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Background: Fasting levels of glucagon are known to be elevated in youth and
adults with type 2 diabetes mellitus (T2D). Children and adolescents with obesity
were previously reported to show increasing fasting and post-glucose-challenge
hyperglucagonemia across the spectrum of glucose tolerance, while no data are
available in those with impaired fasting glucose (IFG).

Materials and methods: Individuals from the Beta-JUDO study population
(Uppsala and Salzburg 2010-2016) (n=101, age 13.3 + 2.8, m/f =50/51) were
included (90 with overweight or obesity, 11 with normal weight). Standardized
OGTT were performed and plasma glucose, glucagon and insulin concentrations
assessed at baseline, 5, 10, 15, 30, 60, 90 and 120 minutes. Patients were grouped
according to their glycemic state in six groups with normal glucose metabolism
(NGM) and normal weight (NG-NW), NGM with obesity or overweight (NG-O),
impaired glucose tolerance (IGT), impaired fasting glucose (IFG), IGT+IFG and
T2D, and in two groups with NGM and impaired glucose metabolism (IGM), for
statistical analysis.
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Results and conclusion: Glucagon concentrations were elevated in young
normoglycemic individuals with overweight or obesity (NG-O) compared to
normoglycemic individuals with normal weight. Glucagon levels, fasting and
dynamic, increased with progressing glycemic deterioration, except in IFG,
where levels were comparable to those in NG-O. All glycemic groups showed
an overall suppression of glucagon during OGTT. An initial increase of glucagon
could be observed in T2D. In T2D, glucagon showed a strong direct linear
correlation with plasma glucose levels during OGTT. Glucagon in adolescents,

as in adults, may play a role in the disease progression of T2D.
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1 Introduction

The prevalence of pediatric obesity and its related
comorbidities has constantly increased over the past decades (1,
2). Obesity is the main risk factor for type 2 diabetes mellitus
(T2D) and the metabolic syndrome, sharing insulin resistance
(IR) as a common feature (3, 4). The concept of diabetes mellitus
has changed from a monohormornal, insulinocentric (lack of
relative insulin quantity and sensitivity), to a bi- or even
multihormonal disorder (5, 6). In recent years glucagon has
gained increasing interest in both obesity and diabetes research.
The glucagonocentric theory focuses on alpha cell dysfunction
and is supported by studies on glucagon-receptor knock-out mice
in which glycemic control was maintained by blocking glucagon
action even in the relative absence of insulin. However, this effect
is lost in complete lack of insulin (7-12).

Glucagon regulates blood glucose concentrations by
stimulating hepatic glucose production (13). Blood glucose and
insulin levels are considered essential regulators of glucagon
(14). Under normal physiological conditions glucagon levels are
expected to decline during an oral glucose tolerance test (OGTT)
(15, 16). The exact mechanism of glucagon secretion is still
incompletely understood and far more complex than previously
considered. Currently proposed mechanisms of glucagon
secretion include intrinsic (direct alpha cell modulation via
glucose), endocrine, paracrine (inhibitory effects of glucose
mediated via beta and delta cells), autocrine (self-stimulation)
and neural, likely to function complementary (17, 18).

In adults with obesity and T2D, fasting hyperglucagonemia
and a paradoxical increase as well as failure to suppress glucagon
in response to an oral glucose challenge was shown (3, 14, 19).
Similar phenotypic heterogeneity is also known to exist in
nondiabetic adults living with obesity, contrary to lean
individuals (20-24). The loss of beta cell function at a given IR
is crucial in the development of T2D (25-27). In addition, fasting
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hyperglucagonemia appears early in the development of T2D
(19, 28-31) and is acknowledged as a contributing factor (18, 27,
32, 33). In a 2021 study, both adults and youth (IGT and
T2D only) displayed hyperglucagonemia, but glucagon
concentrations were lower in youth. Additionally, an inverse
relationship between fasting glucagon and fasting glucose in
adolescents was observed (contrarily to adults). The authors
concluded that alpha-cell dysfunction in youth does not appear
to explain the observed beta-cell hyperresponsiveness and
insulin-resistance (34) while elevation of glucagon (fasting and
postprandial) has been suggested to drive hyperglycemia in other
studies (27, 35, 36).

In children and adolescents with obesity and NGT, IGT or T2D,
we observed that fasting hyperglucagonemia increased with degree
of glycemic derangement (37). Also, increase of circulating
glucagon during the first 15 min of OGTT and less suppression
of glucagon levels during the glucose load was seen, especially in
subjects with T2D. In youth with obesity and IGT or T2D
fasting glucose and glucagon were negatively correlated and
hyperglucagonemia does not appear to drive hyperglycemia (34).

In adults with impaired fasting glucose (IFG) with or without
impaired glucose tolerance (IGT), higher plasma glucose
concentrations were necessary to suppress glucagon secretion
compared to individuals with normal glucose metabolism (NGM)
(38). This implies that alpha cell insensitivity contributes to IFG
rather than glucose tolerance (38). No previous pediatric studies on
glucagon dynamics in subjects with IFG (or IGT+IFG) exist. This
and the question if adult and pediatric data are comparable imply
the need to extend previous studies and include IFG when
investigating glycemic states.

In the present study we have built on our previous work (37)
and focused on subjects with IFG and IGT+IFG. The aim is to
investigate fasting and dynamic glucagon levels during an OGTT in
children and adolescents with IFG and compare them with subjects
with differing glycemic state.
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2 Materials and methods
2.1 Study population and design

All individuals included in this study were volunteering in the
BETA JUDO study (Beta-cell function in Juvenile Diabetes and
Obesity, FP7-HEALTH-2011-two stage, project number: 279153).
Study subjects, aged 10 to 18 years, with overweight or obesity
(BMI-SDS >1.26) were recruited at Uppsala University Hospital,
Sweden and at Paracelsus Medical University Hospital in Salzburg,
Austria. Exclusion criteria were type 1 diabetes mellitus, syndromic
obesity, psychiatric disorders, allergies, alcohol intake, presence of
chronic liver disease and/or hereditary liver disease, consummation
of steatogenic substances and endocrine disorders. Ethics approval
was obtained from both Uppsala regional ethical committee
(Number 2012/318) and the Salzburg ethical committee (Number
1544/2012). The study followed the Declaration of Helsinki and
written informed consent was obtained beforehand from every
participant and one or both caregivers. This retrospective cross-
sectional study uses material and data obtained in the course of the
BETA-JUDO study.

2.2 Oral glucose tolerance test, blood
sampling, and biochemical measurements

Participants fasted overnight and then underwent a standard
oral glucose tolerance test (OGTT), as previously described (39).
Individuals received a glucose solution (1,75 g glucose/kg, 75g
glucose maximum) and blood samples were taken via a venous
catheter at -5 (in the text also referred to as fasting), 5, 10, 15, 30, 60,
90, 120 min. Plasma was separated by immediate centrifugation of
blood samples (2500g for 10 minutes at 4°C) and frozen (-80°C).
Glucose in Uppsala was analyzed via an Architect c8000 instrument
(Abbott Diagnostics, Solna, Sweden) and in Salzburg using a Gluco-
Quant Glucose-Kit (Roche Diagnostics, Mannheim, Germany).
Laboratories in both clinical centers performed validation of their
glucose analyses using reference blood samples. Plasma insulin and
glucagon was analyzed in Uppsala for both Uppsala and Salzburg,
using monoclonal based sandwich ELISAs (Mercodia AB, Uppsala,
Sweden). Assay detection levels for insulin were 6.9 pmol/L (no
cross reactivity with c-peptide or proinsulin). For glucagon
detection level was 1 pmol/L. Interassay variability was controlled
via standardized control samples (Mercodia AB, Uppsala, Sweden).

