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Abstract

Background: In adults, the time-to-glucose-peak at or after 30 minutes during an oral
glucose tolerance test (OGTT) identifies physiologically distinct groups with differ-
ences in insulin sensitivity, p-cell function and risk for type 2 diabetes. In obese non-
diabetic adolescents, we investigated if the OGTT-time-to-glucose-peak also reflects
incretin and free fatty acid (FFA) responses besides insulin sensitivity and p-cell func-
tion, measured by the clamp.

Methods: Obese adolescents (n = 278) were categorized according to their OGTT-
time-to-glucose-peak by Early-peak (at 30 minutes) vs Late-peak (>30 minutes)
groups. Body composition, visceral adipose tissue, oral disposition index and
OGTT-area under the curve (AUC) were examined. A subset of 102 participants
had both hyperinsulinemic-euglycemic and hyperglycemic clamps to measure
in vivo insulin sensitivity, insulin secretion, and B-cell function relative to insulin
sensitivity.

Results: Compared with the Early-peak group, the Late-peak group had impaired
B-cell function relative to insulin sensitivity, lower glucose-dependent insulinotropic
polypeptide-AUC, and higher FFA-AUC despite higher insulin- and C-peptide-AUC.
They also had lower hepatic and peripheral insulin sensitivity despite similar percent
body fat and visceral adipose tissue, and had higher prevalence of impaired glucose
tolerance (all P < .05).

Conclusions: In obese non-diabetic youth, those with a Late-peak vs an Early-peak
glucose during an OGTT showed diminished p-cell function, blunted incretin secre-
tion, and lower insulin sensitivity of glucose and FFA metabolism. It remains to be
determined if Late-peak glucose predicts the future development of type 2 diabetes

in these high-risk youth.
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KIM ET AL

1 | INTRODUCTION

The oral glucose tolerance test (OGTT) is a screening tool for glucose
intolerance identifying diabetes and prediabetes, which includes
impaired fasting glucose (IFG) and impaired glucose tolerance (IGT), a
state of heightened risk for future type 2 diabetes.! However, use of
single cut-points for IFG and IGT to predict the development of type
2 diabetes has been limited as prospective epidemiological studies in
adults demonstrated that only one-half of prediabetic individuals
eventually convert to type 2 diabetes.>® For this reason, there is
increasing interest in finding novel biomarkers derived from the OGTT
that can identify metabolic abnormalities beyond fasting and 2-hour
glucose concentrations. Such emerging risk indicators include OGTT-

9-11

glucose-response-curve,*® 1-hour glucose concentration, and

OGTT-time-to-glucose-peak (at 30 minutes vs >30 minutes) 81214

A recent study in normoglycemic adults tested reproducibility of
the aforementioned markers and suggested that the timing of the glu-
cose peak during an OGTT shows higher intra-subject reproducibility
(k coefficient 0.76) compared with other indicators including glucose-
response-curve (k coefficient 0.35) or 1-hour glucose concentration
(k coefficient 0.64).1> As a result, the OGTT-time-to-glucose-peak has
been considered a reliable indicator of type 2 diabetes risk.51217 |n
adults, delayed timing of the glucose peak (occurring after 30 minutes
during an OGTT) compared with Early-peak (occurring at 30 minutes)
is associated with lower insulin sensitivity, impaired insulin secretion,
and higher risk for prediabetes and type 2 diabetes.®121316 However,
it remains unknown if the OGTT-time-to-glucose-peak reflects dis-
tinct responses in incretin hormones and free fatty acid (FFA) concen-
trations; especially since incretins and adipose insulin resistance are
important pathophysiological components of type 2 diabetes.'®21
Additionally, most studies have not used sensitive measures of in vivo
insulin sensitivity or p-cell function, rather used OGTT-derived surro-

gate estimates.}21517

Furthermore, data are very sparse in
pediatrics.**

Therefore, the purpose of this study was to investigate differ-
ences in (a) clamp-measured biomarkers of type 2 diabetes (ie, hepatic
and peripheral insulin sensitivity, and p-cell function), (b) adipose tis-
sue insulin resistance, and (c) OGTT-incretin responses by the OGTT-
time-to-glucose-peak, Early-peak (at 30 minutes) vs Late-peak

(>30 minutes).

