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Introduction
The gut produced incretins — glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) — 
are responsible for an almost ~50% increase of  insulin response to orally administered glucose in healthy 
adults (1), accounting for a large portion of  the different insulin response between oral and i.v. glucose load 
(1). This differential response to oral and i.v. glucose load — namely the incretin effect — declines with 
progression of  hyperglycemia to overt diabetes in both youths and adults (2–5). The temporal sequence of  
changes of  hyperglycemia and incretin effect is still debated with conflicting results (6, 7).

We recently demonstrated that youths with obesity and low-incretin effect exhibit reduced β cell function 
as compared with their peers with preserved incretin function, in the absence of  diabetes (8); however, the 
long-term effect of  incretin response on the trajectory of  β cell function and insulin sensitivity (SI) during 
pubertal transition is still unknown.

More than one-third of  U.S. adolescents with obesity have a prediabetes glycemic profile (9, 10), with 
~35% progressing to persistent dysglycemia or overt diabetes during adulthood (11). Unlike the gradual 
prolonged metabolic changes preceding adult-onset type 2 diabetes (T2D), a rapid progression of  dysglyce-
mia and β cell failure in the context of  insulin resistance occurs in youth-onset T2D (12–15) with at least 1 
diabetes complication occurring before the age of  30 years (16). Neverthless, there are no approved drugs 
to treat prediabetes in youths with a temporally limited window of  intervention to prevent diabetes compli-
cations after the disease onset.

The identification of  the metabolic phenotype of  youths with obesity and prediabetes and its natural 
history with respect to β cell function, SI, and the incretin effect is of  pivotal relevance to customize diabe-
tes-preventive strategies targeting the metabolic determinants of  youth-onset diabetes to prevent this disease.

Herein, we explore the longitudinal effect of  the incretin effect on β cell function in a contemporary 
cohort of  adolescents with obesity and prediabetes evaluated during pubertal transition and 2 years later.

In youths with obesity, the gut hormone potentiation of insulin secretion — the incretin effect — is 
blunted. We explored the longitudinal impact of the incretin effect during pubertal transition on 
β cell function and insulin sensitivity. Youths with obesity and 2-hour glucose level ≥ 120 mg/dL 
underwent a 3-hour oral glucose-tolerance test (OGTT) and an isoglycemic i.v. glucose infusion 
to quantify the incretin effect. After 2 years, 30 of 39 participants had a repeated OGTT and 
were stratified into 3 tertiles according to the baseline incretin effect. The high–incretin effect 
group demonstrated a longitudinal increase in β cell function (disposition index, minimal model 
[DIMM]), with greater insulin sensitivity at follow-up and stable insulin secretion (φtotal). A lower 
incretin effect at baseline was associated with higher 1-hour and 2-hour glucose level at follow-up. 
The high–incretin effect group displayed a greater increase of GLP-17–36 than the moderate- and 
low-incretin group at baseline, while such a difference did not persist after 2 years. Glucagon 
suppression was reduced at follow-up in those with low-baseline incretin in respect to the high-
incretin group. The incretin effect during pubertal transition affected the longitudinal trajectory of β 
cell function and weight in youths with obesity.
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Results
Participant characteristics. Thirty out of  39 participants with a baseline assessment of  the incretin effect com-
pleted the follow-up oral glucose-tolerance test (OGTT) after 2.2 ± 0.4 years (12 of  13 from the high-in-
cretin, 10 of  13 from the moderate-incretin, and 8 of  13 from the low-incretin groups). Participants had 
mean ages at baseline of  16.3 ± 2.2 years, 16 were assigned female at birth, and they identified as White (n 
= 5), Black (n = 11), and Hispanic (n = 14). Participants’ characteristics are displayed in Table 1 according 
to the baseline incretin tertile. The 3 groups did not differ with respect to anthropometric and metabolic 
characteristics at baseline and exhibited a similar distribution of  gender and ethnicity. Subjects who did not 
return for the follow-up OGTT did not differ from the analyzed cohort with respect to baseline metabolic 
and anthropometric characteristics (Supplemental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.165709DS1).

