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Abstract
Context:  In adults, hyperglucagonemia is associated with type 2 diabetes, impaired glucose tolerance, and obesity. The role of glucagon in 
pediatric overweight/obesity remains unclear.
Objective:  We examined whether fasting concentrations of glucagon are elevated in youth with overweight/obesity and whether this associ-
ates with cardiometabolic risk profiles.
Methods:  Analyses were based on the cross-sectional HOLBAEK study, including children and adolescents 6 to 19 years of age, with over-
weight/obesity from an obesity clinic group (n = 2154) and with normal weight from a population-based group (n = 1858). Fasting concentrations 
of plasma glucagon and cardiometabolic risk outcomes were assessed, and multiple linear and logistic regressions models were performed.
Results: The obesity clinic group had higher glucagon concentrations than the population-based group (P < 0.001). Glucagon positively asso-
ciated with body mass index (BMI) standard deviation score (SDS), waist, body fat %, liver fat %, alanine transaminase (ALT), high-sensitivity 
C-reactive protein, homeostasis model assessment of insulin resistance, insulin, C-peptide, LDL-C, triglycerides, SDS of diastolic and systolic
blood pressure, and was inversely associated with fasting glucose. The inverse relationship between glucagon and glucose was attenuated in
individuals with high BMI SDS and high fasting insulin. Glucagon was associated with a higher prevalence of insulin resistance, increased ALT,
dyslipidemia, and hypertension, but not with hyperglycemia. Glucagon was positively associated with fasting total glucagon-like peptide-1.
Conclusion:  Compared with normal weight peers, children and adolescents with overweight/obesity had elevated concentrations of fasting glu-
cagon, which corresponded to worsened cardiometabolic risk outcomes, except for hyperglycemia. This suggests hyperglucagonemia in youth 
may precede impairments in glucose regulation.
Key Words:  adolescent, cardiometabolic risk, child, glucagon, hyperglycemia, obesity
Abbreviations:  ALT, alanine aminotransferase; BMI, body mass index; BP, blood pressure; GLP-1, glucagon-like peptide-1; HbA1c, glycated hemoglobin A1c; HDL-
C, high-density lipoprotein-cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IQR, inter-
quartile range; LDL-C, low-density lipoprotein-cholesterol; LLOQ, lower limit of quantitation; OR, odds ratio; SDS, standard deviation score.

Glucagon opposes the glucose-lowering actions of insulin and 
stimulates hepatic glucose production (1). Glucagon also me-
diates several nonglucose-related metabolic effects, including 
regulation of amino acid metabolism (ureagenesis) (2); stimu-
lation of insulin secretion (3); break down of fatty acids and 
lipogenesis inhibition in the liver (4); potential reduction of 
food intake (5); increased energy expenditure (6); and pos-
sibly regulation of heart rate and contractibility (7), although 
the latter effects may not be physiological. The regulation of 

glucagon secretion is complex, involving a combination of 
paracrine, endocrine, nutritional, and autonomic factors (1). 
Inhibitors of glucagon secretion have been reported to include 
beta cell–derived factors such as amylin, insulin, and zinc; 
delta cell–derived somatostatin; alpha cell–derived glucagon 
feedback; gastrointestinal peptides, such as glucagon-like pep-
tide-1 (GLP-1); and metabolic factors, including fatty acids 
and glucose. Conversely, stimulators of glucagon release may 
include amino acids such as alanine, glutamine, and tyrosine; 
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gut-derived factors such as glucose-dependent insulinotropic 
polypeptide (GIP), oxyntomodulin, and ghrelin; as well as 
parasympathetic/sympathetic controlled mechanisms (8).