2 | METHODS

21 | Participants

Data from 278 non-diabetic adolescents (138 African American,
140 American White; ages 10 to <20 years; Tanner stages II-V), who
participated in our National Institutes of Health-funded K24 Grant of
Childhood Insulin Resistance, from January 2004 to October 2012,
were examined. Data resulting from this grant but unrelated to the
OGTT-time-to-glucose-peak have been published.”?22°> There were

29 who were overweight with BMI 285th percentile for age and sex

but <95th and 249 obese with BMI 295th percentile. From here on
we will refer to the overweight and obese youth as “obese” for sim-
plicity purposes. There were 214 participants with normal glucose tol-
erance (NGT), and 64 with IGT. Participants were recruited through
newspaper advertisements, flyers posted in the medical campus, city
bus routes and the outpatient clinics in the Weight Management and
Wellness Center and the Division of Pediatric Endocrinology. The
study was approved by the Institutional Review Board of the Univer-
sity of Pittsburgh, and written informed parental consent and child
assent were obtained from all participants before any research proce-
dures in accordance with the ethical guidelines of Children's Hospital
of Pittsburgh.

2.2 | Procedures

All procedures were performed at the Pediatric Clinical and Transla-
tional Research Center (PCTRC) of Children's Hospital of Pittsburgh.
All participants underwent medical history, physical examination, and
hematologic and biochemical tests. Height and weight were assessed
to the nearest 0.1 cm and 0.1 kg, respectively, and used to calculate
body mass index (BMI). Pubertal development was assessed using
Tanner criteria.?® Body composition was evaluated with DEXA for the
measurement of total body fat mass and percent body fat. Abdominal
visceral adipose tissue was assessed by either magnetic resonance
imaging (MRI) or computed tomography (CT) at L4.5 intervertebral
space.”?” The switch from CT to MRI was imposed by the study
section during the competitive grant renewal process. Note that

1?8 demonstrated strong correlation (r = 0.89-0.95)

Klopfenstein et a
and good agreement (ie, very small average difference) between CT

and MRI for the measurement of abdominal adipose tissue.

2.3 | Metabolic studies
After 10 to 12 hours of overnight fasting, participants underwent a
2-hour OGTT (1.75 g/kg, maximum 75 g).”?* Blood samples were
obtained at —15, 0, 15, 30, 60, 90 and 120 minutes for the measure-
ment of glucose, insulin, C-peptide, FFA, glucose-dependent
insulinotropic polypeptide (GIP), total glucagon-like peptide 1 (GLP-1),
and glucagon. Fasting blood samples were obtained for the determi-
nation of lipid profile and HbA1c.

Of the total 278 participants, either the day after the OGTT or on
a separate visit within a 1- to 4-week period, a subset of 102 partici-
pants (68 NGT and 34 IGT) were admitted twice to the PCTRC for a
hyperinsulinemic-euglycemic clamp to assess in vivo insulin sensitiv-
ity, and a hyperglycemic clamp to assess insulin secretion, performed
in random order.?? Each clamp evaluation was performed after a 10-
to 12-hour overnight fast. Fasting hepatic glucose production was
measured before the start of the hyperinsulinemic-euglycemic clamp,
with a primed (2.2 pmol/kg) constant infusion of [6,6-2H,]glucose at
0.22 pmol/kg/min for a total of 2 hours as described.?’ After the

2-hour baseline isotope infusion period, in vivo insulin sensitivity was
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evaluated during a 3-hour hyperinsulinemic (80 mu/m?/min)-
euglycemic clamp (100 mg/dL).?’ First- and second-phase insulin
secretions were assessed during a 2-hour hyperglycemic (225 mg/dL)
clamp as described before.?? Plasma glucose was increased rapidly to
225 mg/dL by a bolus infusion of dextrose and maintained at that
level by a variable rate infusion of 20% dextrose for 2 hours, with fre-

quent measurement of glucose and insulin concentrations.