2.3 Anthropometric assessment, magnetic
resonance imaging, and grouping by
glycemic state

Measurements of height and weight were assessed via
standardized and calibrated stadiometers (Ulmer (Busse Design
and Engineering GmbH; Eichingen, Germany) in Uppsala and Seca
(Seca, Hamburg, Germany) in Salzburg). Age- and sex-adjusted
Body mass index (BMI) was calculated in accordance with WHO
growth report and using Microsoft Excel add-in LMS Growth.
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Individuals were grouped with overweight or obesity if BMI-SDS
was >1.26 (40). Waist circumference was measured at the umbilical
level and recorded in centimeters. Magnetic resonance image scans
(MRI) to obtain liver fat content were performed, using 1,5 Tesla
clinical MRI by Philips Medical System (Netherlands), according to
a previously reported method (39). Grouping for glycemic state was
performed according to WHO criteria and ISPAD (International
Society for Pediatric and Adolescent Diabetes). Normal fasting
glucose (NFG) is defined as less than 100 mg/dl (5.6 mmol/L).
Impaired fasting glucose (IFG or prediabetes) per definition is 100-
125 mg/dl (5.6-6.9) serum glucose, while levels of 2126 mg/dl (7.0
mmol/L) is defined as type 2 diabetes mellitus (T2D). The 120
minute-value of the OGTT defines <140 mg/dl (<7.8 mmol/L) as
normal glucose tolerance (NGT), levels of 140-199 mg/dl (7.8-11.0
mmol/L) as impaired glucose tolerance (IGT) and 2200 mg/dl (11.1
mmol/L). If individuals fulfilled any one of the T2D criteria they
were categorized as T2D. If they met the criteria for IGT and IFG
they were grouped as IGT+IFG (41, 42).

2.4 Estimation of hepatic insulin resistance

For the estimation of the hepatic insulin resistance the
homeostatic model assessment of insulin resistance (HOMA-IR)
was used. HOMA-IR is calculated as product of mean fasting
glucose (in mmol/L) and fasting insulin (in uU/mL) which is then
divided by the constant 22.5 (43).

2.5 Statistical analysis

For data analysis, the characteristics as well as the outcome
variables of six subgroups (NGM (normal glucose metabolism);
NG-NW (normal glucose metabolism with normal weight); NG-O
(normal glucose metabolism with overweight or obesity); IGM
(impaired glucose metabolism); IFG, IGT+IFG (individuals
fulfilling criteria of both IGT and IFG), T2D) were first considered
descriptively by calculating means, standard deviations and absolute
frequencies. Patients with normal (NG-NW, NG-O) and abnormal
glucose tolerance (IFG, IGT, IGT+IFG and T2D) were combined into
normal glucose metabolism (NGM) and impaired glucose
metabolism (IGM), respectively. In addition, differences between
the two groups in metric values were examined by using a non-
parametric approach using the Wilcoxon test and for the ordinal
values using the Fisher exact test. Because of the large number of
related tests, Bonferroni-Holm was used to adjust for multiplicity. To
detect an increase in glucagon levels compared to baseline (fasting),
they were considered relatively regarding the baseline (fasting) values.
To account for correlations between glucose and glucagon levels, the
Pearson correlation coefficient per time point was considered for both
two and all six groups. A correlation coefficient of <0.2 was defined as
no correlation, 0.2-0.5 as weak, 0.5-0.8 as clear/moderate and >0.8 as
high/strong correlation. The AUC (area under insulin and glucagon
curve for the six groups) was calculated using the trapezoid method.
Two-sided significance level of 0. = 0.05 was used. All analyses were
carried out using the statistical software R (44).
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3 Results
3.1 Baseline characteristics

The clinical and anthropometric features of the study cohort
are shown in Table 1. One hundred and one individuals were
included with a mean age of 13.38 + 2.81 years and a mean
BMI-SDS of 2.55 + 1.43. Ninety individuals were classified as
living with overweight or obesity. Eleven adolescents had normal
weight and normal fasting glucose and tolerance. Liver fat fraction
data was available in a subgroup of 18 subjects with a mean of
4.78 + 4.82%. Liver fat fraction was highest in T2D, followed by
IGT+IFG, NGM (normal glucose metabolism) with obesity
(NG-0), IGT, IFG and NGM with normal weight (NG-NW).
HOMA-IR was available in 99 patients with a mean of 4.55 + 4.33.
HOMA-IR was highest in T2D, followed by IGT+IFG, IFG, IGT,
NG-O and NG-NW.

3.2 Glucagon in normoglycemic individuals
with normal weight and obesity

The glucagon results of the respective groups are presented in
Table 2, Figure 1. Mean fasting glucagon in normoglycemic
individuals (NGM) was significantly lower (p<0.001; p<0.05 after
adjusting for age, HbAlc and fasting insulin) by 25.7% than in those
with impaired glucose metabolism (IGM) (10.12 + 4.03 vs. 13.61 +
6.34 pmol/L, respectively). Fasting glucagon range widely varied
between groups with NGM 4.0-23.39 vs. NG-NW 4.8-11.3 vs. NG-
O 4.0-23.39 pmol/L). The NG-O group displayed higher mean
fasting glucagon concentrations than the NG-NW group by 26%
(10.91 + 4.32 vs. 8.01 + 2.07 pmol/L, respectively). Dynamic
glucagon levels were significantly lower in NGM compared to
IGM during the first 30 minutes of OGTT. This effect was lost

TABLE 1 Baseline characteristics.

10.3389/fendo.2024.1368570

after adjusting for age, HbAlc and fasting insulin. Throughout
OGTT glucagon levels in NG subjects never exceeded those in IGM
subjects, respectively. In NGM subjects glucagon concentrations
remained sTable within the first 5 minutes and constantly decreased
thereafter. The initial increase of glucagonsy,, levels was slightly
more pronounced in NG-O (1091 + 4.32 to 11.33 + 4.05 pmol/L)
than in NG-NW (8.01 + 2.07 to 8.35 + 3.38 pmol/L). At the end of
OGTT glucagon;,omin was below baseline in NGM subjects, NG-
NW and NG-O (-64.6%, -55.3% and -68.9% respectively). Only one
individual, belonging to the NG-NW group, displayed
glucagon;,omin above baseline (Table 2, Figure 1). Mean glucagon
levels in NG-O were 26.3% to 36.2% higher compared to NG-NW
between minute 5 and 90. In contrast, mean glucagon;somin Was
5.6% higher in NG-NW than in NG-O. Investigation of mean
AGlucagon (Glucagonyzy - Glucagonggng) resulted in NG-NW
being closer to baseline (-4.43 + 2.98 pmol/L), than NG-O (-7.52
+ 4.01 pmol/L).

Fasting insulin levels differed clearly between NG-NW and NG-
O (36.24 = 9.74 vs. 106.97 + 50.03). Mean insulin levels peaked in
both groups (NG-NW and NG-O) at 30 minutes, to then decline.
NG-O mean insulin levels were 35.8-66.1% higher in the first 30
minutes than those in NG-NW and 57.7-62% thereafter. Fasting
concentrations for serum glucose were almost equal in NG-NW,
NG-O (5.25 + 0.25vs. 5.28 + 0.2 mmol/l). In NG-NW and NG-O
serum glucose levels constantly rose until 30 minutes, to then
decline. Please see Table 2, Figure 1 for details.

3.3 Glucagon in individuals with impaired
glucose metabolism

All patients with impaired glucose metabolism (ie. IFG, IGT,
IGT+IFG and T2D) were classified as overweight or obese. Due to the
small sample sizes, especially in the T2D group, only descriptive

Total NGM NG-NW  NG-O IGM IFG IGT IGT+IFG T2D
Participants n=101 n=40 n=11 n=29 n=61 n=23 n=12 n=22 n=4
Male/Female 50/51 15/25 4/7 11/18 35/26 15/8 5/7 14/8 1/3
Age (years) 133 +238 128 +2.7 133 +22 126 +29 137 £2.8 132 +£26 12.7 £ 3.66 14.6 £ 2.5 14.6 + 2.3
Height (cm) 162 + 144  160.5 £ 14.6 160 + 11.7 160.6 + 15.7 164 + 14.3 163.8 £ 16.2 155 + 12.6 169 + 12.1 164 + 8.2
Waist (cm) 97 + 20 91.9 +21.1 67.7 +55 103 + 15.4 1013 +20 = 865+ 189 99.8+9.8 | 117.1+132 116 +12.8
Weight (kg) 85+ 32.8 772 +325 478 +11.0 88.4 + 31 90.3 + 32.2 77 + 31 79.2+30.1 | 1079 +27.1 103 + 28
BMI (kg/m?) 31 £84 29.1 £9.01 184 £ 2.4 331+£7 32579 27.7+£73 31972 371+55 379 +83
BMI-SDS 25+ 14 21+1.6 -0.26 + 0.89 3.1+042 2.7 £1.24 2.0 £ 1.68 3.1+0.55 33+03 33+06
HOMA-IR 45+43 29+1.8 1.2+03 36+17 57+5.1 37+19 4.08 +2.0 6.0 £33 19.4 + 10.0
00 SIS SSi s s wew s e sew
Liver-Fat Fraction (%) 47 + 4.8 34+35 1.2+04 6.6 3.7 56 +58 4.5 + na. 26+02 9.7 +73 14 £ na