Hyperglucagonemia associates with numerous 
cardiometabolic risk factors and contributes to the hypergly-
cemic state in adults with type 2 diabetes (8). A recent study, 
which employed soft clustering of 32 clinical phenotypes in 
recently diagnosed adults with type 2 diabetes, revealed dis-
tinctive archetypes, wherein the archetype with obesity and in-
sulin resistance associated with lower physical activity, higher 
subcutaneous and visceral fat, liver fat, fasting glucagon, and 
GLP-1, compared with the lean and insulin deficient archetype, 
which showed the opposite trends (9). Higher fasting concen-
trations of glucagon are also present in adults with obesity and 
normal glucose tolerance, suggesting that hyperglucagonemia 
manifests early in the development of glucose intolerance 
(10). Less is known regarding the role of glucagon in pediatric 
obesity (11-16); however, the appearance of higher fasting glu-
cagon may likewise proceed deteriorations in glucose toler-
ance (15). Importantly, signs of hyperglucagonemia in early life 
could be a central indicator of obesity-related complications.

In the present study, we aimed to assess whether fasting 
plasma glucagon associates with cardiometabolic risk out-
comes in a cross-sectional study of 4012 children and adoles-
cents, aged 6 to 19 years, recruited to an obesity clinic or from 
the general population in Denmark. We examined whether 
these associations were modified by overweight/obesity and 
depend on fasting insulin concentrations. Lastly, we examined 
whether glucagon is associated with fasting GLP-1. We hy-
pothesized that glucagon will be elevated in youth with over-
weight/obesity when compared to normal weight, and this 
will be indicative of worsened cardiometabolic risk profiles 
and will associate with fasting GLP-1.

Methods
Study Populations
The present study is based on data from The HOLBAEK Study, 
previously known as The Danish Childhood Obesity Biobank 
(17, 18). Two groups of children and adolescents were in-
cluded: (1) an obesity clinic group (n = 2555), the members 
of which followed a multidisciplinary childhood obesity man-
agement program at Holbæk Hospital (17) and had a body 
mass index (BMI) > 90th percentile (BMI standard deviation 
score [SDS] > 1.28) according to Danish reference values 
(19); and (2) a population-based group (n = 2734), recruited 
from schools across 11 municipalities in Zealand, Denmark 
(18). Both groups were enrolled into The HOLBAEK Study 
between August 2007 and April 2019.

The exclusion criteria were: (1) age younger than 6 or older 
than 19 years (n = 177); (2) ethnicity other than Danish or 
North-European (self-reported country of origin and ancestry, 
n = 481); (3) diagnosed type 1 diabetes (n = 13); (4) diag-
nosed type 2 diabetes (n = 4); (5) treatment with medications 
including insulin, liraglutide, or metformin (n = 17); and (6) 
meeting type 2 diabetes criteria (20) based on the blood sample 
taken for this study (fasting plasma glucose > 7.0  mmol/L 
and/or glycated hemoglobin A1c [HbA1c] > 48  mmol/mol, 
n = 7). Additionally, individuals from the population-based 
group were excluded if they were underweight, defined as 
BMI < 10th percentile (BMI SDS < −1.28, n = 136) or had 
overweight/obesity defined as BMI > 90th percentile (BMI 

SDS > 1.28, n = 442) (19). After applying the exclusion cri-
teria, 2154 remained in the obesity group and 1858 in the 
population-based group.

Ethics
According to the Declaration of Helsinki, informed con-
sent was obtained from all participants. Written consent 
was obtained either from parents/legal guardians of partici-
pants younger than 18 years, or from the participants when 
18 years or older. The study was approved by the Scientific 
Ethics Committee of Region Zealand, Denmark (protocol no. 
SJ-104) and by the Danish Data Protection Agency.

Anthropometrics and Blood Pressure
In the obesity clinic group, anthropometrics (height, weight, 
and waist circumference) and blood pressure (BP) were 
obtained as a part of a clinical examination, whereas the 
population-based group was assessed in a mobile labora-
tory by trained medical professionals, as previously de-
scribed (21). BMI standard deviation scores were calculated 
according to a Danish reference (19). Mean values for the 
last 2 measurements of BP were calculated and converted 
to BP SDS based on age-, sex-, and height-specific reference 
values from the American Academy of Pediatrics (22).

Puberty Stage
In the obesity clinic, Tanner stage (23, 24) was evaluated by a 
pediatrician. In the population-based group, Tanner stage was 
self-evaluated using a questionnaire with picture pattern rec-
ognition. Self-assessment has been shown to accurately dis-
tinguish between the stages of prepuberty and puberty (25). 
Consequently, puberty stage in the obesity clinic (n = 1719) 
and population-based (n = 1341) was defined as either pre-
pubertal (Tanner stage 1) or pubertal (Tanner stage 2-5) to 
make measures comparable.