While all participants (n = 30) had a 2-hour glucose level ≥ 120 mg/dL at baseline, 17 of the 30 participants 
(57%) maintained a 2-hour glucose level ≥ 120 mg/dL at the follow-up OGTT, with 10 of the 17 exhibiting 
impaired glucose tolerance (IGT) and 1 exhibiting overt diabetes.

The low-incretin group exhibited a higher BMI at follow-up than baseline (P < 0.001) (Table 1), while 
the other 2 groups did not show any statistically significant changes in BMI (P = 0.110 and P = 0.410 for 
the high- and moderate-incretin groups, respectively). Participants were regularly followed up at the obesity 
clinic, and the lifestyle educational interventions did not differ across the 3 groups. None of  the participants 
was on medications affecting SI during the study period.

Glucose, insulin, and C-peptide excursions over time. At baseline, the 3-hour glucose profile was greater in the 
low-incretin group (P = 0.014) than the high-incretin group, as quantified by the linear mixed model analysis, 
whereas the glucose response did not significantly differ between the moderate- and high-incretin groups (P 
= 0.098) (Figure 1A). Conversely, insulin excursion was more pronounced in the high- than the low-incretin 
group (P = 0.009), while there was no difference between the moderate- and high-incretin cohorts (P = 0.831) 
(Figure 1C). C-peptide trajectory during the 3-hour OGTT was not different among the groups at baseline (P 
= 0.885 and 0.297 for the high-incretin versus the moderate- and low-incretin cohorts) (Figure 1E).

As displayed in the right panels of  Figure 1, at follow up, the greater glucose excursion of  the low-incre-
tin group persisted after the oral glucose load (P < 0.013) (Figure 1B) in the absence of  a significant difference 
between the moderate- and high-incretin groups (P = 0.098). The greater glucose increase over the 3-hour 
OGTT was paralleled by higher insulin and C-peptide (Figure 1, D and F) concentrations in the low-incretin 
group compared with the high-incretin cohort (P = 0.003 and P = 0.031 for C-peptide and insulin).

Figure 2 describes the longitudinal changes of  β cell function (disposition index, minimal model [DIMM]), 
SI, and β cell responsiveness (φtotal) in each incretin group as computed through the oral minimal model. 
Those with high baseline incretin effect demonstrated a > 5-times higher DIMM at follow-up compared with 
the baseline (P = 0.034), while it remained unchanged in the medium- and low-incretin effect groups (P = 
0.734 and P = 0.641) (Figure 2A). This difference was associated with an increase of  SI over time (P = 0.034) 
(Figure 2B) and a trend toward a raise of  φtotal (P = 0.077) (Figure 2C) in the high-incretin group.

The cross-group comparison of  follow-up β cell function metrics displayed a greater DIMM (Figure 2A) 
and SI (Figure 2B) in the high-incretin cohort compared with the low-incretin group at follow-up (P = 0.044 
and P = 0.013) in the absence of  difference for the β cell responsiveness (φtotal) (P = 0.235) (Figure 2C).

GLP-17–36 response. At baseline, the high-incretin group displayed a greater fasting GLP-17–36 than the mod-
erate- and low-incretin groups (Figure 3A) (P = 0.077 and P = 0.048), while this difference was not significant 
during the follow-up tests (Figure 3B) (P = 0.899).

The dynamic GLP-17–36 response during the OGTT at baseline and follow-up is displayed in Figure 
3, E–G. The high–incretin effect group displayed a greater percentage increase than the moderate- and 
low-incretin group during the baseline test (P = 0.008 and P = 0.029, respectively). Such a difference did not 
persist at the follow-up OGTT, with blunted excursion across the 3 groups.

Glucagon response. At baseline, fasting glucagon did not differ across the 3 groups (P = 0.465) (Figure 
3C), in spite of  a trending higher glucagon of  the low and moderate incretin in respect to the high incre-
tin. The high-incretin group showed a lower fasting glucagon at follow-up than those with moderate- and 
low-incretin effect (P = 0.025 and P = 0.005, respectively).