BMI (body mass index); BMI-SDS (body mass index - standard deviation score); HOMA-IR (homeostatic model assessment of insulin resistance); NGM (normal glucose metabolism); NG-NW
(normal glucose metabolism with normal weight); NG-O (normal glucose metabolism with overweight or obesity); IGM (impaired glucose metabolism); IFG (impaired fasting glucose); IGT
(impaired glucose tolerance); IFG+IGT (group fulfills criteria for IGT and IFG); T2D (Type 2 Diabetes mellitus). n.a., not applicable.
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TABLE 2 Mean+Standard deviation values for glucagon, insulin and glucose during OGTT.

p-value
I\[€])Y] NG-NW NG-O IGM IFG adjusted

Glucagon (pmol/L)
Fasting | 12234578 | 10.12+4.03 = 8.01%2.07 10.91+4.32 | 13.61+6.34 | 10.16+3.89 | 16.57+6.56 = 14.75+7.18 | 18.38+3.08  <0.05* <0.05*
5 12074599 | 10.14+4.01 = 8.35+3.38 11.33+4.05 | 13.5%6.82 | 9.64+3.79 | 15.05+7.5 | 13.86x7.07 & 2223+4.61  <0.05* 0.57371
10 11334673 | 8954552 | 6.49+3.53 1044605 | 13.1147.07 | 9.16+3.04  12.05+7.58 | 13.83+7.06 @ 2294585 | <0.05*% 0.09697
15 10.69+6.7 | 8.01£3.24 | 571257  896%3.04  1245+7.75 = 898+545 1326592  13.13%7.86  23.7+10.34  <0.05* 0.12187
30 7224545 | 5294311 | 3.93+19 5834335 | 8.46+626  5.84+435  8.94+6.13 | 931+592 | 17.73+927 | <0.05* 0.14666
60 5214422  4.22+26 3.22+1.47 4824298  588+497  4.16+299  8.6+10.15 | 4.96+3.18  11.95+4.63 = 0.2765 0.79498
90 4314291  3.27+153  2.57+1.42 3734147 4994339 418424 4774394  4.64+3.19 | 9.05+473  <0.01* 0.66268
120 3.97+2.87  3.44+256  3.58+1.94 | 3.394278 | 4.3243.03  3.454251  3.45+201  4.93+32 8.57+3.85  0.16487 0.79498
Insulin (pmol/L)

122.32 87.52 106.97 146.32 12321 153.55 436.92 <0.05*
Fasting = +98.26 +53.34 36.24+9.74 | +50.03 +114.2 99.5+4851 | +61.74 +85.75 +199.38 <0.05*

177.12 143.81 93.02 165.9 201.02 17229 174.55 204.69 420.87 0.09876
5 +130.07 +131.7 +69.34 +146.99 +124.86 +124.92 +90.83 +98.85 +198.03 <0.05*

351.78 269.88 215.03 296 406.98 338.63 353.98 458.42 651.5 0.16436
10 +230.15 +199.7 +157.93 421535 +234.87 +264.21 +199.53 +218.22 +96.28 <0.05*

549.83 487.74 356.93 556.59 594.84 523.01 460.28 651.65 0.79498
15 +343.86 +348.56 +267.92 +372.23 +337.62 +412.31 +215.57 +305.02 962+93.42 | 0.14375

853.56 750.73 541.65 850.29 922.85 707.06 960.11 1012.89 1456.97 0.79498
30 +490.36 +476.6 +372.96 +495.92 +492.3 +464.81 +436.37 +506.72 +289.3 0.11357

744.86 618.27 316.64 749.42 833.75 487.56 1026.75 807.92 21188 0.46804
60 +558.91 +544.04 +113.76 +604.88 +557.6 +357.73 +491.6 +382.21 +412.55 <0.05*

717.29 577.21 289.28 702.4 815.65 385.21 1016.74 1016.74 2393.77 0.47661
90 +594.43 +497.73 +185.38 +540.61 +640.7 +252.85 +490.96 +490.96 +688.63 <0.05*

695.26 380.33 181.94 479.53 911.78 307.32 1112.65 1125.45 2117.03 <0.01*
120 +607.81 +273.8 +87.37 +282.39 +678.4 +212.67 +506.09 +598.18 +647.63 <0.001*
Glucose (mmol/L)
Fasting | 5.64+0.57 | 5.28+0.21  525%0.25 5.28+0.2 5.88+0.6 5874024 | 5.18+0.2 6.140.33 6.88+1.47  <0.001* <0.001*
5 5.86+0.64 | 553+0.56 | 5.51+0.38 554+0.61  6.08+0.6 6.09+0.44 554037 6.23+0.42 | 6.9+127 <0.001* <0.001*
10 6.58+0.94  6.2+0.94 6.5+1.6 6.09+0.79  6.84+0.85  6.86+0.72  6.23+0.62  691+0.62  8.1+1.66 <0.001* <0.001*
15 743+1.09  6.93+1.05  7.27+13 6794091  7.76+0.99  7.84+0.85  7.0240.92  7.8+0.75 9+1.7 <0.001* <0.01*
30 8.65+1.41 | 7.85+0.9 8.19+0.99 7.72+40.85  9.18+1.44  883+1.15  8.79+0.88  9.4+1.55 11.1242.28 | <0.001% <0.001*
60 8.09+2.15 | 6.95+1.52 | 6.52+1.29 711+159  8.83+2.19  7.35+137 9324127 | 9.36+1.99 | 13.024226 = <0.001* <0.001*
90 7.79+1.88 | 6.88+1.14 | 6.38+1.47 7074095  8.39+2.04  7.03+126  872+1.13  883+137 | 12.8+344  <0.001* <0.001*
120 7.4+1.62 6.29+0.93 | 5.63%1.27 6.54+0.64  8.13+157  6.67+0.81  8.72+054 | 872+0.67 | 11.47+224 | <0.001* <0.001*

NG (normal glucose metabolism); NG-NW (normal glucose metabolism with normal weight); NG-O (normal glucose metabolism with overweight or obesity); IGM (impaired glucose
metabolism); IFG (impaired fasting glucose); IGT (impaired glucose tolerance); IFG+IGT (group fulfills criteria for IGT and IFG); T2D (type 2 diabetes mellitus); p-values for comparing levels
between NGM and IGM; p-values adjusted for age, HbAlc and fasting insulin. *result of statistical significance.

statistical analyses are presented (Table 2, Figure 1). Fasting glucagon
in IGM subjects was significantly higher than in NGM subjects (13.61
+ 6.34 vs. 10.12 + 4.03 pmol/L, p<0.05). Mean baseline glucagon
differed between the four groups (IFG 10.16 + 3.89 vs. IGT 16.57 +
6.56 vs. IGT+IFG 14.75 + 7.18 vs. T2D 18.38 + 3.08 pmol/L) as did
fasting glucagon range (IGT 8.4-28.97 vs. IFG 4.6-17.06 vs. IGT+IFG
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8-36.98 vs. T2D 15.7-21.7 pmol/L). Mean fasting glucagon in T2D
was 129% higher than in NG-NW. During OGTT, groups displayed
an overall decrease of plasma glucagon levels with intermittent
increases. In IGM subjects mean glucagon levels were higher
throughout OGTT compared to subjects with NGM (Table 2).
While fasting glucagon levels of individuals with IGT were higher
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Dynamics during OGTT. (A) Glucagon dynamics in the six groups. (B) Insulin dynamics in the six groups. (C) Glucose dynamics in the six groups.