Dual-Energy X-Ray Absorptiometry
Whole-body dual-energy x-ray absorptiometry (DXA) was 
performed and body fat % was quantified in a subset from 
both the obesity clinic (n = 1885) and population-based 
(n = 207) groups, using a GE Lunar Prodigy (DF+10031, 
GE Healthcare, Madison, Wisconsin, USA) until October 
2009 and thereafter on a GE Lunar iDXA (ME+200179, GE 
Healthcare), as previously described (26).

Proton Magnetic Resonance Spectroscopy
Proton magnetic resonance spectroscopy (1H-MRS) was per-
formed and liver fat % was quantified in a subset of both the 
obesity clinic (n = 544) and population-based (n = 98) groups, 
using a 3T Achieva MR imaging system (Philips Medical 
Systems, Best, Netherlands), as previously specified (27).

Biochemical Analyses
Venous blood samples were collected from 7 to 9 am fol-
lowing an overnight fast of at least 8 hours. Fasting bio-
chemical measurements described previously by our group 
include plasma alanine transaminase (ALT) (28), serum high-
sensitivity C-reactive protein (hs-CRP) (29), serum insulin, 
serum C-peptide, plasma glucose, whole blood HbA1c (30), 
plasma high-density lipoprotein cholesterol (HDL-C), plasma 
low-density lipoprotein cholesterol (LDL-C), plasma trigly-
cerides (31), and plasma total GLP-1 (21).
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To measure glucagon, blood samples were drawn in 
ice-cold EDTA tubes, separated by centrifugation within 20 
minutes, and stored immediately at −80 °C until further ana-
lyses. Plasma glucagon was measured using the Mercodia 
Glucagon ELISA (RRID: AB_2737304, https://scicrunch.org/
resources/Any/search?q=AB_2737304&l=AB_2737304, Cat. 
No. 10-1271-01, Uppsala, Sweden) (32). The assay was per-
formed in duplicate and read on a SpectraMax iD3 (San Jose, 
CA, USA). The standard curve for glucagon had a range of 1.5 
to 130 pmol/L, with a lower limit of quantification (LLOQ) 
of 0.75 pmol/L. Values below the LLOQ (n = 42) were as-
signed half the LLOQ (0.375 pmol/L). The interassay CV was 
12.2% and the intra-assay CV was 12.1%.

Defining Cardiometabolic Risk Features
Insulin resistance was defined as homeostasis model assess-
ment of insulin resistance (HOMA-IR) values above the 90th 
percentile for age and sex, based on the obesity clinic and 
population-based groups (30). HOMA-IR was calculated as 
insulin mU/L × glucose mM/22.5. Hyperglycemia was de-
fined as fasting plasma glucose between 5.6 and 6.9 mmol/L 
or HbA1c between 39 and 47  mmol/mol, according to the 
American Diabetes Association guideline for diabetes (20). 
Increased ALT was defined as fasting plasma ALT concen-
trations > 24.5 U/L in girls and > 31.5 U/L in boys, which 
was determined to be the optimal cutoff for identifying hep-
atic steatosis by our group (liver fat content of > 5% meas-
ured by proton magnetic resonance spectroscopy (1H-MRS) 
in 458 children and adolescents) (28). Dyslipidemia was de-
fined as values above the 95th percentile according to pedi-
atric guidelines, corresponding to total cholesterol > 200 mg/
dL (5.2  mM), LDL-C > 130  mg/dL (3.4  mM), triglycer-
ides > 100  mg/dL (1.1  mM) for 0 to 9  years or > 130  mg/
dL (1.5 mM) for 10 to 19 years of age, or HDL-C < 40 mg/
dL (1.0 mM) (33). Hypertension was defined as a systolic or 
diastolic BP above the 95th percentile for age and sex, based 
on pediatric guidelines (34).