While, at baseline, the glucagon excursion during the OGTT did not differ among the 3 groups (Figure 
3C), at follow-up, those in the low-incretin group demonstrated a reduced glucagon decrease compared with 
the high-incretin group (P = 0.049) (Figure 3D). This was mirrored by a reduced percentage suppression of  



3

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(22):e165709  https://doi.org/10.1172/jci.insight.165709

glucagon at follow-up in those with low incretin in respect to the baseline suppression (P = 0.014) as described 
in Figure 3J, while we did not observe significant changes in glucagon suppression with respect to the baseline 
OGTT in those with high- and moderate-incretin effects (P = 0.410 and 0.300) (Figure 3, H and I).

Determinants of  glucose tolerance change over time. In the whole-study cohort, the baseline incretin effect 
was inversely associated with follow-up 1-hour glucose (r = –0.558, P = 0.001) and 2-hour glucose level (r = 
–0.533, P = 0.004), but not with fasting glucose (Figure 4, A–C). Using a multivariate regression analysis, 
the baseline incretin effect was a significant determinant of  follow-up 2-hour glucose level after adjusting 
for baseline fasting and 2-hour glucose level, fasting glucagon, BMI, age, and sex (β = –11.0; P = 0.035). 
The baseline incretin effect of  those with a 2-hour glucose level ≥ 120 mg/dL at the follow-up OGTT was 
~6 times lower than the group returning to 2-hour glucose level (threshold of  120 mg/dL) (45.5% [IQR, 
18.3, 59.9] versus 7.4% [IQR, –1.1, 17.0], P = 0.013) (Figure 4D), while glucose, C-peptide, insulin, and 
glucagon profile did not differ between the 2 groups at baseline.

We estimated that a baseline incretin effect equal to or lower than 16.8% would provide 92% sensitivity 
and 70% specificity to predict a 2-hour glucose level ≥ 120 mg/dL at follow-up in this cohort with an area 
under the ROC curve of  0.890 ± 0.071. Baseline fasting, 2-hour glucose level, and BMI areas under the 
ROC curve for the same binary outcome were smaller than the baseline incretin effect (0.552 ± 0.116, 0.648 
± 0.111, and 0.530 ± 0.121, respectively) (Figure 4E).

Discussion
In this study, for 2 years, we followed-up on 3 groups of  youths with obesity stratified according to the 
incretin effect measured during their pubertal transition by the use of  a matched OGTT and isoglycemic 
venous glucose tolerance test (iso-IVGTT) (1). We demonstrated that a relatively high incretin effect acts 

Table 1. Participant characteristics by baseline incretin effect

High incretin effect 
(n = 12)

Moderate-incretin effect 
(n = 10)

Low-incretin effect 
(n = 8)

Baseline Follow-up Baseline Follow-up Baseline Follow-up
Incretin effect (%) 55 (45, 62) - 16 (7, 21) - –6 (–10, 0.3) -

Gender (F/M/nonbinary) (%) 9/3/0 (69/21/0) 3/7/0 (31/59/0) 4/4/0 (50/50/0)
Ethnicity NHW/NHB/H n (%) 1/5/6 

(8/42/50)
1/5/4 

(10/50/40)
3/1/4 

(37/13/50)
Age (y) 15.7 

(14.5, 17.1)
17.5A 

(16.7, 19.6)
16.2 

(15.0, 17.0)
18.3A 

(17.6, 19.3)
16.3 

(14.0, 19.2)
19.0A 

(16.1 21.1)
Tanner Stage n(%) 

II-III 
IV-V

7 (58) 
5 (42)

0 (0) 
12 (100)

6 (60) 
4 (40)

0 (0) 
10 (100)

6 (75) 
2 (25)

0 (0) 
8 (100)

BMI (kg/m2) 32.5 
(29.8, 40.3)

34.0 
(33.4, 37.5)