(D) Line-graphs displaying mean glucagon dynamics of NG and IGM during OGTT. (E) Line-graphs displaying mean glucagon dynamics during OGTT
of the 6 subgroups. NGM (normal glucose metabolism); NG-NW (normal glucose metabolism with normal weight); NG-O (normal glucose
metabolism with overweight or obesity); IGM (impaired glucose metabolism); IFG (impaired fasting glucose); IGT (impaired glucose tolerance); IFG
+IGT (group fulfills criteria for IGT and IFG); T2D (Type 2 Diabetes mellitus); *p<0.05.

than those with IFG. From minute 10 to 15 there was a slight
increase in mean glucagon in the IGT group (from 12.05 + 7.58 to
13.26 + 5.92 pmol/L). In the IFG and the IGT+IFG groups there was
a constant decline of mean glucagon concentrations.

In patients with T2D there was a pronounced initial increase in
plasma glucagon within the first 30 minutes of the OGTT
(glucagong,sing 18.38 + 3.08, glucagonsy,, 22.23 + 4.61,
glucagon;omin 22.90 + 5.85, glucagon;sm, 23.70 + 10.34 pmol/L).
At 30 minutes glucagon was below baseline to consistently decline
until the end of measurement. Mean glucagon;omi, in IGT was
similar to IFG and NGM groups (IGT 3.45 + 2.01 vs. IFG 3.45 + 2.51
vs. NG-NW 3.58 + 1.94 vs. NG-O 3.39 + 2.78 pmol/L), while in IGT
+IFG and T2D levels were distinguishable higher (IGT+IFG 4.93
+ 3.2 vs. T2D 8.57 + 3.85 pmol/L). Mean AGlucagon (Glucagon; -
Glucagong,ging) did not follow deterioration of glycemic state
(IFG -6.71 + 3.42 vs. T2D -9.8 + 1.2 vs. IGT+IFG -9.82 + 5.74
vs. IGT -13.12 + 6.0 pmol/L).

Fasting insulin levels also differed clearly (IFG 99.5 + 48.51vs. IGT
12321 + 61.74 vs. vs. IGT+IFG 153.55 + 85.75 vs. T2D 436.92 + 199.38
pmol/L). In the IFG group maximum insulin concentrations were
observed at 30 minutes. In the IGT+IFG group two insulin peaks were
noticeable (30 and 120 minutes). Insulin levels initially dropped in the
T2D group, constantly increasing thereafter from 5 minutes until 90
minutes to then decrease. T2D insulin levels remained the highest of all
groups throughout OGTT. Insulin levels were significantly higher in
the IGM group at fasting. Please see Table 2 for mean-values and SD.
Fasting concentrations for mean plasma glucose in IGT were
comparable to NG-NW and NG-O (5.18 + 0.2 vs. 525 + 0.25 vs.
5.28 + 0.2 mmol/L, respectively) and higher in IFG, IGT+IFG and T2D
(5.87 £0.24 vs. 6.1 + 0.33 vs. 6.88 + 1.47 mmol/L respectively). In NG-
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NW and NG-O serum glucose levels constantly rose until 30 minutes,
to then decline. The turning-point for glucose-dynamics was at 30
minutes for IFG and IGT+IFG and at 60 minutes for IGT and T2D.
Insulin levels were significantly higher in the IGM(all) group at fasting.
Please see Table 2, Figure 1 for details.

3.4 AUC for glucagon and insulin

The AUC (area under the curve) for glucagon and insulin was
also calculated (Table 3.). The lowest AUC (mean) for glucagon was
found in NG-NW (436.60 pmol/L), followed by IFG (547.62 pmol/L),
NG-O (610.27 pmol/L), IGT+IFG (749.52 pmol/L), IGT (979.25
pmol/L) and T2D (1564.50 pmol/L). AUC (mean) insulin was lowest
in NG-NW (38.14 nmol/L), followed by IFG (54.79 nmol/L), NG-O
(79.17 pmol/L), IGT+IFG (96.19 nmol/L), IGT (101.06 nmol/L), and
T2D (213.84 nmol/L). The order of AUCs for glucagon and insulin
(low to high) followed the groups glycemic status, except for IFG.

3.5 Correlation of glucagon and
plasma glucose

Fasting glucose showed a weak positive correlation was found in
the IFG group (Pearson Correlation coefficient of r=0.32) and a
clear one in the T2D cohort (r=0.59). A weak negative relationship
in the IGT and the IGT+IFG groups (r=-0.28 and r=-0.32
respectively). No linear relationships were present in the NG-NW
(0.04) and the NG-O (r=-0.14) groups. Figure 2 illustrates the
correlation between fasting and glucagon for the six different
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TABLE 3 Area under the curve (AUC) for glucagon and insulin (Mean + SD).

NG-NW NG-O IFG IGT IGT+IFG T2D
AUC Glucagon
(pmol/L) 436.60 £ 154.50 610.27 + 232.0 547.62 + 267.16 979.25 + 908.11 749.52 + 460.8 1564.5 + 664.42
AUC Insulin
(nmol/L) 38.14 + 19.66 79.17 + 52.80 54.79 + 30.04 101.06 + 49.59 96.19 + 41.69 213.84 +25.54

NG-NW (normal glucose metabolism with normal weight); NG-O (normal glucose metabolism with overweight or obesity); IFG (impaired fasting glucose); IGT (impaired glucose tolerance);
IFG+IGT (group fulfills criteria for IGT and IFG); T2D (Type 2 Diabetes mellitus).

groups. From 5 minutes to 90 minutes no linear relationship was  corroborates previous findings but also provides more detailed
observed in NG-O. In individuals with NG-NW no linear  information on glucagon in IFG as well as IGT+IFG, i.e. for the
relationship, except for minute 30 (r=0.29), was detected until  first time including all glycemic states. Although we find a weak
minute 90 and 120 (r=-0.8). In IFG, a weak relationship was  correlation between fasting glucagon and glucose levels in subjects
present from minute 15 until the end of OGTT. In IGT a weak  with IFG, glucagon concentrations are not elevated in subjects with
linear correlations could be detected except for minute 60 (r=-0.69). IFG, as is the case in subjects with IGT (IGT, IGT+IFG, T2D),
In the T2D group a clear linear relationship could be noted during ~ compared to normoglycemic individuals with overweight or obesity.
early glucagon increase at 5 minutes (r=0.77), as well as at 90  Fasting and dynamic glucagon levels are, however, higher than in
(r=0.59) and 120 minutes (r=0.70). Very strong correlations were = normoglycemic individuals with normal weight.
detected in the middle of the OGTT,i.e.at 10, 15, 30 and 60 minutes In the prediabetic groups fasting and dynamic glucagon levels
(r1p = 0.98,r;5 = 0.97,r30 = 0.95, rgp = 0.98). were lowest in IFG, highest in IGT individuals and in between for
IGT+IFT. Mean glucagon concentrations for IFG were below those
of NG-O until minute;, and above thereafter. Contrary to prior
4 Discussion results, no early increase in glucagon was observed in patients with
IGT in this cohort (37, 45). The comparable low glucagon
In our cohort of Austrian and Swedish youth with overweight  concentrations in IFG subjects were unexpected as increasing
and obesity (and normal weight controls), we were able to thoroughly ~ hyperglucagonemia in the progression of glycemic deterioration
investigate glucagon in regard to different glycemic states, ranging  has been reported (1, 10). As none of the previous pediatric papers
from normal glucose metabolism to prediabetes (distinguishing  on glucagon dynamics included an IFG group there are no prior
between IGT and IFT) and T2D. In our previous work (based on  results to compare with (34, 37, 46, 47). In adults, lower glucagon in
the Uppsala Longitudinal Study of Childhood Obesity) we  IFG than in IGT, IGT+IFG and T2D (T2D been the highest) has
investigated alpha-cell response during OGTT in NGT, IGT and  been reported (48). It is noteworthy that in adults Unger et al. have
T2D controls (37). The current study provides a larger cohort and  described how hyperglycemia in healthy individuals results in a
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FIGURE 2

