaximum of 75 g) was given orally,
and blood samples were obtained every
30 min for 180 min for the measurement of
plasma glucose, insulin, C-peptide, gluca-
gon, and active GLP-1 [GLP-1(7-36)]. To
reduce the intrasubject variability often
associated with the OGTT (17), glucose
samples were immediately spun and pro-
cessed at the bedside using the a YSI
2700 Stat Analyzer (Yellow Springs Instru-
ments, Yellow Springs, OH).

In accordance with American Diabetes
Association criteria (17), NGT was de-
fined as a fasting plasma glucose <100
mg/dL and a 2-h plasma glucose <140
mg/dL and IGT as a 2-h plasma glucose
level between 140 and 199 mg/dL. In-
dividuals with T2D were excluded from
this study (12).

Iso-IVGTT

Within 1 week after the OGTT, partic-
ipants were admitted to the Yale Center
for Clinical Investigation at 8:00 am.
after a 12-h overnight fast for an in-
travenous infusion of dextrose (20%)
used to reproduce the plasma glucose
profile observed during the OGTT.
Matched glucose profiles were obtained
by repeatedly measuring plasma glucose
concentrations (every 5 min over 180-
min test), with frequent adjustments of
the dextrose infusion rate according to
the OGTT glucose target values at each
time point (10,18).

Hyperglycemic Clamp Plus Arginine

Hyperglycemic clamp was performed to
assess the B-cell response to intravenous
glucose and arginine stimulation in the
absence of gut-derived incretin potenti-
ation. The test was done within 2 months
from the OGTT after an overnight fast and
consisted of two steps. Two intravenous
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catheters were inserted before the clamp
studies: one in an antecubital vein for
administration of dextrose and the other
in a vein of the hand or distal forearm of
the contralateral arm for blood sampling.
During the first step, baseline glucose,
insulin, and C-peptide were measured
at —20 and 0 min before glucose infusion,
and the average value was used to cal-
culate baseline values (t = 0).

Arterialized blood for plasma glucose
was drawn every 2 min during the first
10 min and then every 5 min and im-
mediately centrifuged and analyzed us-
ing the glucose oxidase method (YSI
2300 Stat Analyzer). A standardized prim-
ing 20% dextrose infusion was adminis-
tered during the first 10 min (200 mg/kg
body weight), and then infusion rates
were adjusted every 5 min to maintain
plasma glucose at 11.1 mmol/L (200 mg/
dL) for 120 min (19). Blood samples for
subsequent assays were drawn at 2, 4,
6, 8, 10, 20, 30, 40, 60, 80, 100, and
120 min.

During the second step, the target
blood glucose 25 mmol/L (450 mg/dL)
was achieved using a second bolus of 20%
dextrose administered over 60 s (volume
in mL calculated as weight [kg] * [450 —
current blood glucose in mg/dL] * 1.1 /
180) as previously described (20). The
dextrose infusion rate was adjusted ac-
cording to bedside blood glucose mon-
itoring every 5 min. Once the target blood
glucose was attained for a minimum of
30 min, a bolus of 5 g L-arginine was
administered over 1 min. Blood samples
for subsequent assays were drawn at —5,
—1, 2, 3, 4, and 5 min relative to the
arginine injection (20). The hand chosen
for blood sampling during the three met-
abolic tests was placed in a heated box
(~65°C) to facilitate blood sampling and
arterialize blood (21).

Biochemical Analysis

Plasma insulin was measured by radio-
immunoassay (Linco, St. Charles, MO)
that has <1% cross-reactivity with C-peptide
and proinsulin. Plasma C-peptide levels
were determined with an assay from
Diagnostic Products (Los Angeles, CA).
GLP-1(7-36) was measured by radioim-
munoassay (EMD Millipore Corporation,
Billerica, MA). GLP-1(7-36) amide assay
had <0.1% cross-reactivity with the un-
amidated forms GLP-1(7-37) and GLP-
1(1-37) or other related peptides such as

human GLP-2, glucagon, human GIP, and
vasoactive intestinal peptide. Glucagon
was measured by ELISA (Mercodia, Winston-
Salem, NC).

Genotyping

Genomic DNA was extracted from pe-
ripheral blood leukocytes using the gua-
nidine HCl DNA extraction protocol. The
rs7903146 variant is characterized by a
C to T substitution in the TCF7L2 gene on
chromosome 10. C represents the major
allele, and T represents the minor allele.
To genotype the rs7903146 single nucle-
otide polymorphism, the following pair of
primers was used: 5’ AGCCGTCAGATGGTA
ATGCAGA3' and 5'TAGCAGTGAAGTGCC
CAAGCTTCT3'. PCR was performed using an
annealing temperature of 65.0°C. PCR prod-
ucts were analyzed by automated sequenc-
ing through the Yale W.M. Keck facility.

Calculations of Insulin Secretion, SI,
and the Incretin Effect

B-Cell secretion was estimated from the
C-peptide levels measured during the
180-min OGTT using the oral C-peptide
minimal model (22,23). The model as-
sumes that C-peptide kinetics is described
by a two-compartment model (Eaton):

{Cpl(t): - [k01 + k21] . CPl(t) + k12 °

CPz (t) :kgl * CPl(t) - k12 M CPz(t)

where CP; and CP, (pmol/L) are C-peptide
concentrations in the accessible and pe-
ripheral compartments, respectively; SR(t)
is C-peptide (and insulin) secretion rate;
and ko1, kip, and kp; (min~?) are C-
peptide kinetic parameters fixed to
standard values (24) to ensure numer-
ical identification of the overall model
(25).

The model also assumes that glucose-
stimulated insulin secretion is made up
of two components: 1) a dynamic compo-
nent representing secretion of promptly
releasable insulin and proportional to the
rate of glucose increase through the
dynamic responsivity index ¢4 (107°)
and 2) a static component derived from
provision of new insulin to the releasable
pool and characterized by a static re-
sponsivity index, ¢, (10~° min~%) and by
a delay time constant, T (min) (13). From
by and oy, a total responsivity index (dbotar)
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can be derived, which measures the ability
of B-cells to respond to a glucose stimulus
(19,22,26).