37.2 
(35.7, 40.8)

37.6 
(35.5, 42.1)

41.0 
(34.0, 45.3)

44.1A 
(36.8, 48.0)

NGT/preIGT/IGT/T2D n (%) 0/9/3/0 
(67/33/0)

5/3/4/0 
(42/25/33/0)

0/5/5/0 4/1/4/1 
(40/10/40/10

0/4/4/0 
(0/50/50/0)

4/2/2/0 
(50/25/25/0)

Fasting glucose (mg/dL) 89 
(86.5, 95.5)

89 
(85, 97.5)

93 
(88, 96)

88 
(84, 94)

90 
(86.5, 98.5)

91.5 
(84, 97.5)

2h Glucose (mg/dL) 133.5 
(122, 143.5)

118.5 
(106.5, 143)

135.5 
(128, 148)

131 
(117, 150)

133 
(123.5, 155.5)

122 
(115.5, 155)

Fasting insulin (μU/mL) 26.5 
(19.5, 41)

26 
(14,31.5)

40.5 
(28.5, 49)

36 
(22, 41)

29.5 
(15.5, 48.5)

35.5 
(24.5, 42.5)

Fasting C-peptide (pmol/L) 1000 
(850; 1,297)

942.5 
(882; 1,275)

1315 
(1,060, 1,575)

1426 
(985; 1,827)

1064 
(796; 1,513.5)

1374 
(1,210; 1,467.5)

Fasting glucagon (pmol/L) 3.89 
(3.35, 6.12)

6.18 
(3.97, 7.05)

6.72 
(4.19, 12.69)

8.85 
(8.37, 11.69)

5.97 
(3.28, 7.71)

9.31A 
(7.46, 14.56)

Fasting GLP-17–36 (pmol/L) 2.4 
(1.1, 8.2)

12.2 
(5.1, 18.2)

1.5 
(1.0, 26.0)

10.8 
(8.5, 13.8)

2.4 
(1.6, 7.9)

12.4 
(8.1, 19.4)

 
NGT, normal glucose tolerance; pre-IGT, preimpaired glucose tolerance; IGT, impaired glucose tolerance; NHW, non-Hispanic White; NHB, non-Hispanic 
Black; H, Hispanic. AP < 0.05 for paired comparison with baseline values. Only data of participants who completed both baseline and follow-up OGTT 

are reported.
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as a protective factor toward the β cell function over time. Youths with a low-incretin effect maintain a 
low–insulin sensitive phenotype after about 2 years, while a high–incretin effect promotes an increase 
of  SI and, as a consequence, an improvement of  β cell function. Secondly, we investigated the dynamic 
changes of  the active form of  GLP-1 — GLP-17–36 — and glucagon at both baseline and follow-up during 
the OGTT according to the baseline incretin effect. While GLP-1 excursion was preserved at baseline in 
those with a high–incretin effect and more pronounced than the other 2 groups, as expected, this differ-
ence was not detectable at follow-up (Figure 3, E and F), with flattened GLP-1 excursion in the 3 groups. 
This suggests that the protective role of  incretins during the pubertal transition acts as a priming effect 
for long-term β cell function, consistently with the higher DI and SI observed in the high–incretin effect 
group. This observation supports the need for therapeutic interventions preserving the incretin effect 
during pubertal transition.

Glucagon is physiologically suppressed after the oral glucose load; however, an impaired glucagon 
suppression has been described in adults with obesity (17). Herein, we observed that a low-incretin effect 
during pubertal transition is associated with a progressive impairment of  glucagon suppression over time. 
The follow-up measures of  β cell function, active GLP-1, and glucagon suggest that the glucagon suppres-
sion is primary driven by the preserved β cell function instead of  by a contemporary high GLP-1 level.

Our findings are suggestive for the incretin effect to play a priming role during pubertal transition at preserv-
ing β cell function and SI over time, and — even in the absence of an adequate response of GLP-1 at later ages 
— this effect seems to persist and impact both SI and glucagon suppression.