Statistical Analyses
Statistical analyses were performed in R version 4.1.2 (35). 
Normality of parameter distributions were evaluated. Data 
were reported as median (interquartile range [IQR]) for 
nonparametric variables and frequencies and percentages 
for categorical variables. The 2 groups were compared using 
Wilcoxon rank sum tests for continuous variables and χ 2 test 
for categorical variables. Statistical significance was set at 
P < 0.05.

Age- and sex-specific percentile curves for glucagon were 
calculated using the “Generalized Additive Models for 
Location, Scale and Shape” R package (https://cran.r-project.
org/web/packages/gamlss/), using the Box-Cox transform-
ation distribution family to account for skewness, with the 
best fit determined by the Akaike Information Criterion (36).

Linear regression models were used to evaluate associations 
between fasting glucagon as an indicator of cardiometabolic 
risk factors. Nonnormally distributed (right-skewed) 
cardiometabolic risk factors were naturally log-transformed. 
Estimated β-effect sizes and 95% CI were reported as the 
SD change in cardiometabolic risk factors per SD change 
in fasting glucagon to facilitate direct comparisons of the 
strength of associations. The obesity clinic and population-
based groups were pooled. Potential covariates were assessed, 

and the following pooled models were performed Model 1: 
adjusted for age, sex, and BMI SDS; Model 2: Model 1 + pu-
berty stage; and Model 3: Model 1 + fasting insulin. Model 
2 was performed in a subset (76 % individuals) with avail-
able information on puberty stage. We were also interested 
in whether the relationship between fasting glucagon and 
cardiometabolic risk factors was modified by group, so a 
2-way interaction model was applied (glucagon × group
[obesity clinic vs population-based]), adjusted for age and
sex. We further evaluated the relationship between fasting
glucagon and fasting glucose, stratified by BMI quartiles,
applying an interaction model (glucagon × insulin [high vs
low]), adjusted for age and sex.

Logistic regression models were used to examine the rela-
tionship between glucagon as an indicator of cardiometabolic 
risk features (0/1), using a similar approach as the linear re-
gression models for cardiometabolic risk factors.

To explore the relationship between glucagon as an indi-
cator of total GLP-1, linear regression models were applied 
stratified by group and sex, adjusted for age and BMI SDS. 
Again, because the data did not meet the requirement for a 
normal distribution of model residuals, total GLP-1 was log-
transformed prior to analysis.

Results
Characteristics of the Study Groups
The descriptive characteristics of 4012 individuals from the 
obesity clinic and population-based groups are provided in 
Table 1. There were no significant differences in age between 
groups. There were more boys in the obesity clinic group than 
in the population-based group and a higher percentage of indi-
viduals were in the prepubertal stage (both P < 0.001). Patients 
in the obesity clinic group had higher BMI SDS, waist, body 
fat %, liver fat %, fasting levels of ALT, hs-CRP, HOMA-IR, 
insulin, C-peptide, glucose, HbA1c, LDL-C, triglycerides, SDS 
of diastolic and systolic BP, and lower HDL-C, than partici-
pants in the population-based group (all P < 0.001). Patients in 
the obesity clinic group exhibited worse cardiometabolic risk 
profiles, with a higher prevalence of insulin resistance, hyper-
glycemia, increased ALT, dyslipidemia, and hypertension than 
participants in the population-based group (all P < 0.001).

Patients in the obesity clinic group had higher fasting 
plasma glucagon concentrations (median 7.8; IQR, 5.5-10.8 
pmol/L) than participants in the population-based group 
(median 5.5; IQR, 3.9-7.7 pmol/L; P < 0.001). Age- and sex-
specific values for fasting glucagon are illustrated with 5th, 
50th, and 95th percentile curves for the respective groups (see 
Supplementary Figure 1) (37).