Sl was estimated from plasma glucose
and insulin concentrations measured
during the 3-h OGTT using the oral
glucose minimal model (27). The oral
disposition index (oDI) was estimated
as the product of byora X SI.

The incretin effect was calculated as
follows (13):

Incretin effect(%)=

. AUC-SRogrr — AUC-SRiso — varr
AUC-SRoGTT

100

Where AUC-SRo6rr and AUC-SR;s, a1 are
the area under the curve of the insulin SR
computed from the C-peptide serial
measurements during the OGTT and
the iso-IVGTT.
GIGD was calculated as follows:
GIGD(%) = 100 - Glogrr — Gliso — varr
Glogrr
Where GIOGTT and GlisofIVGTT were,
respectively, the glucose ingested during

CP,(t) +SR(t)  CP1(0)=CPyp
k
CP,(0)=CPy :cplb%

the OGTT and the glucose infused during
iso-IVGTT (12,28).
Insulin clearance was calculated as:

Insulin Clearance =

AUC-SRogrr + V' + Alnsulin
A Ucinsulin A UCinsuIin

with AUC-SRogrr being the AUC of
the insulin SR (based on C-peptide
measurements) during the OGTT, AUCsuin
the AUC of the insulin measurements
during the OGTT, V the distribution
volume for insulin (which we previously
estimated to be 141 mL/kg) and Alnsulin
the plasma insulin concentration at
180 min of the OGTT minus the baseline
value (29,30). Minimal model parameters
were estimated by implementing the
model of C-peptide secretion in SAAM-II
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2.3 software (SAAM Institute, Seattle,
WA).

Hyperglycemic Clamp—-Derived
Measures

Acute (first-phase) C-peptide (ACPR,)
and insulin (AIR,) responses to glucose
were calculated as the mean incremental
response above baseline (average of —10
and —5 min) from samples drawn at 2, 4,
6, 8, and 10 min after intravenous dex-
trose administration (17). Steady-state
(second-phase) C-peptide and insulin
concentrations were calculated as the
mean of the respective measurements
at 100, 110, and 120 min of the hyper-
glycemic clamp (16). Acute C-peptide
(ACPRmax) and insulin (AlRyax) re-
sponses to arginine at maximal glycemic
potentiation (>25 mmol/L) were cal-
culated as the mean concentrations in
samples drawn 2, 3, 4, and 5 min after
arginine injection minus the average
concentration of the samples drawn
1 and 5 min before arginine (19)
(Supplementary Fig. 1).

Power Analysis

Using data from a previously published
study (24), we estimated that with 12
participants per group we would have
had 80% power at the two-sided a-level
of 0.05 to detect a standardized differ-
enceintherange of 1-1.4 (Cohen effect size)
for the oD, using a two-sided Mann-Whit-
ney test. This was estimated using 2,000
Monte Carlo samples from two normal
distributions (each with mean 125, SD
75) under the null and from the alter-
native normal distributions (with mean
125, SD 75 vs. mean 50, SD 30).

Statistical Analysis

The cohort was stratified by genotype
into two groups carrying the wild type
(CC) and risk genotype (presence of T
allele) for the TCF7L2 rs7903146 variant.
Incretin effect estimated from the OGTT
and iso-IVGTT as described above and
B-cell function indices computed from
the OGTT were compared between the two
groups. Thereafter, the cohort was stratified
by incretin effect into three tertiles: high
(>66th centile), moderate (33rd—66th cen-
tile), and low (<33rd centile).

Values for C-peptide, insulin, and
GLP-1(7-36) per each time point >95th
centile were defined as outlier measure-
ments of the cohort distribution and
excluded from the final analysis. Results

were analyzed with and without the
inclusion of outlier values. Time series
from OGTT and iso-IVGTT measurements
were analyzed by linear mixed-model
effect.

Kruskal-Wallis test, followed by post
hoc pairwise Mann-Whitney test, was
used to compare continuous variables,
and categorical variables were com-
pared using the XZ test. Data were
summarized using median (25th, 75th
percentile) for continuous variables and
count (%) for categorical variables. The
high incretin effect group was adopted
as the comparison term during the
paired analyses.

Determinants of incretin effect were
estimated by the use of multivariable
logistic regression models. The following
adjustment variables were selected a
priori on the basis of published literature
(31): fasting glucose, TCF7L2 genotype
(wild-type CC vs. T risk allele), glucose
tolerance (IGT vs. NGT), sex, age (years),
BMI z-score, and ethnicity (non-Hispanic
White, non-Hispanic Black, Hispanic)
(31,32). Statistical significance for the
effect of adjustment variables was es-
tablished with o = 0.05. Results were
summarized as B-regression coefficient
and 95% Cls. Not-normally distributed
variables were naturally log-transformed
before multivariable analysis. Covariates
were examined for multicollinearity and
excluded with a variance inflation fac-
tor >5 (Tanner stage was excluded as
well as 2-h glucose).

Individual correlation between base-
line, 1-h, and 2-h glucose and the incretin
effect (%) was assessed by linear regres-
sion analysis. Thus, to estimate the pre-
dictive value of baseline, 1-h, and 2-h
glucose on the risk for low incretin tertile
(vs. moderate and high incretin effect
tertile), we computed the area under
the receiver operating characteristic
(ROC) curve of each variable. ROC anal-
ysis was also used to establish the op-
timal cut point of 1-h plasma glucose for
predicting a low incretin effect and to
compare it with other cut points that
have been proposed in youth for the
diagnosis of IGT (33) and risk of diabetes
progression (5,16). Linear regression anal-
ysis was performed to estimate the cor-
relation between GIGD and incretin effect.
Analyses were performed using Stata
13 software (StataCorp, College Station,
TX) and GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA).
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RESULTS

Participant Anthropometric and
Metabolic Characteristics

We enrolled 39 participants, including
21 with NGT and 18 with IGT. Eighteen
(49%) participants carried the TCF7L2 risk
allele. Carriers of the wild-type genotype
and the risk allele did not differ with
respect to anthropometricand metabolic
characteristics (Table 1).