Figure 1. Baseline and follow-up measures of glucose, insulin and C-peptide during the oral glucose tolerance test. 
Glucose, insulin, and C-peptide profile during the OGTT at baseline (left panels) and at follow-up (right panels) accord-
ing to the baseline incretin tertile. Data are represented as median and IQR (25th, 75th percentile). Linear mixed model 
effect analysis has been adopted for comparisons.
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Lastly, the baseline incretin effect demonstrated an inverse linear association with follow-up 1-hour and 
2-hour glucose level, supporting the concept of  a continuous spectrum of  glucose tolerance in youths (18, 
19). We adopted a cutoff  of  120 mg/dL to explore a potential threshold value for the incretin effect as a 
predictor of  long-term glucose tolerance impairment. This is based on previous reports demonstrating that 
youths with a 2-hour glucose level equal or greater than 120 mg/dL exhibit a similar levels of  both insulin 
resistance and β cell dysfunction seen in those with 2-hour glucose level ≥ 140 mg/dL (20). Such a thresh-
old has been associated with a 40% reduction of  β cell function in youths with obesity with respect to their 
healthy peers (20, 21). In our cohort, a low baseline incretin effect was predictive for a 2-hour glucose level 
≥ 120 mg/dL after ~2 years, regardless the other anthropometric and metabolic baseline characteristics. 
This observation suggests that a low-incretin effect might be associated with a higher risk for IGT and overt 
diabetes in adolescents. By adopting the 120 mg/dL cutoff, we identified a clinically significant threshold 
for the incretin effect in youths with obesity. Lean youths without dysglycemia have been shown to exhibit a 
~50% higher insulin secretion during the oral glucose load with respect to the i.v. administration (1, 22, 23); 
thus, a 50% incretin effect is generally considered as “normal” in the absence of  an evidence-based range of  
values. Obesity with normal glucose tolerance, in turn, is associated with an independent reduction of  the 
incretin effect (~25%) (3), while herein, we describe that a lower threshold — 16% — for the incretin effect 
would be able to identify > 90% of  subjects at risk for a 2-hour glucose level of  ≥ 120 mg/dL. This threshold 
is therefore lower than the average incretin effect previously described in youths with obesity and normal glu-
cose tolerance (3). As displayed by this cohort, the baseline metabolic characteristics of  those with a 2-hour 
glucose level < 120 mg/dL versus ≥ 120 mg/dL did not differ with respect to glucose, insulin, and C-peptide, 
but those with a persistent 2-hour glucose level ≥ 120 mg/dL exhibited an early defect of  incretin effect that, 
therefore, predates the change in glucose trajectory and the β cell function longitudinal decline.

The main limitation of  this study stands in the absence of  a longitudinal assessment of  incretin effect 
trajectory by the matched iso-IVGTT. However, the longitudinal measure of  the active form of  the GLP-1, 
supports the hypothesis that a priming effect of  higher peripubertal higher GLP-1, may provide a persistent 
metabolic benefit with respect to β cell function and SI. The absence of  a measure of  other incretins, such 
as GIP, is an additional limitation of  this study. We did not record detailed dietary intakes of  the 3 groups 
over 2 years; however, since they were regularly followed at the same obesity clinic, we do not expect addi-
tional confounders and we may infer that the low-incretin effect, per se, might have favored weight gain. 
The limited numerosity of  the groups prevented additional analyses to evaluate the role of  other variables 
— including ethnicity and sex — in the longitudinal progression. Existing evidence from our group and 
others suggests ethnicity as a major determinant of  disease progression and the incretin response in youths 
with obesity (11, 24).

Figure 2. Oral minimal model derived indices of β cell function at baseline and follow-up. (A–C) Baseline and follow-up β cell function (DIMM), insulin sen-
sitivity (SI), and β cell responsiveness (φtotal) at baseline and follow-up in those with high-, moderate- and low-incretin baseline effect. Data are represent-
ed as median and IQR. P < 0.05. Kruskal-Wallis test has been adopted for comparisons.
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In conclusion, we demonstrated that a low-incretin effect predates worsening of  glucose trajectory over 
time and is longitudinally associated to a lower SI and higher fasting glucagonemia in youths with obesity.