24 | Biochemical measurements

During the 2-hour OGTT, blood was collected in chilled aprotinin/
EDTA tubes for insulin, C-peptide and glucagon measurements.
Dipeptidyl peptidase-4 inhibitor (10 pL, Catalog no. DPP4; Millipore,
St. Charles, Missouri) was added before sampling to the aprotinin/
EDTA tubes to prevent the enzymatic degradation of FFA, GIP, and
total GLP-1. Blood samples were immediately separated in a refriger-
ated centrifuge. Plasma samples were divided into aliquots and stored
at —80°C until analysis. Plasma glucose was determined by the glu-
cose oxidase method using a glucose analyzer (Yellow Springs Instru-
ment Co., Yellow Springs, Ohio), and insulin, C-peptide and glucagon
by commercially available radioimmunoassay (Millipore), as previously
reported.” FFA was determined using enzymatic colorimetric methods
with a Wako (non-esterified fatty acids) NEFA-HR test kit (Wako,
Osaka, Japan). GIP was measured on the Luminex 200 IS (Luminex,
Austin, Texas) using a two-plex human gut hormone MILLIPLEX kit
(Catalog no. HGT-68K-02; Millipore) as described before.?* Total
GLP-1 was measured on a microplate reader (BioTek, Winooski, Ver-
mont) using a multispecies total GLP-1 ELISA kit (Catalog
no. EZGLP1T-36K; Millipore)?! HbAlc was measured by high-
performance liquid chromatography (Tosoh Medics, Inc., San Fran-
cisco, California). Plasma lipid concentrations were determined using

the standards of the Centers for Disease Control and Prevention.?’

2.5 | Classification of Early-peak vs Late-peak

The time-to-glucose-peak was defined as the time point when the glu-
cose concentration was highest (30, 60, 90 or 120 minutes) during an
OGTT. Youth with a glucose peak occurring at 30 minutes or earlier
are classified as an “Early-peak” group while those with a glucose peak
occurring after 30 minutes (ie, 60, 90 or 120 minutes) were catego-

rized as a “Late-peak” group.

2.6 | Calculations

OGTT-area under the curve (AUC) for glucose, insulin, C-peptide,
FFA, GIP, total GLP-1, and glucagon was calculated with the use of
the trapezoidal method. For the total cohort, insulin sensitivity was
estimated by the homeostasis model assessment for insulin sensitivity
(HOMA-IS) which is the reciprocal of HOMA-IR (HOMA2 Calculator
at http://www.dtu.ox.ac.uk). Adipose tissue insulin resistance

(Adipose-IR) was calculated as fasting insulin x fasting FFA concentra-
tions.2%%°  Early-phase insulin secretion during the OGTT (ie,
insulinogenic index) was calculated as: Ainsulin (0-30 minutes)/
Aglucose (0-30 minutes) as previously described.?* Oral disposition
index (oDI) which represents p-cell function relative to insulin sensitiv-
ity was calculated as the product of HOMA-IS X insulinogenic
index.2*

For the subset of participants who underwent both clamp proce-
dures, fasting hepatic glucose production was calculated during the
last 30 minutes of the baseline 2-hour isotope infusion (=30 to
0 minutes) according to steady-state tracer dilution equations.?’
Hepatic insulin sensitivity was calculated as the inverse of the product
of hepatic glucose production and fasting plasma insulin concentra-
tion.2?? Insulin-stimulated glucose disposal (Rq) was calculated to be
equal to the rate of exogenous glucose infusion during the final
30 minutes of the hyperinsulinemic-euglycemic clamp. Peripheral
insulin sensitivity was calculated by dividing the Ry by the steady-
state clamp insulin concentration multiplied by 100.%° During the
hyperglycemic clamp, first- and second-phase insulin concentrations

were calculated as before 25?7

B-cell function relative to insulin sensi-
tivity, that is, the disposition index (DI), was calculated as the product
of insulin sensitivity, measured by the hyperinsulinemic-euglycemic
clamp, and first-phase insulin secretion measured during the hypergly-

cemic clamp.?2232529

2.7 | Statistical analysis

Independent sample t tests and chi-square analyses were used to
compare physical and metabolic characteristic between the Early-peak
(glucose peak at 30 minutes) and the Late-peak (glucose peak
>30 minutes) groups. Analysis of covariance was used to compare
groups after adjusting for potential confounding effects (BMI, total
body fat mass, and glycemic status). Repeated-measures analysis of
variance was used to assess differences in OGTT parameters at each
time point during the test. Data that did not meet the assumptions for
normality were logio transformed; untransformed data are presented
for ease of interpretation. Data were analyzed using PASW 21.0 sta-
tistical software package with significance set at P < .05. Data are
mean = SEM.