The rs7903146 variant reduces the
incretin effect (Fig. 1). The wild-type
genotype exhibited a greater insulin SR
during the OGTT than during the iso-
IVGTT (Fig. 1G), with an incretin effect of
37.8% (12.5, 52.9) (Fig. 1/) compared with
the markedly reduced incretin effect
in the risk allele genotype group (0.3%
[—7.2, 14], P = 0.002) (Fig. 1H and I).

Anthropometric and Metabolic
Characteristics Across Tertiles of
Incretin Effects

On the basis of the distribution of the
measured incretin effect from the
matched OGTT and iso-IVGTT, the cohort
was stratified into three tertiles (high,
moderate, low). The anthropometric and
metabolic features of the participants by
tertiles of incretin effect are described in
Table 2 and Fig. 2.

As shown in Table 2, the three groups
did not differ with respect to age, sex,
BMI, and pubertal developmental stage.
Fasting glucose levels were similar across
the three groups, while 1-h glucose was
higher in the low incretin effect tertile
(P=0.015). Two-hour glucose was trend-
ing higher from the low to the high
incretin effect group in the absence
of a statistically significant difference.
The differential distribution of impaired
fasting glucose (IFG) and IGT did not
reach statistical significance among the
three groups owing to the relatively small
sample size; non-Hispanic Black and His-
panic ethnic background prevailed in
the moderate and high incretin effect
tertiles (P = 0.018) (Table 2).

Incretin Effect

Glucose profiles were rigorously matched
during the OGTT and iso-IVGTT across the
three groups, with a difference between
oral and intravenous glucose AUCs <5%
in each group (Fig. 2A—C). As expected,
insulin levels (Fig. 2D—F) were consis-
tently higher during the OGTT than the
iso-IVGTT across the three groups (OGTT
vs. iso-IVGTT AUCs P < 0.01).
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Table 1—Participant characteristics by TCF7L2 genotype

Wild-type genotype TCF7L2 (n = 21) Risk genotype TCF7L2 (n = 18) P value
Incretin effect (%) 37.8 (12.5, 52.9) 0.3 (—7.2, 14) 0.002
Age (years) 16 (15, 18) 15 (14, 17) 0.336
Male sex 12 (57) 8 (44) 0.527
BMI (kg/m?) 37.0 (32.7, 41.0) 40.6 (34.8, 44.8) 0.499
Tanner stage 0.306
=1 9 (43) 10 (55)
V-V 12 (57) 8 (44)
Ethnicity 0.087
Non-Hispanic White 2 (9) 7 (39)
Non-Hispanic Black 9 (43) 4 (22)
Hispanic 10 (48) 7 (39)
IFG 1 (13) 2 (20) 0.855
IGT 4 (31) 6 (46) 0.350
Fasting glucose (mg/dL) 90 (86.5, 96.5) 94 (89, 100) 0.222
1-h glucose (mg/dL) 153 (134, 168) 163.5 (147, 189) 0.015
2-h glucose (mg/dL) 134 (127, 146) 135.5 (119, 173) 0.526
Fasting insulin (uU/mL) 41 (26.5, 45.5) 28.8 (20.5, 62.5) 0.307
Fasting C-peptide (pmol/L) 1,001 (901.5, 1,279) 1,019 (823.5, 1,121.5) 0.887
Fasting GLP-1(7-36) (pmol/L) 2.0 (1.06, 16.7) 2.9 (1.30, 11.2) 0.868
Fasting glucagon (pmol/L) 6.9 (4.9, 8.1) 9.45 (6.6, 10.5) 0.474

Data are median (25th, 75th percentile) or n (%). Boldface indicates significance at P < 0.05.

Conversely, C-peptide rose to higher
levels duringthe OGTT thanduring the
iso-IVGTT only in the high and moderate
incretin effect groups (AUC for C-peptide
[AUCc pepl: high incretin 733,322 + 11,385
vs. 542,100 * 120,239 pmol * min/L, P <
0.001; moderate incretin 637,260 =*
18.137 vs. 549,770 pmol * min/L, P <
0.001), whereas no significant differen-
ces were noted in the AUCc_,p, during
the OGTT and the iso-IVGTT in the low
incretin effect group (AUCc.pep 793,815
+ 35,238 vs. 818,273 * 36,507 pmol *
min/L, P = 0.09) (Fig. 2G-I).

The linear mixed-effects analysis for
the insulin SR (SRogrr and SRiso-varT),
estimated from C-peptide measurements,
was consistent with raw measurements
of C-peptide AUC differences, with a
higher SR during the OGTT than during
the iso-IVGTT for the high and moderate
incretin effect groups (P < 0.001 and
P < 0.001) (Fig. 2J and K) in the absence
of a difference in the low incretin effect
group (P = 0.269) (Fig. 2L).

Raw C-peptide levels did not differ
across the three groups during the iso-
IVGTT (P = 0.097) (Fig. 2G-/) on a linear
mixed-model analysis in spite of a trend-
ing higher C-peptide in the low incretin
effect group; thereby, SRio.verr Was
greater in the low incretin effect group
than the other two groups (P < 0.001) in
the absence of a difference in the SRt

across the three groups (P = 0.261), as
described in Fig. 2J—L.

Baseline GLP-1(7-36) levels were sim-
ilar among the three groups (P = 0.868
and P = 0.474, respectively), as displayed
in Table 1. As described in Fig. 2M-0, the
GLP-1(7-36) percentage increase, from
baseline, was significantly greater during
the OGTT than during the iso-IVGTT only
in the high and moderate incretin
effect groups (P = 0.012 and P =
0.032) in the absence of an increase
in the low incretin effect group (P =
0.434) (Fig. 20 and Supplementary
Table 1).