Correlation between fasting glucose and glucagon in the six groups. Dots represent individual correlations. r represents the Pearson correlation
coefficient for each group (<0.2 no correlation; 0.2-0.5 weak correlation; 0.5-0.8 clear/moderate correlation; >0.8 high/strong correlation. Blue
line displays linear regression between glucose and glucagon. NGM (normal glucose metabolism); NG-NW (normal glucose metabolism with normal
weight); NG-O (normal glucose metabolism with overweight or obesity); IGM (impaired glucose metabolism); IFG (impaired fasting glucose); IGT
(impaired glucose tolerance); IFG+IGT (group fulfills criteria for IGT and IFG); T2D (Type 2 Diabetes mellitus).
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suppression of glucagon to subnormal levels, while this effect is
dramatically attenuated in individuals with diabetes mellitus (49).
This effect likely translates from T2D to IFG, resulting in the
combination of relatively too high glucagon levels and too low
insulin levels for the prevailing glycemia, respectively. Hepatic
insulin resistance was proposed to be a main characteristic of
IFG, while peripheral insulin resistance is a dominant feature of
IGT. In individuals with IGT+IFG it is likely that different
pathophysiological mechanisms are at play (50-52). In our
cohort, HOMA-IR was lower in IFG compared to IGT. The use
of insulin and glucagon modeling may provide additional insight. In
adult individuals with NFG/NGT and those with IFG insulin action
(i.e. insulin sensitivity and responsiveness) (31) and insulin-
stimulated glucose disposal did not differ but were reduced in
IGT, IGT+IFG and patients with diabetes (48). Faerch et al.
postulated that impaired insulin action (but not insulin secretion)
is associated with higher glucagon concentrations (fasting and 30-
min postprandial) (21). This in line with data implying that in
normoglycemic adult individuals, alpha cell function is modulated
(directly or indirectly) by the prevailing level of insulin action and
in IGT impaired glucagon suppression correlated with decreased
insulin action (53, 54). Although the aforementioned articles (21,
52, 53) use different estimates of insulin sensitivity to draw their
conclusions they point towards the role of insulin action. Therefore,
higher insulin action in pediatric IFG, compared to other forms of
prediabetes, may additionally explain the relatively lower glucagon
levels placing them in the range of NG-O. In our cohort of
individuals with IGM, those with IFG display a lower BMI, lower
HbAlc and better glucose control than in IGT, IFG+IGT and T2D.
We deduce that insulin action is maintained as also AUC of insulin
is lower (see Table 3) and insulin and glucagon kinetics are better
controlled than in IGT and T2D (see Figure 1).

Furthermore, fasting glucose by itself has been described as a
poor marker of beta-cell dysfunction in adult individuals with IFG
(55). Kohlenberg et al. used the oral minimal model, investigating
beta cell response to static and dynamic glucose concentrations, and
found that both were normal in IFG, while this was not the case in
IGT. They reported glucagon secretion rate (GSR) displayed a
single-exponential relationship with glucose. Glucose necessary to
suppress GSR was higher in IFG+IGT and IFG compared to IGT
and NGM, suggesting that alpha cell insensitivity to glucose
contributes to development of IFG (38). In adults fasting
hyperglucagonemia has been linked to subsequent beta cell
dysfunction and progression to T2D (56). Prediabetic alpha cell
dysfunction appears to occur early and independent of beta
cell dysfunction manifesting as fasting hyperglycemia (56, 57).
Fasting hyperglucagonemia is considered a predictor of IGT
(37, 38, 58), has been attributed to chronic hypersecretion and
impaired suppression in hyperglycemia (31, 59) and to induce or
worsen hyperglycemia (27). Results for elevated glucagon secretion
during OGTT or meal consumption and T2D progression remain
contradicting (6, 14, 56).

We found fasting glucagon and dynamic glucagon
concentrations to be elevated in NG-O compared to NG-NW,
paralleling previous pediatric data including ours (37, 47, 58). In
a previous study we found higher fasting glucagon in individuals
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with obesity compared to controls with normal weight to be
significantly associated with higher insulin, free fatty acids,
triglycerides and visceral adipose tissue (VAT) (47). The
association between VAT, excess FFAs and triglycerides is
established and lipids have been shown to stimulate glucagon
secretion (60-62). A recent pediatric study demonstrated
glucagon secretion to also depend on insulin sensitivity.
Adolescents with obesity and insulin resistance displayed elevated
fasting glucagon levels and tAUC, 5o for glucagon, compared to
insulin-sensitive individuals with obesity or normal weight (46).

Fasting and dynamic glucagon levels were highest in T2D
(although this subgroup consisted of only 4 individuals). This and
failure to suppress glucagon during OGTT were previously reported
by our group (37). This is in line with adult studies (21, 28)
including recent glucagon modeling data that demonstrated
reduced suppression and increased secretion in T2D (63).

In this study cohort a stronger late suppression of glucagon
throughout the OGTT for T2D, IGT and IGT+IFG was noTable.
Similar dynamics were found in adults with prediabetes and T2D
(21). In a previous study we could document that higher fasting
insulin was associated with less glucagon suppression in the early
phase of OGTT, whereas relative suppression at min;,, did not
differ based on fasting insulin (47). Results from adult glucagon
modeling studies found glucagon suppresion to be negatively and
linearly correlated with HbAlc, fasting glucose and 2 hour plasma
glucose (63). In adult studies, increasing glucagon (i.e. above
baseline) at the end of OGTT (i.e. 120 minutes) appears favorable
as individuals were leaner, fasting glucagon and glucose levels were
lower, insulin sensitivity higher and IGT risk was lower (20, 64). In
contrast to these adult studies, only a single subject in our study
cohort, belonging to the NG-NW group, displayed a greater
glucagon;,omin concentration above baseline.

In the pediatric population, there is only limited data on
dynamic changes of glucagon during OGTT and no pediatric
glucagon modeling studies exist yet. Previous pediatric studies
were performed with fewer participants and subgroups (e.g. NGM
vs. IGM, no IFG or IGT+IFG groups) (34, 37, 46, 47). While there
are similarities between adults and pediatric results, it is still unclear
if (patho-)physiological mechanisms differ concerning glucagon
and glycemic state. This is exemplified by a study (Kahn et al.)
(34) that grouped youths and adults with IGT and T2D and
reported hyperresponsive beta cells, lower insulin sensitivity but
no elevated secretion of glucagon in young compared to adult
patients. Authors concluded that alpha cell dysfunction does not
explain the difference in beta cell function. Increased fasting
glucagon could be found with decreasing hepatic insulin
sensitivity and correlation between fasting glucagon and fasting
glucose was positive in adults, while negative in adolescents (34). In
our study, there was an inverse fasting relationship in adolescents
with IGT and IGT+IFG, but a positive association between glucose
and glucagon in patients with IFG or T2D. The clear to strong
correlation indicating a role for glucagon in pediatric T2D (34). As
both, Kahn et al. and this study, are cross-sectional studies they do
not allow for a causal inference and call for longitudinal studies.

Our study has several weaknesses we would like to address. The
sample size, especially in T2D, is small, hence only descriptive
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analysis was possible for the six group observations. MRI data was
only available in a limited number of patients. Individuals were of
Caucasian ethnicity only and results may only be valid for
Caucasian adolescents. As this was a cross sectional study design
we do not have any follow-up data and cannot answer questions
concerning specific mechanisms of causality. Glucagon response in
OGTT differs from a mixed meal test (MMT) and it would have
been of interest to study differences between OGTT and MMT in
adolescents (27). Strengths of this study are the balance between
sexes at an almost 50/50 ratio, the samples during OGTT being
drawn at short intervals hence providing a closer insight, especially
into early dynamics. To our knowledge this is the first study to look
into glucagon dynamics in adolescents stratified by glycemic state
(NG, IGT, IFG, IGT+IFG, T2D) as well as normoglycemic
individuals with obesity or overweight and has normal weight
controls. The size of the study population also exceeds those in
prior studies pediatric studies on glucagon dynamics. Despite this,
further subgrouping of the six subgroups was not possible due to
sample size. Several gaps of knowledge remain. In general, more
(longitudinal and modeling) studies in the pediatric population
concerning glucagon and its role in metabolic disease are needed.
What are the differences in mechanisms and progression of
metabolic pathophysiology between pediatric and adult
populations? Does hyperglucagonemia in younger children have
different effects than in adolescents?