3 | RESULTS

3.1 | Physical and metabolic characteristics of the
total OGTT cohort: comparison of Early-peak vs Late-
peak groups

Based on the time-to-glucose-peak during the 2-hour OGTT, 142 par-
ticipants (51%) were classified as Early-peak (by 30 minutes); 4 at
15 minutes and 138 at 30 minutes, and 136 (49%) were categorized
as Late-peak (>30 minutes); 107 at 60 minutes, 19 at 90 minutes, and
10 at 120 minutes (Figure S1). Physical and metabolic characteristics
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TABLE 1 Physical and metabolic characteristics of 278 participants grouped into Early-peak vs Late-peak based on OGTT-glucose-time-

to-peak
Variables Early-peak (n = 142) Late-peak (n = 136) P-value
Physical characteristics
Age (y) 14.7 £ 0.2 149 £ 0.2 378
Race (n, AA/AW) 68/74 70/66 .631
Sex (n, male/female) 59/83 43/93 106
Tanner (n, II/11/1V/V) 5/19/19/99 2/13/17/104 472
BMI (kg/m?) 34.1+0.6 36.3+0.6 .006
BMI percentile 97.5+0.2 97.9 £0.2 247
Total body fat mass (kg) 39.7+11 438+ 1.2 .022
Percent body fat (%) 423 +£0.6 43.8 £ 0.6 157
Visceral adipose tissue (cm?) 65.4+28 71535 190
Metabolic characteristics
Glycemic status (n, NGT/IGT) 125/17 89/47 <.0001
HbA1c (%) 5.44 £ 0.06 5.44 £ 0.04 .935
HbA1c (mmol/mol) 35.91 + 0.69 35.92 £ 0.45
Cholesterol (mg/dL) 1525+2.9 1498 £ 2.5 .654
Triglyceride (mg/dL) 968 +4.6 101.5+4.9 .205
HDL (mg/dL) 50.2+23 47018 272
LDL (mg/dL) 86.1+2.7 83.1+26 496
VLDL (mg/dL) 19.7 £ 0.9 19.6 £ 0.9 .619
Fasting- and OGTT-based parameters
Fasting glucose (mg/dL) 89.7+0.6 89.4+0.7 578
Fasting insulin (pU/mL) 259+11 34.3+20 .0042
Fasting C-peptide (ng/mL) 28+0.1 34+0.1 .006?
2-hour glucose (mg/dL) 1185+ 1.4 130.2+£2.0 <.00012
2-hour insulin (pU/mL) 140.0 £ 9.9 217.8 +14.3 <.0001%°
2-hour C-peptide (ng/mL) 9.1+0.3 120+ 0.6 <.00012P
Glucose AUC (mg/dL/h) 14 741.9 + 1453 15959.0 + 193.3 <.0001%°
Insulin AUC (pU/mL/h) 18 726.6 + 1023.4 22 251.9 £ 1210.1 .048
C-peptide AUC (ng/mL/h) 1048.5 + 36.4 1211.1 £ 42.6 .005%
FFA AUC (mmol/L/h) 16.9 +0.7 19.9+0.8 .0032P
GIP AUC (pg/mL/h) 22 625.9 +770.2 19 700.9 + 668.3 .006%P
Total GLP-1 AUC (pmol/L/h) 1702.0 + 100.4 1770.8 £ 101.7 465
Glucagon AUC (pg/mL/h) 6473.6 +210.0 6493.2 +217.9 816
HOMA-IS 0.23+0.01 0.20 £ 0.01 .006?
Insulinogenic index (pU/mL/mg/dL) 4.38 +0.28 3.69 +0.27 04320
oDI (HOMA-IS x insulinogenic index) 0.86 + 0.06 0.61 +0.05 <.0001%°
Adipose-IR (pU/mL x mmol/L) 72+0.6 10.0 £ 0.7 <.0001%

Note: Values are mean + SEM. Visceral adipose tissue data were available on 233 (126 vs 107). Total n for FFA is 251 (140 vs 121), for GIP is 252 (129 vs
123), for total GLP-1 is 244 (128 vs 116), for glucagon is 275 (141 vs 134).