Figure 3 illustrates key metabolic phe-
notypes of the cohort with respect to the
incretin effect (Fig. 3A), oDl (Fig. 3B) and
its components (insulin secretion—dotal
[Fig. 3D]—and SI [Fig. 3E]), insulin clear-
ance (Fig. 3C), and GIGD (Fig. 3F). The
incretin effect, estimated from the SR of
C-peptide, described an ~50% greater
insulin secretion during the OGTT than
the iso-IVGTT in the high incretin effect
group (49.3% [41.8, 62.8]) compared
with the ~8% increase of the moderate
(8.9% [5.2, 20.4], P = 0.007) and low
(—7.2% [—18.4, —1.31]) incretin effect
groups (P < 0.001) (Fig. 3A). Of note, a
lower incretin effect was paralleled by a
reduced oDl in both the moderate (P =
0.007) and the low (P < 0.001) incretin
effect groups compared with the high

incretin effect group (Fig. 3B), whereas a
lower insulin secretion (byea) featured
the moderate and low incretin groups
(P = 0.045 and P = 0.033, respectively)
(Fig. 3C). A similar S| between the high
and moderate incretin effect groups
(P = 0.147) was seen, although the
former showed higher SI than the
low incretin effect group (P = 0.017)
(Fig. 3D). While insulin clearance did not
differ between the high and moderate
incretin effect groups (P = 0.116), the
lower incretin tertile exhibited reduced
insulin clearance. GIGD was —43.2%
(=31, —52) in the high incretin effect
group, while it was markedly reduced in
the moderate and low incretin effect
groups (—23.7% [—11.7, —28.7] and
—9% [3.9, —18]), P = 0.014 and P <
0.001, respectively) (Fig. 3F). GIGD and
incretin effect were inversely associated,
with an increased GIGD (negative GIGD)
linearly correlated with a higher incretin
effect (r = —0.62, P < 0.001), as de-
scribed in Fig. 3/.

Determinants of the Incretin Effect

As shown in Fig. 3G and Table 1, three of
four participants from the low incretin
effect group (10 of 13, ~80%) carried the
T risk allele for TCF7L2 compared with
fewer than one of four (2 of 13, ~15%)
in the high incretin effect group (P =
0.008), with wild-type genotype clustering
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Figure 1—Glucose (A and B), insulin (C and D), and C-peptide (E and F) profiles and insulin SRs (G
and H) during OGTT and iso-IVGTT in the wild-type (CC) and risk genotype (T allele) groups for the
TCF7L2 rs7903146 variant. Percentage incretin effect, estimated from the SR during OGTT and
matched iso-IVGTT (/). Data are median (25th, 75th percentile).

in the high—incretin effect group. The
presence of the T risk allele for the
TCF7L2rs7903146 variant was associated,
after multivariable regression analysis, with

an ~20% reduction of the incretin effect
(B= —22.4+10.7, P = 0.045) when the
anthropometric and individual varia-
bles were held constant (Fig. 2H and

Diabetes Care Volume 43, October 2020

Supplementary Table 2), confirming the
observation from the two-group compar-
ison between the wild-type and the risk
genotype.

The Effect of the Low Incretin Effect
on the Glucose Profile

The effect of incretin response on the 1-h
and 2-h glucose levels during an OGTT
was investigated in the whole cohort. Of
note, the 1-h glucose increased across
incretin tertiles, reaching significantly
higher peak levels of 175 (153, 189)
mg/dL in the low incretin effect group
compared with 136 (120, 150) mg/dL in
the high incretin effect group (P < 0.015)
(Table 1). Furthermore, a lower 1-h glu-
cose was associated with a higher incre-
tin effect (r = 0.40, P = 0.016), while
baseline and 2-h glucose did not exhibit a
significant relationship with the incretin
effect (P = 0.101 and P = 0.179). ROC
analysis identified 173 mg/dL as the
optimal cut point of 1-h plasma glucose
levels for predicting a low incretin effect,
with 62% sensitivity and 81% specificity.
This cut point was similar between NGT
(175 mg/dL) and IGT (173 mg/dL) in
separate group analysis. Lowering the 1-h
glucose threshold to 155 mg/dL or 133 mg/
dL, as proposed to predict diabetes pro-
gression in youth (5,16), provided a higher
sensitivity (69% and 92%, respectively)
but a lower specificity (64% and 37%)
compared with the 173 mg/dL cut point.

Hyperglycemic Clamp

The three groups were matched for
glucose profiles during the hyperglyce-
mic clamp, with similar glucose values
at baseline and steady state. No statis-
tically significant differences were observed
between groups either in measure of 3-cell
function (ACPR,, steady-state C-peptide,
ACPR,.x) Or in insulin sensitivity (M/)
(P = 0.106) (Supplementary Fig. 1).

CONCLUSIONS

Our study provides a functional con-
nection between the TCF7L2 risk allele
with changesintheincretin effects with
the emerging translational manifesta-
tion of a number metabolic defects in
obese youth. Specifically, we found that
the presence of the T risk allele for the
TCF7L2 rs7903146 variant was associ-
ated with an ~20% reduction of the
incretin effect in obese youth with early
signs of glucose dysregulation. Having
found that the functional defect largely
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Table 2—Participant characteristics by incretin effect group

High incretin effect (n = 13) Moderate incretin effect (n = 13) Low incretin effect (n = 13) P value

Incretin effect (%) 49 (42, 63) 8.9 (5, 20) -7 (—18, —1)
Age (years) 15 (14, 16) 16 (15, 17) 15 (13, 18) 0.336
Male sex 9 (69) 4 (31) 7 (54) 0.179
BMI (kg/m?) 37.0 (30.1, 41.9) 38.5 (35.8, 43.5) 37.0 (34, 41.9) 0.499
Tanner stage 0.774