Methods
We studied youths with obesity followed at the Yale Pediatric Obesity Clinic and participants enrolled in 
the “Yale Study of  the Pathophysiology of  Prediabetes/T2D in Youth” who had body mass index (BMI) > 
85th percentile for age and sex, age 8–21 years, and 2-hour glucose level ≥ 120–139 mg/dL.

Exclusion criteria included the use of  medications affecting glucose metabolism, a diagnosis of  syn-
dromic obesity, or the participation in clinical trials including a structured dietary or exercise-based inter-
vention.

At baseline, participants underwent an OGTT (25) and a matched iso-IVGTT, which reproduced the 
same plasma glucose profile observed during the OGTT to quantify the incretin effect. The differential 

Figure 3. GLP-1 and glucagon response during the OGTT at baseline and follow-up. (A–D) Baseline and follow-up GLP-17–36 (A and B) and glucagon (C and 
D) for the high-, moderate, and low-incretin groups. (E–G) Percentage increase from basal for GLP-1(7–36) at baseline and follow-up visits for the high- (E), 
moderate- (F), and low-incretin effect (G) during the OGTT. (H–J) Percentage increase from basal for glucagon at baseline and follow-up visits for the high- 
(H), moderate- (I), and low-incretin effect (J) during the OGTT. Data are represented as median and interquartile ranges (25th, 75th percentile).
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insulin secretion between the OGTT and the iso-IVGTT represents the estimated incretin effect with a 
higher secretion during the OGTT versus the iso-IVGTT being associated with a higher incretin effect.

After 2 years, the OGTT was repeated to evaluate β cell responsiveness, SI, and glucose tolerance sta-
tus. Tanner stage was determined by a pediatric endocrinologist based on breast development in girls and 
genitalia development in boys at baseline and follow-up (26, 27).

The baseline characteristics of  the original cohort have been described previously (8).

Procedures and calculations
OGTT. Subjects were admitted to the Yale Center for Clinical Investigation (YCCI) at 8 a.m. after a 12-hour 
overnight fast. After the local application of  a topical anesthetic cream (Emla, Astra Zeneca), 1 antecubital 
i.v. catheter was inserted for blood sampling. Two baseline samples were then obtained for measurements 
of  plasma glucose, insulin, C-peptide, and glucagon. Thereafter, flavored glucose in a dose of  1.75 g per 
kilogram of  body weight (up to a maximum of  75 g) was given orally, and blood samples were obtained at 
10, 20, 30, 60, 90, 120, 150, and 180 minutes for the measurement of  plasma glucose, insulin, C-peptide, 
and glucagon. Glucose samples were immediately processed at the bed side using a YSI2700-STAT-Ana-
lyzer (Yellow Springs Instruments).

Figure 4. The incretin effect during pubertal transition on longitudinal glucose metrics and BMI. (A–C) Linear regression analysis of incretin effect and fast-
ing (A), 1-hour (B), and 2-hour (C) glucose. Data are represented as naturally log-transformed measures. Linear regression analysis r and P value are reported 
per each variable. (D) Baseline incretin effect by 2-hour glucose level at follow-up. Data are expressed as median and IQR (25th, 75th). Kruskal-Wallis test 
has been adopted for comparison. (E) ROC analyses for the binary outcome 2-hour glucose level of ≥ 120 mg/dL at follow-up. The analysis includes baseline 
incretin effect, baseline fasting, and 2-hour glucose level and baseline BMI as predictors.
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Iso-IVGTT. Detailed methods of  the iso-IVGTT have been reported previously (8). Briefly, participants 
were admitted within 1 week after the baseline OGTT for an i.v. infusion of  dextrose (20%) used to repro-
duce the plasma glucose profile observed during the OGTT. Frequent adjustments of  glucose infusion 
based on plasma glucose sampling every 5 minutes were adopted to match the profile of  the OGTT.