Abbreviations: AA, African American; AUC, area under the curve; AW, American White; BMI, body mass index; FFA, free fatty acid; GIP, glucose-
dependent insulinotropic polypeptide; GLP-1, total glucagon-like peptide 1; HDL, high-density lipoprotein; HOMA-IS, homeostasis model assessment for
insulin sensitivity; IGT, impaired glucose tolerance; LDL, low-density lipoprotein; NGT, normal glucose tolerance; NS, not significant; oDI, oral disposition
index; OGTT, oral glucose tolerance test; VLDL, very low-density lipoprotein.

2P < .05 after adjusting for BMI and total body fat mass.

bp < .05 after adjusting for glycemic status, BMI, and total body fat mass.
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of all participants categorized into the Early-peak vs the Late-peak
groups are presented in Table 1. The two groups were similar in
age, race, sex, Tanner stage, BMI percentile, percent body fat, vis-
ceral adipose tissue and lipid profile, and different in BMI and total
body fat mass, higher in the Late-peak vs the Early-peak group
(Table 1).

Despite similar HbAlc and fasting glucose, the prevalence of IGT
was higher in the Late-peak (35%) vs the Early-peak (12%) group
(Table 1). Participants in the Late-peak group exhibited higher 2-hour
glucose, higher fasting and 2-hour insulin and C-peptide concentra-
tions, lower HOMA-IS, lower insulinogenic index, lower oDI, and
higher Adipose-IR compared with those in the Early-peak group
(Table 1). With respect to OGTT-AUC, the Late-peak group had higher
glucose-AUC and FFA-AUC, despite higher insulin- and C-peptide-
AUCs. Further, the Late-peak group had lower GIP-AUC compared
with the Early-peak group with no differences in total GLP-1 and glu-
cagon AUCs (Table 1). All significant differences in metabolic parame-
ters, with the exception of insulin-AUC, were independent of BMI and
total body fat mass (Table 1). Similar results were obtained after
adjusting for glycemic status in addition to BMI and total body fat
mass (Table 1). Furthermore, when the dataset was restricted to only
those participants with NGT, the Late-peak group had significantly
higher glucose-AUC, 2-hour insulin and C-peptide, fasting FFA and
FFA-AUC, Adipose-IR and lower fasting and 2-hour GIP and GIP-
AUC, and oDI compared with the Early-peak group (data not shown).

Figure 1A-F displays the OGTT response for glucose (1A), insulin (1B),
C-peptide (1C), FFA (1D), GIP (1E), and total GLP-1 (1F) in each of the
Early-peak vs the Late-peak groups.

3.2 | Clamp measured in vivo insulin sensitivity,
insulin secretion and B-cell function relative to insulin
sensitivity in Early-peak vs Late-peak groups

Of the 102 participants with all three tests, the OGTT, the
hyperinsulinemic-euglycemic and the hyperglycemic clamps, 49 (48%)
were classified into the Early-peak group and 53 (52%) into the Late-
peak group. The pattern of differences in physical and metabolic char-
acteristics between the two groups was similar to the total cohort:
elevated prevalence of IGT, and higher 2-hour glucose, glucose-AUC
and 2-hour insulin in the Late-peak compared with the Early-peak
groups before and after adjustment for BMI and total body fat mass
(Table S1). After adjusting for glycemic status in addition to BMI and
total body fat mass, fasting GIP concentration was still significantly
lower in the Late-peak vs the Early-peak (Table S1).