11111 7 (54) 6 (46) 6 (13)

IV-V 4 (46) 7 (54) 5 (87)
Ethnicity 0.018

Non-Hispanic White 1(8) 1(8) 7 (60)

Non-Hispanic Black 5 (38) 7 (60) 1(8)

Hispanic 7 (54) 5 (38) 5 (38)
TCF7L2 genotype 0.008

cC 11 (85) 7 (54) 3 (23)

T allele 2 (15) 6 (46) 10 (77)
IFG 1(13) 2 (20) 3 (23) 0.855
IGT 4 (31) 6 (46) 8 (61) 0.350
Fasting glucose (mg/dL) 89 (86.5, 94.5) 94 (90, 99.5) 94 (89, 98.5) 0.222
1-h glucose (mg/dL) 136 (120, 150) 159 (150, 168) 175 (153, 189) 0.015
2-h glucose (mg/dL) 129 (121, 142) 134 (128, 152) 141 (124, 166) 0.526
Fasting insulin (wU/mL) 28 (20.5, 41.5) 45 (28.5, 50) 32.5 (21, 65.5) 0.307
Fasting C-peptide (pmol/L) 1,088 (948, 1,345) 1,292 (1,207, 1,532) 1,490 (1,235, 1,819) 0.887
Fasting GLP-1(7-36) (pmol/L) 3.09 (1.15, 11.19) 1.46 (0.98, 24.7) 2.55 (1.69, 5.95) 0.868
Fasting glucagon (pmol/L) 4.25 (3.5, 9.5) 7.4 (4.5, 13.2) 6.4 (3.2, 9.5) 0.474

Data are median (25th, 75th percentile) or n (%). Boldface indicates significance at P < 0.05.

affects the incretin system, we used
deep metabolic phenotyping to better
assess the translational manifestation
of the low incretin effect.

Our findings provide the first evi-
dence for an association between
TCF7L2 risk genotype and lower incretin
effect in obese youth, in agreement with
similar observations from adult cohorts
(10,34-37). Intriguingly, carriers of the
risk T allele of single nucleotide poly-
morphism rs7903146 showed a weaker
response to oral than to intravenous
glucose, suggesting a defective enter-
oinsular axis (Fig. 1). Through alteration
of the WNT signaling pathway, polymor-
phisms in the TCF7L2 gene directly affect
B-cell growth, B-cell differentiation, and
B-cell function (34). Furthermore, insulin
secretion might also be affected indi-
rectly through the enteroinsular axis
either through an impaired overall GLP-1
secretion or through a defective or dys-
functional GLP-1-induced insulin secre-
tion. Although the rs7903146 variant in
the TCF7L2 gene has been associated
with T2D and impaired insulin response,
the possibility exists that it might be in
linkage disequilibrium with another gene
variant that confers susceptibility to the
phenotype. It has to be acknowledged,

though, that several human, animal, and
in vitro studies have confirmed the role
of TCF7L2in the B-cell function and have
shown that its impairment affects
insulin secretion, predisposing to T2D
(11,38-40).

The importance of a decreased incretin
effect is reflected by significantly higher
glucose peak at 1 h, suggesting that a low
incretin effect primarily affects the early
glucose excursion during an OGTT. It
would be of great clinical relevance to
identify the low incretin effect group
because this metabolic phenotype is
an early phenomenon that may predate
youth-onset diabetes.

Changes in the glucose profiles are
sustained by a reduced B-cell respon-
siveness to the oral glucose load (oDl),
lower S, and a reduced insulin clearance
compared with high-incretin peers. Con-
versely, intravenous glucose-induced in-
sulin secretion, as quantified during the
hyperglycemic clamp at supraphysiologic
glucose values (~200 mg/dL), was not
significantly impaired in those with a
lower incretin effect. While the hyper-
glycemic clamp describes the static 3-cell
responsiveness to intravenous glucose
ataclamped hyperglycemiclevel, the iso-
IVGTT depicts the dynamic response to

more physiologic glucose change and
was able to clearly bring out the func-
tional defect of the risk allele of TCF7L2
on the incretin system.

These findings were paralleled by sim-
ilar C-peptide levels across the three
groups during the iso-IVGTT (Fig. 2G—
1), while a higher insulin SR was observed
in those with a lower incretin effect (Fig.
2L). Raw C-peptide measurements and
insulin SR describe, respectively, the
static and the dynamic response to in-
travenous glucose. Insulin SR, as esti-
mated by the deconvolution method
(19,41), is influenced by the rate of
change of insulin secretion during in-
travenous glucose infusion.

The low incretin effect in our cohort
resulted from two components: a higher
insulin secretion during the iso-IVGTT in
the absence of a corresponding rise of
insulin secretion during the matched
OGTT (Fig. 2C and E) and a lower circu-
lating active GLP-1. The paradoxical in-
crease in intravenously induced insulin
SR after glucose infusion at physiologic
postprandial glucose levels resulted in
the observed reduced incretin effect
for the low incretin effect group. These
findings are consistent with similar ob-
servations in adults (2). Indeed, an ~60%
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Figure 2—Glucose (A—C), insulin (D—F), and C-peptide (G-/) profiles and insulin SRs (J-L) during OGTT and iso-IVGTT in the high, moderate, and low
incretin effect groups. M—0: Percentage incremental GLP-1(7-36) for the low, moderate, and high incretin effect groups during the OGTT. Data are
median (25th, 75th percentile). ti-t0/t0, change from baseline value (t0) over baseline value (t0) at each time point (ti).

greater insulin SR during the iso-IVGTT
vs. the OGTT was described in adults
with T2D when compared with healthy
subjects, with a consequent lower in-
cretin effect in the former group (2).

Therefore, the decline in the incretin
effect can be in part due to a hyper-
responsivenesstointravenous glucose
during physiologic hyperglycemia in
obese youth.