Glycemic status. In accordance with the American Diabetes Association criteria (28), IGT as a 2-hour plas-
ma glucose level between 140 and 199 mg/dL. Pre-IGT status was defined as a 2-hour glucose level of  120–
139 mg/dL as previously described (20, 21). Individuals with T2D at baseline were excluded from this study.

Biochemical analysis. Plasma insulin was measured by radioimmunoassay (Linco) that has < 1% 
cross-reactivity with C-peptide and proinsulin. Plasma C-peptide levels were determined with an assay 
from Diagnostic Product. Plasma glucagon was measured with the Mercodia Glucagon ELISA (Winston).

The active form of  GLP-1 (GLP-17–36) was measured by radioimmunoassay (EMD Millipore) with 
0.1% cross-reactivity with GLP-17–37 and GLP-11–37 or other peptides such as human GLP-2, glucagon, 
human GIP, or vasoactive intestinal peptide.

β Cell function in insulin secretion and SI. Cell function and its components were reported by using both 
the minimal model estimates. The oral minimal model expresses β cell function (DIMM) as the product of  
the φtotal term — based on 9-point measures of  plasma glucose and C-peptide during the 3-hour OGTT — 
and the SI quantified from plasma glucose and insulin during the 3-hour OGTT (29, 30). The computation-
al procedure to estimate the φtotal and SI terms has been previously described (8, 29) and was implemented 
in the SAAM-II 2.3 software (SAAM Institute).

The baseline incretin effect was calculated as the ratio of  the difference between the AUC of  insulin 
secretion during the oral (AUC-SROGTT) and the isoglycemic venous (AUC-SRiso-IVGTT) glucose tolerance 
test, over the AUC-SROGTT and expressed as percentage value (1, 8, 31). A higher value corresponds to a 
higher insulin secretion during the oral with respect to the i.v. test, thus quantifying a higher incretin effect.

Statistics
Data were summarized using median (25th percentile, 75th percentile) for continuous variables and count 
(percentage) for categorical variables.

The original cohort (n = 39) was stratified by the baseline incretin effect into 3 tertiles: high- (>66th percen-
tile), moderate- (33rd-66th percentile), and low-incretin (<33rd percentile) effect tertile. The high–incretin effect 
group was adopted as the comparison term during the analyses (high- versus moderate-incretin and high- versus 
low-incretin effect group). Paired intragroup analyses were conducted to compare follow-up and baseline values.

Time-series from the OGTT measurements (glucose, C-peptide, insulin, glucagon, and GLP-17–36) were 
analyzed by linear mixed-model effect. The GLP-17–36 response was additionally evaluated with respect to 
the baseline value (at time 0) and expressed as a percentage increase from baseline at each time point to nor-
malize the distribution within the cohort.

A linear regression analysis was adopted to test the relationship between baseline incretin effect and 
fasting, 1-hour, and 2-hour glucose level at follow-up, after adjustment for age, BMI, and sex (32, 33). Tanner 
stage was collinear with age.

Continuous variables were compared using the Kruskal-Wallis test, followed by post hoc pair-wise 
Mann-Whitney U test. Categorical variables were compared using the χ2 test.

ROC curve analysis was also used to seek for the optimal cut point of incretin effect to predict a 2-hour 
glucose level equal or greater than 120 mg/dL at follow-up. The choice of 120 mg/dL as a threshold was based 
on available evidence for a decline of β cell function starting above 120 mg/dL in youths with obesity (10, 20).

The analyses have been conducted only for participants who returned for the follow-up assessment.
Analyses were performed using STATA.13 software (StataCorp) and Prism 8.0 (GraphPad Software).

Study approval
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.

Data availability
Anonymized data generated during the tests and the codes for the model identification adopted in SAAMII 
to compute the oral minimal model indices will be available upon request from the corresponding author. 
Values for all data points in graphs are reported in the Supporting Data Values file.
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