When the Early-peak vs the Late-peak groups were compared
with respect to clamp-based parameters, participants in the Late-peak
group had lower hepatic and peripheral insulin sensitivity (Figure 2A,
B). B-cell function relative to insulin sensitivity, that is, DI was signifi-
cantly lower in the Late-peak vs the Early-peak groups (Figure 3A),
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FIGURE 1 Glucose (A), insulin (B), C-peptide (C), FFA (D), GIP (E) and total GLP-1 (F) responses during a 2-hour OGTT in Early-peak (open
squares and dashed lines) and Late-peak (filled circles and solid lines) groups. For simplicity purposes, the 15 minutes time point of the OGTT is

not shown. *P < .05, **P < .01, ***P < 001
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after adjusting for BMI and total body fat mass

with lack of compensation of first- and second-phase insulin secretion
(first phase: 244.3 +26.7 vs 231.9 £ 26.7 pU/mL; second phase:
312.2+31.2 vs 279.7 +20.7 pU/mL, Late-peak and Early-peak,
respectively). The best-fit hyperbolic relationship between insulin
sensitivity and first-phase insulin secretion showed a shift to the
left toward the origin in the Late-peak compared with the Early-
peak groups (Figure 3B). The significant differences in clamp-
measured parameters persisted after adjusting for BMI and total
body fat mass, with a borderline significance for peripheral insulin
sensitivity (Figures 2 and 3). The significant difference in hepatic
insulin sensitivity between the two groups remained even after
adjusting for glycemic status (ie, NGT vs IGT) in addition to BMI
and total body fat mass. This was not the case for peripheral insulin

sensitivity.

4 | DISCUSSION
The present investigation of obese adolescents without type 2 diabe-
tes reveals that a Late-peak (glucose peak >30 minutes) vs Early-peak
(at 30 minutes) OGTT-glucose pattern harbors risk biomarkers of type
2 diabetes characterized by: (a) impaired p-cell function relative to
insulin sensitivity, (b) lower in vivo hepatic and peripheral insulin sen-
sitivity, (c) worse adipose tissue insulin resistance with higher FFA
concentrations despite higher prevailing insulinemia, (d) lower GIP
response during the OGTT with no differences in GLP-1 and glucagon,
and (e) higher prevalence of IGT.

Studies in adults demonstrated that delayed timing of the glucose
peak represents worse pathophysiological markers of type 2 diabetes

characterized by insulin resistance and lower DI in both non-diabetic
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individuals®'® and those with type 2 diabetes.'” These cross-sectional
observations were confirmed longitudinally in postpartum women,
showing that both a shift of the glucose peak to a later time point
(>30 minutes), and a consistently delayed glucose peak was associated
with declining p-cell function and worsening glucose tolerance over
time.'® The Relationship between Insulin Sensitivity and Cardiovascu-
lar Disease (RISC) study, using a novel latent class trajectory analysis
of heterogeneous OGTT glucose response patterns at baseline and
after 3 years of follow up, reported that time-to-glucose-peak was
almost exclusively determined by insulin sensitivity.® Our findings in
pediatrics concur with the cross-sectional observations in adults, but
differ from the RISC results in that both insulin sensitivity and p-cell
function are impaired in obese adolescents with Late-peak vs Early-
peak glucose. The reasons behind this are likely multifactorial includ-
ing: (a) RISC used five different classes of time-to-glucose-peak while
we and all the other studies used two classes. Such detailed classifica-
tion, while possible with their large number of participants (n = 1566),
is not possible with our numbers and (b) different age groups, adults
in RISC and adolescents in ours. Recently our group®! and the Restor-

3233 showed that obese adolescents

ing Insulin SEcretion (RISE) study
with IGT or recent onset type 2 diabetes are 50% more insulin-
resistant compared with their obese adult counterparts. This worse
insulin resistance in youth may inflict a greater burden on a “vulnera-
ble” B-cell, hence our observation that both insulin sensitivity and
B-cell function are impaired in the Late-peak vs the Early-peak group.
Lastly, the BMI of our youth was remarkably higher (median 34.7 kg/
m?) than the median BMI of RISC adults (25.1 kg/m?). This higher BMI
in youth might impose a further accentuation in their insulin resis-
tance, resulting in an impaired balance between insulin sensitivity and
insulin secretion.