The apparent discrepancy among the
hyperglycemic clamp results (intravenous
glucose), iso-IVGTT, and the OGTT-based
secretion suggests that a reduced incre-
tin effect could predate the decline of
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glucose-induced B-cell response, and it is
detectable by the use of matched OGTT
and iso-IVGTT. Thereby, the blunted in-
crease in the active GLP-1(7-36) during
the OGTT for the low incretin effect group
compared with the high incretin effect
group (Fig. 2M-0) supports arole for GLP-
1 by itself as a determinant of the low
incretin effect phenotype. Nevertheless,
GLP-1 titrated infusion studies are war-
ranted to properly explore the role of
incretin resistance in this context (42)
as well as to assess the role of GLP-1
clearance. A reduced GIGD along with a
lower SI were the metabolic hallmarks
for the low incretin effect phenotype

group, confirming findings from the
adults (12,28,43,44).

Our group recently reported a marked
decline in insulin clearance in obese
youth and adults with insulin resistance
(45) associated with a longitudinal failure
in B-cell function (oDl) over time (45). In
this cohort, we found a lower insulin
clearance in those with reduced incretin
effect. The estimate of insulin clearance
relied on C-peptide and insulin secretion
during the OGTT, as previously validated
in healthy adults (29).

Despite the robustness of the matched
iso-IVGTT approach used to estimate the
incretin effect, this method cannot be

extended to larger cohorts. Therefore,
the correlation analysis between 1-h
glucose and the incretin effect could
provide a potential, minimally invasive
marker of the incretin status to cus-
tomize therapeutic options in youth
with prediabetes. In this study, we
identified a higher 1-h glucose threshold
(173 mg/dL) as the optimal cut point with
the best combination of sensitivity and
specificity, without significant differen-
ces across groups of glucose tolerance.

Our study has several limitations. Lack
of direct assessment of gastric emptying
is acknowledged as a weakness that may
have had a major determinant effect on
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1-h plasma glucose (16). Its relation-
ship with incretin hormone secretion
has been recently studied and is likely
bidirectional (given that GLP-1 reduces
the gastric emptying rate). Duodenal
infusion of glucose determines an in-
crease in plasma concentrations of GIP
or GLP-1 according to the rate of glucose
infusion (46,47). Although the heated
hand technique has been proven to pro-
vide blood closer to arterial blood than
venous sampling, differences in glucose
concentrations remain (21). Neverthe-
less, the effect of such a difference was
minimized by the use of the same tech-
nique during OGTT, iso-IVGTT, and hy-
perglycemic clamp.

The lack of plasma measurements of
GIP is a limitation of the current study.
However, the use of matched iso-IVGTT
and OGTT allowed us to estimate the
incretin effect independently from GLP-1
and GIP measurements. The absence of
euglycemic-hyperinsulinemic clamp to
quantify insulin clearance has been coun-
terbalanced by the use of a validated
measure on the basis of the OGTT insulin
and C-peptide measures.

The use of matched iso-IVGTT and
OGTT to quantify the incretin effect
is a major strength for this study because
it provides, for the first time in a pediatric
cohort, an unbiased estimate of the
incretin action. Our results do not con-
tradict previous findings of a reduced
incretin effect across the spectrum of
glucose tolerance in obese youth as
obtained by the combined use of OGTT
and hyperglycemic clamp (6) but do iden-
tify TCF7L2 as an independent risk de-
terminant for a lower incretin effect.

In summary, we describe a low-incretin
phenotype in obese youth as the func-
tional defect of a risk allele of TCF7L2
manifested by the contemporary reduc-
tion of 3-cell function adjusted to alow SI
and insulin clearance. This is associated
with a higher 1-h glucose and a lower
gastrointestinal glucose extraction.

Acknowledgments. The authors thank all the
volunteers who participated in the study and
Rachel Goldberg, Cindy Guandalini, and Mary
Savoye (Yale University, New Haven, CT) for help
in the Yale Pediatric Clinic. The authors are
grateful to Dr. David D’Alessio (Duke University,
Durham, NC) and Dr. Adrian Vella (Mayo Clinic,
Rochester, MN) for help and precious advice on
setting up the IVGTT.

Funding. This study was supported by the
Eunice Kennedy Shriver National Institute of
Child Health and Human Development (grants
R0O1-HD-40787, R0O1-DK-111038, R0O1-HD-28016,
and K24-HD-01464 to S.C. and RO1-DK-114504
to N.S.), the National Center for Research
Resources (Clinical and Translational Science
Award [grant UL1-RR-0249139] to S.C.), the
American Diabetes Association (Distinguished
Clinical Scientist Award to S.C.), the National
Institute of Diabetes and Digestive and Kidney
Diseases (grants R01-DK-111038 to S.C.,
R0O1-DK-114504-01A, K12-AWDA-10768, and
GR-103182), the Robert E. Leet and Clara
Guthrie Patterson Trust Research Mentored
Award, the Fondazione Cassa Di Risparmio di
Padova e Rovigo (grant CARIPARO 2016-2020),
the European Medical International Framework
(EMIF115372), and the Italian Ministry for Ed-
ucation under the initiative Departments of Ex-
cellence (Law 232/2016).

This article’s contents are solely the respon-

sibility of the authors and do not necessarily
represent the official views of the National
Institutes of Health.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. A.G,, S.S.,, and S.C.
performed the metabolic tests. A.G. and C.D.M.
ran the model analysis. A.G. and S.C. designed
the study, collected and analyzed the data, and
wrote the manuscript. D.T. collected and an-
alyzed the data. B.P. enrolled participants and
collected the data. V.S. supported the statistical
analysis and critically revised the manuscript.
B.G. and N.S. genotyped the cohort. N.S. and
S.C.critically revised the manuscript. Allauthors
approved the manuscript in its final version.
A.G. and S.C. are the guarantors of this work
and, as such, had full access to all the data in the
study and take responsibility for the integrity of
the data and the accuracy of the data analysis.
Prior Presentation. Parts of this article were
presented at the 78th Scientific Sessions of
the American Diabetes Association, Orlando,
FL, 22-26 June 2018.