In conclusion, fasting and dynamic glucagon levels are elevated
in young individuals with overweight or obesity and IFG compared
to normoglycemic individuals with normal weight. They are,
however, lower than in IGT, IFG+IGT and T2D. In subjects with
IFG, glucagon showed a weak correlation with plasma glucose levels
in the fasting state and during the first hour of OGTT. This is in line
with adult data, indicating maintained normal insulin action in IFG
but not IGT and hence lower glucagon secretory levels. All glycemic
groups showed an overall suppression of glucagon during OGTT
albeit starting at a higher glucagon concentration than in NW
subjects. An initial increase of glucagon within the first 15 minutes
could be observed in individuals with T2D. Glucagon in
adolescents, as in adults, may play a role in the disease
progression of T2D and further research in the pediatric
population is necessary.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Uppsala
regional ethical committee (Number 2012/318) and the Salzburg
ethical committee (Number 1544/2012). The studies were

Frontiers in Endocrinology

10.3389/fendo.2024.1368570

conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

TP: Conceptualization, Visualization, Writing - original draft,
Writing - review & editing. TC: Conceptualization, Data curation,
Writing - review & editing. WL: Data curation, Formal analysis,
Investigation, Methodology, Writing - review & editing. GZ:
Formal analysis, Writing - review & editing. KM6: Data curation,
Investigation, Methodology, Writing - review & editing. JL: Writing
- review & editing. DF: Writing — review & editing. EA: Writing -
review & editing. SG: Data curation, Investigation, Project
administration, Writing - review & editing. KMa: Data curation,
Writing - review & editing. AF: Conceptualization, Writing -
review & editing. CA: Writing — review & editing. JC: Formal
analysis, Investigation, Validation, Writing - review & editing. DW:
Conceptualization, Data curation, Investigation, Methodology,
Project administration, Resources, Supervision, Writing - original
draft, Writing - review & editing. PB: Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

GZ gratefully acknowledges the support of the WISS 2025
project IDA-Lab Salzburg’ (20204-WISS/225/197-2019 and
20102-F1901166-KZP).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1368570
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

References

1. Ehrmann DA, Temple KA, Rue A, Barengolts E, Mokhlesi B, Van Cauter E, et al.
Metabolic contrasts between youth and adults with impaired glucose tolerance or
recently diagnosed type 2 diabetes: II. Observations using the oral glucose tolerance
test. Diabetes Care. (2018) 41:1707-16. doi: 10.2337/dc18-0243

2. Abarca-Gomez L, Abdeen ZA, Hamid ZA, Abu-Rmeileh NM, Acosta-Cazares B,
Acuin C, et al. Worldwide trends in body-mass index, underweight, overweight, and
obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement
studies in 128-9 million children, adolescents, and adults. Lancet. (2017) 390:2627-42.
doi: 10.1016/S0140-6736(17)32129-3

3. Stern JH, Smith GI, Chen S, Unger RH, Klein S, Scherer PE. Obesity dysregulates
fasting-induced changes in glucagon secretion. J Endocrinol. (2019) 243:149-60.
doi: 10.1530/JOE-19-0201

4. Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obesity with
cardiovascular disease. Nature. (2006) 444:875-80. doi: 10.1038/nature05487

5. Unger R, Orci L. The essential role of glucagon in the pathogenesis of diabetes
mellitus. Lancet. (1975) 305:14-6. doi: 10.1016/S0140-6736(75)92375-2

6. Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am J Physiol
Metab. (2003) 284:E671-8. doi: 10.1152/ajpendo.00492.2002

7. Asadi F, Dhanvantari S. Pathways of glucagon secretion and trafficking in the
pancreatic alpha cell: novel pathways, proteins, and targets for hyperglucagonemia.
Front Endocrinol (Lausanne). (2021) 12:726368. doi: 10.3389/fend0.2021.726368

8. Lee Y, Wang M-Y, Du XQ, Charron MJ, Unger RH. Glucagon receptor knockout
prevents insulin-deficient type 1 diabetes in mice. Diabetes. (2011) 60:391-7.
doi: 10.2337/db10-0426

9. Conarello SL, Jiang G, Mu J, Li Z, Woods J, Zycband E, et al. Glucagon receptor
knockout mice are resistant to diet-induced obesity and streptozotocin-mediated beta
cell loss and hyperglycaemia. Diabetologia. (2006) 50:142-50. doi: 10.1007/s00125-006-
0481-3

10. Unger RH, Cherrington AD. Glucagonocentric restructuring of diabetes: a
pathophysiologic and therapeutic makeover. J Clin Invest. (2012) 122:4-12.
doi: 10.1172/JCI60016

11. Neumann UH, Ho JSS, Mojibian M, Covey SD, Charron M]J, Kieffer TJ.
Glucagon receptor gene deletion in insulin knockout mice modestly reduces blood
glucose and ketones but does not promote survival. Mol Metab. (2016) 5:731-6.
doi: 10.1016/j.molmet.2016.05.014

12. Damond N, Thorel F, Moyers JS, Charron M]J, Vuguin PM, Powers AC, et al.
Blockade of glucagon signaling prevents or reverses diabetes onset only if residual -
cells persist. Elife. (2016) 5. doi: 10.7554/eLife.13828

13. Campbell JE, Drucker DJ. Islet o cells and glucagon—critical regulators of
energy homeostasis. Nat Rev Endocrinol. (2015) 11:329-38. doi: 10.1038/
nrendo.2015.51

14. Chen X, Maldonado E, Defronzo RA, Tripathy D. Impaired suppression of
glucagon in obese subjects parallels decline in insulin sensitivity and beta-cell function.
J Clin Endocrinol Metab. (2021) 106:1398-409. doi: 10.1210/clinem/dgab019

15. Knop FK, Vilsbell T, Madsbad S, Holst JJ, Krarup T. Inappropriate suppression
of glucagon during OGTT but not during isoglycaemic i.v. glucose infusion contributes
to the reduced incretin effect in type 2 diabetes mellitus. Diabetologia. (2007) 50:797-
805. doi: 10.1007/s00125-006-0566-z

16. Borghi VC, Wajchenberg BL, Cesar FP. Plasma glucagon suppressibility after
oral glucose in obese subjects with normal and impaired glucose tolerance. Metabolism.
(1984) 33:1068-74. doi: 10.1016/0026-0495(84)90089-1

17. Zeigerer A, Sekar R, Kleinert M, Nason S, Habegger KM, Miiller TD. Glucagon’s
metabolic action in health and disease. In: Comprehensive physiology. Hoboken, New
Jersey, USA: Wiley and Sons Publishing (2021). p. 1759-83. doi: 10.1002/cphy.c200013

18. Acreman S, Zhang Q. Regulation of a-cell glucagon secretion: The role of second
messengers. Chronic Dis Transl Med. (2022) 8:7-18. doi: 10.1016/j.cdtm.2021.06.001

19. Knop FK, Aaboe K, Vilsbell T, Velund A, Holst JJ, Krarup T, et al. Impaired
incretin effect and fasting hyperglucagonaemia characterizing type 2 diabetic subjects
are early signs of dysmetabolism in obesity. Diabetes Obes Metab. (2012) 14:500-10.
doi: 10.1111/j.1463-1326.2011.01549.x

20. Wagner R, Hakaste LH, Ahlqvist E, Heni M, Machann J, Schick F, et al. Non-
suppressed glucagon after glucose challenge as a potential predictor for glucose
tolerance. Diabetes. (2016) 66(5):1373-9. doi: 10.2337/db16-0354

21. Faerch K, Vistisen D, Pacini G, Torekov SS, Johansen NB, Witte DR, et al. Insulin
resistance is accompanied by increased fasting glucagon and delayed glucagon
suppression in individuals with normal and impaired glucose regulation. Diabetes.
(2016) 65:3473-81. doi: 10.2337/db16-0240

22. Wewer Albrechtsen NJ, Faerch K, Jensen TM, Witte DR, Pedersen ], Mahendran
Y, et al. Evidence of a liver-alpha cell axis in humans: hepatic insulin resistance
attenuates relationship between fasting plasma glucagon and glucagonotropic amino
acids. Diabetologia. (2018) 61:671-80. doi: 10.1007/s00125-017-4535-5