Compared to the wealth of publications in adults with respect to
the timing of the glucose peak, we identified only a single publication
in pediatrics.X In that study, the OGTT of overweight/obese girls with
polycystic ovary syndrome (PCOS) showed an association between
the Late-peak of glucose and increased risk for type 2 diabetes
reflected in higher prevalence of prediabetes (combined IFG and IGT),
and lower oDlI, derived from Matsuda index.}* However, contrary to
the OGTT data, their subgroup analysis of girls who underwent
hyperinsulinemic-euglycemic clamp showed no differences in tissue-
specific insulin sensitivity (adipose, hepatic, and peripheral) between
the Early-peak (n = 11) vs the Late-peak (n = 21) groups. This con-
trasts with our hyperinsulinemic-euglycemic clamp data in 102 non-
diabetic obese adolescents, exhibiting that adolescents with a glucose
peak >30 minutes during the OGTT have lower hepatic and peripheral
insulin sensitivity, without adequate compensation in first- and
second-phase insulin secretion, resulting in impaired f-cell function,
compared with those whose glucose peak occurred at 30 minutes.
This disparity in risk biomarkers between the Early-peak and Late-
peak groups was present despite similar adiposity parameters, includ-
ing BMI percentile, percent body fat and abdominal visceral adiposity,
and despite similar fasting glucose concentration and HbA1lc. The
diminished DI or the p-cell function relative to insulin sensitivity in the

Late-peak group is considered the most powerful metabolic predictor

for the future development of type 2 diabetes.®>*3> Our OGTT-based
data in the total cohort were consistent with our clamp-based data
showing lower HOMA-IS, lower insulinogenic index and lower oDl in
the Late-peak vs the Early-peak groups. The discrepancy between our
findings and the only other pediatric study in the literature'* may
stem from differences in study population, only girls (54 with PCOS)
in the latter study vs obese boys and girls in ours (n = 278), diverse
ethnicity in the latter study (white, black, Hispanic, biracial) vs bal-
anced representation of whites and blacks in ours, and the number of
participants who had hyperinsulinemic-euglycemic clamp data across
the two studies. Additional studies in pediatrics are needed to confirm
or negate the scarce pediatric literature. More importantly, however,

3233 any assumption that

with the recent emergence of the RISE data,
a scientific phenomenon in youth will be similar to what is published
in adults, not warranting investigations in youth, will be doing the sci-
entific community a disfavor. Confirming or repudiating the existing
observations in adults as compared with youth is crucial.

Our current investigation expands knowledge in several novel
aspects including adipose insulin resistance, and incretin hormone dif-
ferences between the Early-peak and the Late-peak groups. Adoles-
cents in the Late-peak vs the Early-peak groups had higher FFA-AUC
despite higher insulin-AUC, suggestive of blunted regulation of lipoly-
sis by insulin and confirmatory of insulin resistance of lipid metabo-
lism.%® Given our previous observation that acute elevation of FFA
induces insulin resistance and deterioration of p-cell function relative
to insulin sensitivity in youth,3”%8 it could be postulated that the insu-
lin resistance and the worse B-cell function in the Late-peak group
might be consequent to elevated FFA and lipotoxicity. Whether adi-
pose tissue insulin resistance is also present in adults with Late-peak
vs Early-peak glucose, or is unique to youth has not been
investigated.

Our finding of lower insulinogenic index during the OGTT in the
Late-peak vs the Early-peak groups, but similar first- and second-
phase insulin during the hyperglycemic clamp between the two
groups, supports the postulate that factors triggered by oral glucose
ingestion, such as defective secretion and/or action of incretin hor-
mones could play a role. In line with such a theory, our data showed
that youth in the Late-peak group have ~13% lower GIP secretion
during the OGTT compared with those in the Early-peak group, while
the only other pediatric study showed blunted GLP-1 secretion in
obese PCOS girls with glucose peak >30 minutes.'* Inconsistent find-
ings of GIP and GLP-1 responses in relation to the timing of the
glucose-peak between ours and the only other pediatric study* might
be influenced by the fact that the number of participants with predia-
betes in the Late-peak group in our study (35%) was lower than that
of the others (52%). Differential enhancement and/or attenuation of
GIP vs GLP-1 secretion has been reported by varying degree of
weight status and glucose tolerance.?*®” In the present study, a lack
of significant difference in total GLP-1 between the two groups may
result in the absence of glucagon contribution to the OGTT-time-to-
glucose-peak as considering other non-insulinotropic effect of GLP-1
(ie, suppression of glucagon secretion). There was a randomized,
double-blind, placebo-controlled liraglutide trial in adults with type
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2 diabetes. The potential beneficial effect of liraglutide in shifting the
OGTT-time-to-glucose-peak, from later to an earlier peak, did not
reach statistical significance when compared to the placebo group.*®
Additional investigations are much needed to enhance knowledge
with respect to the relationship between incretin hormones and the
OGTT-time-to-glucose-peak. Moreover, given that separate contribu-
tions of GIP and GLP-1 to the potentiation of postprandial insulin
secretion have not been well understood,®® it would be crucial to
examine whether the incretin effect might be different between the
Early-peak vs Late-peak groups despite inconsistent results of incretin
concentrations.