Associations of Fasting Glucagon as an Indicator of 
Cardiometabolic Risk Factors
Fasting glucagon was positively associated with BMI SDS, 
waist, body fat %, liver fat %, ALT, hs-CRP, HOMA-IR, in-
sulin, C-peptide, LDL-C, triglycerides, and diastolic and sys-
tolic BP SDS, and it was inversely associated with glucose, but 
fasting glucagon was not significantly associated with HbA1c or 
HDL-C (Fig. 1 and Supplementary Table 1, Model 1) (37), ad-
justed for age, sex, and BMI SDS (except for BMI SDS, waist, 
and body fat % which were adjusted for age and sex only). 
The associations to cardiometabolic risk factors remained con-
sistent when further adjusted for puberty stage, except for a 
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significant inverse association to HDL-C (β −0.03, P = 0.04, 
formerly nonsignificant) and SBP SDS which was attenuated 
(β 0.02, P = 0.21, formerly significant) (Supplementary Table 1, 
Model 2)  (37). When further adjusted for fasting insulin, the 
previous results remained consistent, apart from liver fat % 
which was attenuated (β 0.02, P = 0.50, formerly significant) 
and an inverse association with HbA1c (β −0.05, P = 0.006, for-
merly nonsignificant) (Supplementary Table 1, Model 3) (37).

Group (obesity clinic vs population-based) modified the 
relationship between glucagon and cardiometabolic risk 
factors (Supplementary Table 2, Model 1)  (37). Significant 
interactions were detected for hs-CRP, HOMA-IR, insulin, 
C-peptide, LDL-C, triglycerides, and diastolic and systolic
BP SDS (all Pinteraction < 0.05), with larger β-effect sizes in the
obesity clinic group compared with the population-based
group, adjusted for age and sex. Liver fat % (Pinteraction = 0.06)
and ALT (Pinteraction = 0.05) showed similar trends of larger
β-effect sizes in the obesity clinic group but did not differ
significantly in slopes. Significant interactions were also ob-
served for glucose and HbA1c (both Pinteraction < 0.05), with
larger negative β-effect sizes in the population-based group
compared to the obesity clinic group. No significant inter-
actions were observed for HDL-C (Pinteraction = 0.70).

Association of Fasting Glucagon as an Indicator of 
Fasting Glucose Stratified by BMI SDS Quartiles, 
Modified by Fasting Insulin
To further examine the inverse relationship between glucagon 
and glucose, individuals were stratified by BMI SDS quartiles 
and an interaction model (glucagon × insulin [high vs low]) 
was applied, adjusted for age and sex (Fig. 2). There was a 
significant interaction (Pinteraction = 7.8E-04) in the highest BMI 
quartile, by which glucagon was not significantly associated 
to glucose in individuals with high insulin (β −0.04, P = 0.31), 
but was inversely associated in those with low insulin concen-
trations (β −0.23, P = 4.2E-07).

Associations of Fasting Glucagon as an Indicator of 
Cardiometabolic Risk Features
A 1-SD increase in glucagon was associated with a higher preva-
lence of insulin resistance (odds ratio [OR] 1.31, P = 9.1E-
10), increased ALT (OR 1.37, P = 4.0E-14), dyslipidemia (OR 
1.20, P = 8.2E-06), and hypertension (OR 1.17, P = 0.001), 
but was not significantly associated with hyperglycemia (OR 
0.92, P = 0.09) adjusted for age, sex, and BMI SDS (see Fig. 
3, Supplementary Table 3, Model 1)  (37). Results remained 
consistent when further adjusted for puberty stage, except for 