References

1. Nauck MA, Meier JJ. The incretin effect in
healthy individuals and those with type 2 di-
abetes: physiology, pathophysiology, and re-
sponse to therapeutic interventions. Lancet
Diabetes Endocrinol 2016;4:525-536

2. Knop FK, Vilsbgll T, Hgjberg PV, et al. Reduced
incretin effect in type 2 diabetes: cause or
consequence of the diabetic state? Diabetes
2007;56:1951-1959

3. Aulinger BA, Bedorf A, Kutscherauer G, et al.
Defining the role of GLP-1 in the enteroinsulinar
axis in type 2 diabetes using DPP-4 inhibition and
GLP-1 receptor blockade. Diabetes 2014;63:
1079-1092

4. Aulinger BA,Vahl TP, Prigeon RL, D’Alessio DA,
Elder DA. The incretin effect in obese adoles-
cents with and without type 2 diabetes: im-
paired or intact? AmJ Physiol Endocrinol Metab
2016;310:E774-E781

5. Kim JY, Goran MlI, Toledo-Corral CM,
Weigensberg MJ, Choi M, Shaibi GQ. One-
hour glucose during an oral glucose challenge
prospectively predicts 3-cell deterioration and

Diabetes Care Volume 43, October 2020

prediabetes in obese Hispanic youth. Diabetes
Care 2013;36:1681-1686

6. Michaliszyn SF, Mari A, Lee S, et al. B-cell
function, incretin effect, and incretin hormones
in obese youth along the span of glucose toler-
ance from normal to prediabetes to type 2 di-
abetes. Diabetes 2014;63:3846—3855

7. Cropano C, Santoro N, Groop L, et al. The
rs7903146 variant in the TCF7L2 gene increases
the risk of prediabetes/type 2 diabetes in obese
adolescents by impairing B-cell function and
hepatic insulin sensitivity. Diabetes Care 2017;
40:1082-1089

8. Tamborlane WV, Barrientos-Pérez M, Fainberg U,
et al.; Ellipse Trial Investigators. Liraglutide in
children and adolescents with type 2 diabetes. N
Engl J Med 2019;381:637-646

9. Aulinger BA, VahI TP, Prigeon RL, D’Alessio DA,
Elder DA. Theincretin effectin obese adolescents
with and without type 2 diabetes: impaired or
intact? Am J Physiol Endocrinol Metab 2016;
310:E774-E781

10. Villareal DT, Robertson H, Bell GI, et al.
TCF7L2 variant rs7903146 affects the risk of
type 2 diabetes by modulating incretin action.
Diabetes 2010;59:479-485

11. Florez JC, Jablonski KA, Bayley N, et al.;
Diabetes Prevention Program Research Group.
TCF7L2 polymorphisms and progression to di-
abetes in the Diabetes Prevention Program. N
Engl J Med 2006;355:241-250

12. Nauck MA, Homberger E, Siegel EG, et al.
Incretin effects of increasing glucose loads in man
calculated from venous insulin and C-peptide re-
sponses. J Clin Endocrinol Metab 1986;63:492-498
13. Campioni M, Toffolo G, Shuster LT, Service
FJ, Rizza RA, Cobelli C. Incretin effect potentiates
beta-cell responsivity to glucose as well as to its
rate of change: OGTT and matched intravenous
study. Am J Physiol Endocrinol Metab 2007;292:
E54-E60

14. Marshall WA, Tanner JM. Variations in pat-
tern of pubertal changes in girls. Arch Dis Child
1969;44:291-303

15. Marshall WA, Tanner JM. Variations in the
pattern of pubertal changes in boys. Arch Dis
Child 1970;45:13-23

16. Trico D, Galderisi A, MariA, Santoro N, Caprio
S. One-hour post-load plasma glucose predicts
progression to prediabetes in a multi-ethnic
cohort of obese youths. Diabetes Obes Metab
2019;21:1191-1198

17. American Diabetes Association. 15. Diabe-
tes advocacy: Standards of Medical Care in
Diabetes—2018. Diabetes Care 2018;41(Suppl.
1):5152-5153

18. Shuster LT, Go VL, Rizza RA, O’Brien PC,
Service FJ. Incretin effect due to increased se-
cretion and decreased clearance of insulin in
normal humans. Diabetes 1988;37:200-203
19. Van Cauter E, Mestrez F, Sturis J, Polonsky
KS. Estimation of insulin secretion rates from
C-peptide levels. Comparison of individual and
standard kinetic parameters for C-peptide
clearance. Diabetes 1992;41:368-377

20. RISE Consortium. Metabolic contrasts be-
tween youth and adults with impaired glucose
tolerance or recently diagnosed type 2 diabetes:
|. Observations using the hyperglycemic clamp.
Diabetes Care 2018;41:1696-1706

21. Nauck MA, Liess H, Siegel EG, Niedmann
PD, Creutzfeldt W. Critical evaluation of the

20z Iudy 2| uo 3sanb Aq Jpd°Gry00ZOP/0SY0E9/ESST/O0 |L/EY/IPd-BI0ILE/DIBD/LLIOD IIBYIIBA|IS EPE//:d)Y WOL papeojumoq



care.diabetesjournals.org

‘heated-hand-technique’ for obtaining ‘arterial-
ized’ venous blood: incomplete arterialization
and alterations in glucagon responses. Clin Phys-
iol 1992;12:537-552

22. Cobelli C, Dalla Man C, Toffolo G, Basu R,
Vella A, Rizza R. The oral minimal model method.
Diabetes 2014;63:1203-1213

23. Dalla Man C, Yarasheski KE, Caumo A, et al.
Insulin sensitivity by oral glucose minimal mod-
els: validation against clamp. Am J Physiol En-
docrinol Metab 2005;289:E954-E959