23. Bagger JI, Knop FK, Lund A, Holst JJ, Vilsbell T. Glucagon responses to
increasing oral loads of glucose and corresponding isoglycaemic intravenous glucose
infusions in patients with type 2 diabetes and healthy individuals. Diabetologia. (2014)
57:1720-5. doi: 10.1007/s00125-014-3264-2

Frontiers in Endocrinology

10

10.3389/fendo.2024.1368570

24. Suppli MP, Bagger JI, Lund A, Demant M, van Hall G, Strandberg C, et al.
Glucagon resistance at the level of amino acid turnover in obese subjects with hepatic
steatosis. Diabetes. (2020) 69:1090-9. doi: 10.2337/db19-0715

25. Cersosimo E, Solis-Herrera C, Trautmann M, Malloy J, Triplitt C. Assessment of
pancreatic B-cell function: review of methods and clinical applications. Curr Diabetes
Rev. (2014) 10:2-42. doi: 10.2174/1573399810666140214093600

26. Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of
pathogenesis and therapy. Lancet. (2005) 365:1333-46. doi: 10.1016/S0140-6736(05)
61032-X

27. Wang C, Xiao Y, Wang J, Hou N, Cui W, Hu X, et al. Dynamic changes in insulin
and glucagon during disease progression in rhesus monkeys with obesity-related type 2
diabetes mellitus. Diabetes Obes Metab. (2019) 21:1111-20. doi: 10.1111/dom.13624

28. Yabe D, Kuroe A, Watanabe K, Iwasaki M, Hamasaki A, Hamamoto Y, et al.
Early phase glucagon and insulin secretory abnormalities, but not incretin secretion, are
similarly responsible for hyperglycemia after ingestion of nutrients. J Diabetes
Complications. (2015) 29:413-21. doi: 10.1016/j.jdiacomp.2014.12.010

29. Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin
secretory dysfunction and insulin resistance in the pathogenesis of type 2 diabetes
mellitus. J Clin Invest. (1999) 104:787-94. doi: 10.1172/JCI7231

30. Raju B, Cryer PE. Maintenance of the postabsorptive plasma glucose
concentration: insulin or insulin plus glucagon? Am ] Physiol Metab. (2005) 289:
E181-6. doi: 10.1152/ajpendo.00460.2004

31. Baron AD, Schaefter L, Shragg P, Kolterman OG. Role of hyperglucagonemia in
maintenance of increased rates of hepatic glucose output in type II diabetics. Diabetes.
(1987) 36:274-83. doi: 10.2337/diab.36.3.274

32. Shah P, Basu A, Basu R, Rizza R. Impact of lack of suppression of glucagon on
glucose tolerance in humans. Am J Physiol Metab. (1999) 277:E283-90. doi: 10.1152/
ajpendo.1999.277.2.E283

33. Holter MM, Saikia M, Cummings BP. Alpha-cell paracrine signaling in the
regulation of beta-cell insulin secretion. Front Endocrinol (Lausanne). (2022)
13:934775. doi: 10.3389/fend0.2022.934775

34. Kahn SE, Mather KJ, Arslanian SA, Barengolts E, Buchanan TA, Caprio S, et al.
Hyperglucagonemia does not explain the B-cell hyperresponsiveness and insulin
resistance in dysglycemic youth compared with adults: lessons from the RISE study.
Diabetes Care. (2021) 44:1961-9. doi: 10.2337/dc21-0460

35. Kazda CM, Ding Y, Kelly RP, Garhyan P, Shi C, Lim CN, et al. Evaluation of
efficacy and safety of the glucagon receptor antagonist LY2409021 in patients with type
2 diabetes: 12- and 24-week phase 2 studies. Diabetes Care. (2016) 39:1241-9.
doi: 10.2337/dc15-1643

36. Albrechtsen NJW, Kuhre RE, Windelov JA, @rgaard A, Deacon CF, Kissow H,
et al. Downloaded from journals.physiology.org/journal/ajpendo at Medizinische Univ
Graz. Am ] Physiol Endo-crinol Metab. (2016) 311:302-9. doi: 10.1152/
ajpendo.00119.2016.-Glucagon

37. Manell H, Staaf J, Manukyan L, Kristinsson H, Cen J, Stenlid R, et al. Altered
plasma levels of glucagon, GLP-1 and glicentin during OGTT in adolescents with
obesity and type 2 diabetes. J Clin Endocrinol Metab. (2016) 101:1181-9. doi: 10.1210/
jc.2015-3885

38. Kohlenberg JD, Laurenti MC, Egan AM, Wismayer DS, Bailey KR, Cobelli C,
et al. Differential contribution of alpha and beta cell dysfunction to impaired fasting
glucose and impaired glucose tolerance. Diabetologia. (2023) 66:201-12. doi: 10.1007/
s00125-022-05794-3

39. Morwald K, Aigner E, Bergsten P, Brunner SM, Forslund A, Kullberg J, et al.
Serum ferritin correlates with liver fat in male adolescents with obesity. Front
Endocrinol (Lausanne). (2020) 11:340. doi: 10.3389/fendo.2020.00340

40. Roth M. Fluorescence reaction for amino acids. Anal Chem. (1971) 43:880-2.
doi: 10.1021/ac60302a020

41. Association AD. Diagnosis and classification of diabetes mellitus. Diabetes Care.
(2014) 37:581-90. doi: 10.2337/dc14-S081

42. Mayer-Davis EJ, Kahkoska AR, Jefferies C, Dabelea D, Balde N, Gong CX, et al.
ISPAD Clinical Practice Consensus Guidelines 2018: Definition, epidemiology, and
classification of diabetes in children and adolescents. Pediatr Diabetes. (2018) 19:7-19.
doi: 10.1111/pedi.12773

43. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and ?-cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412-9.
doi: 10.1007/BF00280883

44. Team RC. R: A language and environment for statistical computing. Vienna,
Austria: The R Foundation for Statistical Computing (2022). Available at: https://www.
r-project.org/.

45. Feerch K, Vaag A, Holst J], Gliimer C, Pedersen O, Borch-Johnsen K. Impaired
fasting glycaemia vs impaired glucose tolerance: similar impairment of pancreatic alpha
and beta cell function but differential roles of incretin hormones and insulin action.
Diabetologia. (2008) 51:853-61. doi: 10.1007/s00125-008-0951-x

46. Stinson SE, Fernandez de Retana Alzola I, Briinner Hovendal ED, Lund MAV,
Fonvig CE, Holm LA, et al. Altered glucagon and GLP-1 responses to oral glucose in

frontiersin.org


https://doi.org/10.2337/dc18-0243
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1530/JOE-19-0201
https://doi.org/10.1038/nature05487
https://doi.org/10.1016/S0140-6736(75)92375-2
https://doi.org/10.1152/ajpendo.00492.2002
https://doi.org/10.3389/fendo.2021.726368
https://doi.org/10.2337/db10-0426
https://doi.org/10.1007/s00125-006-0481-3
https://doi.org/10.1007/s00125-006-0481-3
https://doi.org/10.1172/JCI60016
https://doi.org/10.1016/j.molmet.2016.05.014
https://doi.org/10.7554/eLife.13828
https://doi.org/10.1038/nrendo.2015.51
https://doi.org/10.1038/nrendo.2015.51
https://doi.org/10.1210/clinem/dgab019
https://doi.org/10.1007/s00125-006-0566-z
https://doi.org/10.1016/0026-0495(84)90089-1
https://doi.org/10.1002/cphy.c200013
https://doi.org/10.1016/j.cdtm.2021.06.001
https://doi.org/10.1111/j.1463-1326.2011.01549.x
https://doi.org/10.2337/db16-0354
https://doi.org/10.2337/db16-0240
https://doi.org/10.1007/s00125-017-4535-5
https://doi.org/10.1007/s00125-014-3264-2
https://doi.org/10.2337/db19-0715
https://doi.org/10.2174/1573399810666140214093600
https://doi.org/10.1016/S0140-6736(05)61032-X
https://doi.org/10.1016/S0140-6736(05)61032-X
https://doi.org/10.1111/dom.13624
https://doi.org/10.1016/j.jdiacomp.2014.12.010
https://doi.org/10.1172/JCI7231
https://doi.org/10.1152/ajpendo.00460.2004
https://doi.org/10.2337/diab.36.3.274
https://doi.org/10.1152/ajpendo.1999.277.2.E283
https://doi.org/10.1152/ajpendo.1999.277.2.E283
https://doi.org/10.3389/fendo.2022.934775
https://doi.org/10.2337/dc21-0460
https://doi.org/10.2337/dc15-1643
https://doi.org/10.1152/ajpendo.00119.2016.-Glucagon
https://doi.org/10.1152/ajpendo.00119.2016.-Glucagon
https://doi.org/10.1210/jc.2015-3885
https://doi.org/10.1210/jc.2015-3885
https://doi.org/10.1007/s00125-022-05794-3
https://doi.org/10.1007/s00125-022-05794-3
https://doi.org/10.3389/fendo.2020.00340
https://doi.org/10.1021/ac60302a020
https://doi.org/10.2337/dc14-S081
https://doi.org/10.1111/pedi.12773
https://doi.org/10.1007/BF00280883
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s00125-008-0951-x
https://doi.org/10.3389/fendo.2024.1368570
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

children and adolescents with obesity and insulin resistance. J Clin Endocrinol Metab.
(2024) 109(6):1590-600. doi: 10.1210/clinem/dgad728