Table 1.  Characteristics of the obesity clinic and population-based groups

Characteristic n Obesity clinic n Population-based P 

Age, years 2154 11.8 (9.6, 14.2) 1858 11.8 (9.0, 14.9) 0.83

Sex, boys, n (%) 2154 987 (45.8) 1858 749 (40.3) < 0.001

Puberty stage, prepubertal, n (%) 1719 693 (40.3) 1341 441 (32.9) < 0.001

Fasting plasma glucagon, pmol/L 2154 7.8 (5.5, 10.8) 1858 5.5 (3.9, 7.7) < 0.001

Cardiometabolic risk factors

BMI SDS 2154 2.86 (2.46, 3.31) 1858 0.11 (-0.41, 0.62) < 0.001

Waist, cm 2070 91.0 (82.0, 102.0) 1844 64.0 (59.0, 71.0) < 0.001

Body fat, % 1885 43.6 (40.2, 46.9) 207 24.4 (20.9, 29.5) < 0.001

Liver fat, % 544 1.0 (0.5, 2.0) 98 0.5 (0.5, 0.5) < 0.001

Plasma ALT, U/L 2106 23.0 (18.0, 31.0) 1819 20.0 (16.0, 23.0) < 0.001

Serum hs-CRP, mg/L 1176 1.3 (0.5, 2.9) 548 0.4 (0.2, 0.8) < 0.001

HOMA-IR, mIU/L 2049 3.8 (2.5, 5.6) 1812 2.0 (1.4, 2.8) < 0.001

Serum insulin, pmol/L 2108 100.9 (68.2, 144.3) 1842 55.2 (39.3, 74.3) < 0.001

Serum C-peptide, nmol/L 2056 0.8 (0.6, 1.1) 1836 0.5 (0.4, 0.7) < 0.001

Plasma glucose, mmol/L 2055 5.0 (4.8, 5.3) 1826 5.0 (4.7, 5.2) < 0.001

Whole blood HbA1c, mmol/mol 2097 34.0 (32.0, 36.0) 1815 34.0 (32.0, 35.0) < 0.001

Plasma HDL-C, mmol/L 2092 1.2 (1.0, 1.4) 1814 1.5 (1.3, 1.7) < 0.001

Plasma LDL-C, mmol/L 2091 2.4 (2.0, 2.9) 1814 2.0 (1.7, 2.5) < 0.001

 Plasma triglycerides, mmol/L 2092 0.9 (0.7, 1.3) 1814 0.6 (0.5, 0.8) < 0.001

DBP SDS 2059 0.19 (-0.26, 0.67) 1742 -0.22 (-0.61, 0.24) < 0.001

  SBP SDS 2059 0.67 (0.09, 1.29) 1742 0.35 (-0.14, 0.84) < 0.001

Cardiometabolic risk features

Insulin resistance, n (%) 2037 970 (47.6) 1768 118 (6.7) < 0.001

Hyperglycemia, n (%) 2059 372 (18.1) 1791 111 (6.2) < 0.001

Increased ALT, n (%) 2106 684 (32.5) 1819 194 (10.7) < 0.001

Dyslipidemia, n (%) 2092 757 (36.2) 1814 153 (8.4) < 0.001

Hypertension, n (%) 2059 347 (16.9) 1742 96 (5.5) < 0.001

Continuous values are shown as medians (IQR) and categorical variables are presented as frequencies, n (%). Puberty stage defined as prepubertal (Tanner 
stage 1) vs pubertal (Tanner stage 2-5). Statistical analysis was performed using Wilcoxon rank sum tests or χ 2 tests.
Abbreviations: ALT, alanine aminotransferase; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; 
HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; 
SBP, systolic blood pressure; SDS, standard deviation score.
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hypertension, which became attenuated (OR 1.11, P = 0.07, 
formerly significant) (Supplementary Table 3, Model 2) (37). 
When controlling for fasting insulin, higher glucagon con-
centrations remained associated with a higher prevalence of 
increased ALT, dyslipidemia, and hypertension, but became 
significantly associated with a lower prevalence of hyper-
glycemia (OR 0.81, P = 1.7E-04, formerly nonsignificant) 
(Supplementary Table 3, Model 3) (37).

The modifying effect of group on the relationship between 
glucagon and cardiometabolic risk features was evaluated 
(Supplementary Table 4, Model 1)  (37). A  significant inter-
action for hyperglycemia (Pinteraction = 0.02) was observed, 
with a lower OR in the population-based group (OR 0.68, 
P = 0.009) compared to the obesity clinic group (OR 0.99, 
P = 0.88), adjusted for age, and sex. For insulin resistance, 
a higher OR was observed in the obesity clinic group (OR 
1.46, P = 4.9E-16), compared to the population-based group 
(OR 1.14, P = 0.27), yet the slopes did not significantly 
differ (Pinteraction = 0.05). No significant interactions were de-
tected for increased ALT, dyslipidemia, and hypertension (all 
Pinteraction > 0.05).

Associations of Fasting Glucagon As an Indicator of 
Fasting Total GLP-1
Glucagon was positively associated with fasting total 
GLP-1 in both girls and boys from the obesity clinic and the 
population-based groups (P < 0.001), when adjusted for age 
and BMI SDS (see Supplementary Figure 2) (37).