24. Basu R, Dalla Man C, Campioni M, et al.
Effects of age and sex on postprandial glucose
metabolism: differences in glucose turnover,
insulin secretion, insulin action, and hepatic
insulin extraction. Diabetes 2006;55:2001-2014
25. Eaton RP, Allen RC, Schade DS, Erickson KM,
Standefer J. Prehepatic insulin production in
man: kinetic analysis using peripheral connecting
peptide behavior. J Clin Endocrinol Metab 1980;
51:520-528

26. Dalla Man C, Micheletto F, Sathananthan A,
Rizza RA, Vella A, Cobelli C. A model of GLP-1
action on insulin secretion in nondiabetic sub-
jects. Am J Physiol Endocrinol Metab 2010;298:
E1115-E1121

27. Dalla Man C, Caumo A, Basu R, Rizza R,
Toffolo G, Cobelli C. Minimal model estimation of
glucose absorption and insulin sensitivity from
oral test: validation with a tracer method. Am J
Physiol Endocrinol Metab 2004;287:E637-E643
28. Holst JJ, Gribble F, Horowitz M, Rayner CK.
Roles of the gut in glucose homeostasis. Diabetes
Care 2016;39:884-892

29. Polidori DC, Bergman RN, Chung ST, Sumner
AE. Hepatic and extrahepatic insulin clearance
are differentially regulated: results from a novel
model-based analysis of intravenous glucose
tolerance data. Diabetes 2016;65:1556—-1564
30. Utzschneider KM, Kahn SE, Polidori DC.
Hepatic insulin extraction in NAFLD is related

toinsulin resistance rather than liver fat content.
J Clin Endocrinol Metab 2019;104:1855-1865
31. Lyssenko V, Almgren P, Anevski D, et al.;
Botnia study group. Predictors of and longitu-
dinal changes in insulin sensitivity and secretion
preceding onset of type 2 diabetes. Diabetes
2005;54:166-174

32. Perreault L, Kahn SE, Christophi CA, Knowler
WC, Hamman RF; Diabetes Prevention Program
Research Group. Regression from pre-diabetes
to normal glucose regulation in the Diabetes
Prevention Program. Diabetes Care 2009;32:
1583-1588

33. Manco M, Miraglia Del Giudice E, Spreghini
MR, et al. 1-Hour plasma glucose in obese youth.
Acta Diabetol 2012;49:435-443

34. Jin T, Liu L. The Wnt signaling pathway
effector TCF7L2 and type 2 diabetes mellitus.
Mol Endocrinol 2008;22:2383-2392

35. Lyssenko V, Lupi R, Marchetti P, et al. Mech-
anisms by which common variants in the TCF7L2
gene increase risk of type 2 diabetes. J Clin Invest
2007;117:2155-2163

36. Pilgaard K, Jensen CB, Schou JH, et al. The T
allele of rs7903146 TCF7L2 is associated with
impaired insulinotropic action of incretin hor-
mones, reduced 24 h profiles of plasma insulin
and glucagon, and increased hepatic glucose
production in young healthy men. Diabetologia
2009;52:1298-1307

37. Srinivasan S, Kaur V, Chamarthi B, et al.
TCF7L2 genetic variation augments incretin re-
sistance and influences response to a sulfonyl-
urea and metformin: the Study to Understand
the Genetics of the Acute Response to Met-
formin and Glipizide in Humans (SUGAR-MGH).
Diabetes Care 2018;41:554-561

38. FlorezJC. Newly identified loci highlight beta
cell dysfunction as a key cause of type 2 diabetes:
where are the insulin resistance genes? Diabe-
tologia 2008;51:1100-1110

Galderisi and Associates

39. BojSF,van EsJH, Huch M, et al. Diabetes risk
gene and Wnt effector Tcf712/TCF4 controls he-
patic response to perinatal and adult metabolic
demand. Cell 2012;151:1595-1607

40. Grant SF, Thorleifsson G, Reynisdottir |, et al.
Variant of transcription factor 7-like 2 (TCF7L2)
gene confers risk of type 2 diabetes. Nat Genet
2006;38:320-323

41. Polonsky KS, Given BD, Hirsch L, et al. Quan-
titative study of insulin secretion and clearance in
normal and obese subjects. J Clin Invest 1988;81:
435-441

42. Aulinger BA, Vahl TP, Wilson-Pérez HE, Prigeon
RL, D'Alessio DA. B-Cell sensitivity to GLP-1 in
healthy humans is variable and proportional to
insulin sensitivity.J Clin Endocrinol Metab 2015;
100:2489-2496

43. Nauck M, Stockmann F, Ebert R, Creutzfeldt
W. Reduced incretin effect in type 2 (non-insulin-
dependent) diabetes. Diabetologia 1986;29:46—
52

44. Hare KJ, Knop FK, Asmar M, et al. Preserved
inhibitory potency of GLP-1 on glucagon secre-
tion in type 2 diabetes mellitus. J Clin Endocrinol
Metab 2009;94:4679-4687

45. Galderisi A, Polidori D, Weiss R, et al. Lower
insulin clearance parallels a reduced insulin sen-
sitivity in obese youths and is associated with a
decline in B-cell function over time. Diabetes 2019;
68:2074-2084

46. Marathe CS, Rayner CK, Jones KL, Horowitz
M. Relationships between gastric emptying, post-
prandial glycemia, and incretin hormones. Diabetes
Care 2013;36:1396-1405

47. Schirra J, Katschinski M, Weidmann C, et al.
Gastric emptying and release of incretin hor-
mones after glucose ingestion in humans. J Clin
Invest 1996;97:92-103

20z Iudy 2| uo 3sanb Aq Jpd°Gry00ZOP/0SY0E9/ESST/O0 |L/EY/IPd-BI0ILE/DIBD/LLIOD IIBYIIBA|IS EPE//:d)Y WOL papeojumoq


http://care.diabetesjournals.org