Based on our data and the other pediatric study'* in non-diabetic
youth, the combination of insulin resistance in glucose and lipid
metabolism, p-cell dysfunction, and impaired incretin secretion could
explain the higher prevalence of IGT along with the higher 2-hour glu-
cose concentration, and the higher glucose-AUC and FFA-AUC in the
Late-peak vs the Early-peak groups that we observed. Similar findings
between the Late-peak vs the Early-peak groups, from either sub-
group analysis of NGT participants only or glycemic status adjustment
analysis in the total cohort, suggest that the time-to-glucose-peak
could be an early/sensitive indicator of heightened risk for prediabe-
tes and type 2 diabetes. However, to advance these cross-sectional
observations, prospective studies are needed to investigate the pre-
dictive value of the OGTT-time-to-glucose-peak for future develop-
ment of prediabetes or type 2 diabetes in obese at-risk youth. Adults
with early type 2 diabetes who underwent short-term intensive insu-
lin therapy for 4 to 6 weeks exhibited a shift to an earlier time-to-glu-
cose-peak together with improved p-cell function.> Whether this
holds true in adolescents is questionable, especially that in the RISE
trial glargin for 3 months followed by metformin for 9 months or met-
formin alone was not effective in restoring or preserving p-cell func-
tion in youth.*!

The strengths of the present investigation include: (a) the age of
the participants, with an in depth assessment of OGTT-time-to-glu-
cose-peak in adolescents with balanced inclusion of males and
females, and whites and blacks; (b) a first-time examination of
Adipose-IR in relation to the OGTT-time-to-glucose-peak; (c) the
novel and comprehensive assessment of incretin responses during the
OGTT in relation to OGTT-time-to-glucose-peak; and (d) the use of
the hyperinsulinemic-euglycemic clamp and the hyperglycemic clamp
to measure in vivo insulin sensitivity and insulin secretion relative to
OGTT-time-to-glucose-peak. Potential limitations would be that the
OGTT-time-to-glucose-peak was determined by a single OGTT, which

may have limited reproducibility in youth.*?

Although a recent study
in adults showed that the OGTT-time-to-glucose-peak has good
agreement (73%) on three OGTTs,*® youth-specific investigation on
reproducibility of this marker is warranted. Another perceived but not
founded criticism could be that we previously published on the shape
of the glucose response curve in obese adolescents’ and that there
might be overlap. However, there is no evidence that the OGTT-glu-
cose-response-curve and the time-to-glucose-peak reflect similar

|13

pathophysiological alterations. Chung et al™ examined the time-to-

glucose-peak and the glucose-response-curve simultaneously and

demonstrated that their predictive ability for prediabetes differed. In
their study, a Late-peak vs an Early-peak while associated with
impaired insulin sensitivity and secretion, with a 4-fold increased odds
of prediabetes, the monophasic curve vs biphasic did not show a sig-
nificant predictive ability for prediabetes.*®

Our data in a large number of obese adolescents reveal that the
Late-peak (glucose peak occurring after 30 minutes) heralds risk bio-
markers of youth-onset type 2 diabetes, including poor p-cell function
relative to insulin sensitivity, impaired incretin secretion, global insulin

resistance in glucose and lipid metabolism, and higher prevalence of IGT.
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