Discussion
In this study we demonstrate that children and adoles-
cents with overweight/obesity have elevated concentrations 

of fasting glucagon, compared with normal weight peers. 
Glucagon was positively associated with BMI SDS, waist, 
body fat %, liver fat %, ALT, hs-CRP, HOMA-IR, insulin, 
C-peptide, LDL-C, triglycerides, and SDS of diastolic and sys-
tolic BP, and inversely associated with glucose, but did not
significantly associate with HbA1c or HDL-C. The inverse re-
lationship between fasting glucagon and fasting glucose was
attenuated in those with high BMI SDS and high fasting in-
sulin. Higher glucagon concentrations were associated with
a higher prevalence of insulin resistance, increased ALT,
dyslipidemia, and hypertension, but not with hyperglycemia.
Lastly, glucagon was positively associated with total GLP-1
concentrations in both boys and girls from both the obesity
clinic and population-based groups. Together, these findings
demonstrate that fasting glucagon is an indicator of adverse
cardiometabolic risk traits in children and adolescents with
overweight/obesity but does not associate with hyperglycemia
in this age group.

Despite the importance of glucagon on cardiometabolic 
health, only a limited number of studies have focused on the 
role of glucagon during childhood and adolescence (11-16). 
A  study including 65 adolescents observed elevated fasting 
glucagon concentrations in those with type 2 diabetes, fol-
lowed by individuals with obesity, when compared to normal 
weight participants, which associated with a decreased sup-
pression of glucagon levels in response to an oral glucose tol-
erance test (11). In cross-sectional study of 190 children and 
adolescents with obesity and normal weight, fasting glucagon 
was positively associated with BMI SDS, waist, subcutaneous 
and visceral adipose tissue, liver fat %, fasting insulin, tri-
glycerides, and free fatty acids, but was not significantly as-
sociated with fasting glucose concentrations (14). A  recent 
study comparing 350 adults to 66 youth aged 10-19 years, 
with impaired glucose tolerance or recently diagnosed type 
2 diabetes, found that fasting glucagon was positively asso-
ciated with fasting glucose in adults, whereas this relation-
ship was inversed in youth, although not significantly (16). 
Furthermore, at matched glucagon concentrations, youth ex-
hibited higher C-peptide concentrations compared to adults, 
suggesting higher sensitivity of beta cells to glucagon in youth 
(16). This highlights the intriguing finding in the present study 
in which fasting glucagon inversely associates with fasting 
glucose, but this relationship depends on the degree of adi-
posity and level of fasting insulin. This concept should be fur-
ther explored to examine at which stage hyperglucagonemia 
begins to associate with hyperglycemia in young adulthood.

The concept of a liver–alpha cell axis may provide an ex-
planation for the link between metabolic syndrome and 
hyperglucagonemia, with glucagon regulating amino acid 
turnover and amino acids regulating alpha cell growth 
and secretion (8). Support for this theory comes from the 
ADDITION-PRO study, as circulating levels of amino acids 
(alanine, glutamine, and tyrosine) associated with fasting glu-
cagon in 1408 adults with normal and impaired glucose tol-
erance (38). These findings were replicated in an independent 
cohort of women with low to high risk for type 2 diabetes, 
where even lower levels of liver fat % were associated with 
hyperglucagonemia, reflecting impairments of the liver–alpha 
cell axis (39). It is hypothesized that a similar relationship 
may exist in youth, since the present study found a positive 
association between fasting glucagon, liver fat %, and ALT. 
However, measurements of amino acids are lacking. In line 
with this, a retrospective study that included 26 children with 
obesity and hyperlipidemia found that amino acids, including 

Figure 1.  Estimated regression β-effects (95% CI) for associations of
fasting plasma glucagon as an indicator of cardiometabolic risk factors 
in a pooled model, adjusted for age, sex, and BMI SDS. Cardiometabolic 
risk factors: BMI SDS, waist, and body fat % were not adjusted for 
BMI SDS. Cardiometabolic risk factors were nonnormally distributed 
(right-skewed) and log-transformed, except for BMI SDS, DBP SDS, and 
SBP SDS. Abbreviations: ALT, alanine aminotransferase; DBP, diastolic 
blood pressure; HbA1c, glycated hemoglobin A1c; HDL-C, high-density 
lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of 
insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-C, 
low-density lipoprotein cholesterol; SBP, systolic blood pressure; SDS, 
standard deviation score.
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alanine, associated with BMI and HOMA-IR, yet fasting glu-
cagon was not assessed (40).