47. Manell H, Kristinsson H, Kullberg J, Ubhayasekera SJK, Morwald K, Staaf ], et al.
Hyperglucagonemia in youth is associated with high plasma free fatty acids, visceral
adiposity, and impaired glucose tolerance. Pediatr Diabetes. (2019) 20:880-91.
doi: 10.1111/pedi.12890

48. Bock G, Dalla Man C, Campioni M, Chittilapilly E, Basu R, Toffolo G, et al.
Pathogenesis of pre-diabetes. Diabetes. (2006) 55:3536-49. doi: 10.2337/db06-0319

49. Unger RH, Aguilar-Parada E, Miiller WA, Eisentraut AM. Studies of pancreatic
alpha cell function in normal and diabetic subjects. J Clin Invest. (1970) 49:837-48.
doi: 10.1172/JCI106297

50. Weyer C, Bogardus C, Pratley RE. Metabolic characteristics of individuals with
impaired fasting glucose and/or impaired glucose tolerance. Diabetes. (1999) 48:2197-
203. doi: 10.2337/diabetes.48.11.2197

51. Abdul-Ghani MA. Contributions of -cell dysfunction and insulin resistance to
the pathogenesis of impaired glucose tolerance and impaired fasting glucose. Diabetes
Care. (2006) 29:1130-9. doi: 10.2337/diacare.2951130

52. Abdul-Ghani MA, Jenkinson CP, Richardson DK, Tripathy D, DeFronzo RA.
Insulin secretion and action in subjects with impaired fasting glucose and impaired
glucose tolerance. Diabetes. (2006) 55:1430-5. doi: 10.2337/db05-1200

53. Sharma A, Varghese RT, Shah M, Man CD, Cobelli C, Rizza RA, et al. Impaired
insulin action is associated with increased glucagon concentrations in nondiabetic
humans. J Clin Endocrinol Metab. (2018) 103:314-9. doi: 10.1210/jc.2017-01197

54. Ahreén B, Larsson H. Impaired glucose tolerance (IGT) is associated with reduced
insulin-induced suppression of glucagon concentrations. Diabetologia. (2001) 44:1998-
2003. doi: 10.1007/s001250100003

55. Sathananthan A, Man CD, Zinsmeister AR, Camilleri M, Rodeheffer R], Toffolo
G, et al. A concerted decline in insulin secretion and action occurs across the spectrum
of fasting and postchallenge glucose concentrations. Clin Endocrinol (Oxf). (2012)
76:212-9. doi: 10.1111/j.1365-2265.2011.04159.x

Frontiers in Endocrinology

11

10.3389/fendo.2024.1368570

56. Adams JD, Dalla Man C, Laurenti MC, Andrade MDH, Cobelli C, Rizza RA,
et al. Fasting glucagon concentrations are associated with longitudinal decline of B-cell
function in non-diabetic humans. Metabolism. (2020) 105:154175. doi: 10.1016/
j.metabol.2020.154175

57. Laurenti MC, Arora P, Dalla Man C, Andrews JC, Rizza RA, Matveyenko A, et al.
The relationship between insulin and glucagon concentrations in non-diabetic humans.
Physiol Rep. (2022) 10. doi: 10.14814/phy2.15380

58. Weiss R, D’Adamo E, Santoro N, Hershkop K, Caprio S. Basal c-cell up-
regulation in obese insulin-resistant adolescents. J Clin Endocrinol Metab. (2011)
96:91-7. doi: 10.1210/j¢.2010-1275

59. Lundqvist MH, Pereira MJ, Almby K, Hetty S, Eriksson JW. Regulation of the
cortisol axis, glucagon, and growth hormone by glucose is altered in prediabetes and
type 2 diabetes. ] Clin Endocrinol Metab. (2024) 109:¢675-88. doi: 10.1210/clinem/
dgad549

60. Tchernof A, Despres J-P. Pathophysiology of human visceral obesity: an update.
Physiol Rev. (2013) 93:359-404. doi: 10.1152/physrev.00033.2011

61. Ebbert J, Jensen M. Fat depots, free fatty acids, and dyslipidemia. Nutrients.
(2013) 5:498-508. doi: 10.3390/nu5020498

62. Niederwanger A, Ciardi C, Tatarczyk T, Khan MI, Hermann M, Mittermair C,
et al. Postprandial lipemia induces pancreatic o cell dysfunction characteristic of type 2
diabetes: studies in healthy subjects, mouse pancreatic islets, and cultured pancreatic o
cells. Am J Clin Nutr. (2014) 100:1222-31. doi: 10.3945/ajcn.114.092023

63. Subramanian V, Bagger JI, Harihar V, Holst JJ, Knop FK, Villsbell T. An
extended minimal model of OGTT: estimation of - and B-cell dysfunction, insulin
resistance, and the incretin effect. Am ] Physiol Metab. (2024) 326:E182-205.
doi: 10.1152/ajpendo.00278.2023

64. Wagner R, Eckstein SS, Fritsche L, Prystupa K, Hérber S, Hiring HU, et al.
Postprandial dynamics of proglucagon cleavage products and their relation to
metabolic health. Front Endocrinol (Lausanne). (2022) 13:892677. doi: 10.3389/
fendo.2022.892677

frontiersin.org


https://doi.org/10.1210/clinem/dgad728
https://doi.org/10.1111/pedi.12890
https://doi.org/10.2337/db06-0319
https://doi.org/10.1172/JCI106297
https://doi.org/10.2337/diabetes.48.11.2197
https://doi.org/10.2337/diacare.2951130
https://doi.org/10.2337/db05-1200
https://doi.org/10.1210/jc.2017-01197
https://doi.org/10.1007/s001250100003
https://doi.org/10.1111/j.1365-2265.2011.04159.x
https://doi.org/10.1016/j.metabol.2020.154175
https://doi.org/10.1016/j.metabol.2020.154175
https://doi.org/10.14814/phy2.15380
https://doi.org/10.1210/jc.2010-1275
https://doi.org/10.1210/clinem/dgad549
https://doi.org/10.1210/clinem/dgad549
https://doi.org/10.1152/physrev.00033.2011
https://doi.org/10.3390/nu5020498
https://doi.org/10.3945/ajcn.114.092023
https://doi.org/10.1152/ajpendo.00278.2023
https://doi.org/10.3389/fendo.2022.892677
https://doi.org/10.3389/fendo.2022.892677
https://doi.org/10.3389/fendo.2024.1368570
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Rise in fasting and dynamic glucagon levels in children and adolescents with obesity is moderate in subjects with impaired fasting glucose but accentuated in subjects with impaired glucose tolerance or type 2 diabetes
	1 Introduction
	2 Materials and methods
	2.1 Study population and design
	2.2 Oral glucose tolerance test, blood sampling, and biochemical measurements
	2.3 Anthropometric assessment, magnetic resonance imaging, and grouping by glycemic state
	2.4 Estimation of hepatic insulin resistance
	2.5 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Glucagon in normoglycemic individuals with normal weight and obesity
	3.3 Glucagon in individuals with impaired glucose metabolism
	3.4 AUC for glucagon and insulin
	3.5 Correlation of glucagon and plasma glucose

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