The regulation of glucagon secretion is multi-faceted 
and partly modulated by intestinal peptides, such as GLP-1 
(which inhibits), oxyntomodulin (enhances), and glucose-
dependent insulinotropic polypeptide (GIP) (enhances) (8). In 
the present study, a positive association between fasting glu-
cagon and fasting total GLP-1 was observed. A similar finding 
has been reported in adults with and without type 2 diabetes 
(n = 1049) from the IMI DIRECT study (9, 41). Likewise, in 
children and adolescents with newly diagnosed type 1 dia-
betes (n = 257), GLP-1 concentrations were positively asso-
ciated with glucagon release in response to a carbohydrate 
rich meal (42).

There are several strengths and limitations to the current 
study. A  major strength of this study is the large number 
of participants with comprehensive cardiometabolic risk 
profiling. Participants were recruited from the same geo-
graphical area and individuals with diseases or intake of 
medications related to obesity or diabetes were excluded. 
A well-documented and validated assay with high specificity 

and sensitivity for glucagon was used (32, 43) and samples 
were assayed in duplicate. One limitation of the study is 
the inability to assess temporality with progression of over-
weight/obesity during childhood and adolescence, as only a 
single time point was collected, limiting the ability to draw 
some conclusions, including meal-related or day-to-day vari-
ation. Additionally, due to the inherent cross-sectional study 
design, causality cannot be established.

Conclusions and Future Directions
In the present study, we demonstrated that elevated fasting 
glucagon concentrations were present in children and ado-
lescent with overweight/obesity, which associated with 
worsened cardiometabolic risk outcomes, including insulin 
resistance, increased ALT (representative of hepatic steatosis), 
dyslipidemia, and hypertension, but was not associated with 
hyperglycemia. The causality behind hyperglucagonemia and 
cardiometabolic risk cannot be established in the present 
study, but it is most likely multi-dimensional, where amino 
acids and gastrointestinal peptides could be of key import-
ance (38). The genetic influence on glucagon secretion has 

Figure 2.  Estimated regression β-effects (95% CI) for associations of fasting plasma glucagon as an indicator of fasting plasma glucose, stratified by
BMI SDS quartiles, in an interaction model (fasting glucagon × fasting insulin [High vs Low]), adjusted for age and sex. Fasting plasma glucose was 
nonnormally distributed and log-transformed. Median BMI SDS for Quartile 1 = -0.37, Quartile 2 = 0.72, Quartile 3 = 2.53, Quartile 4 = 3.33. High insulin 
(red) and Low insulin (blue) groups were defined by median fasting insulin concentration in each quartile. Abbreviation: SDS, standard deviation score.
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been studied in a few adult populations (44, 45), yet gen-
etic data in pediatric populations has yet to be utilized. 
Longitudinal studies are needed to study the progression of 
hyperglucagonemia during the development of pediatric over-
weight/obesity and how this may advance to hyperglycemia 
at later stages in life.

Acknowledgments
The authors would like to acknowledge the contribution by 
the staff at the Department of Biochemistry at Copenhagen 
University Hospital Holbæk and the participants for their im-
portant contribution to the study. The authors would also like 
to thank Birgitte Holløse and Tanja Larsen for their assistance 
with blood sampling and database logistics, as well as Pia 
Ø. Lind, Annemette Forman, and Thomas Nyegaard Beck for 
their technical assistance.

Financial Support
This study was supported by The Innovation Fund 
Denmark (grant number: 0603-00484B), The Novo Nordisk 
Foundation, (grant number: NNF15OC0016544), and The 
MicrobLiver Challenge (grant number: NNF15OC0016692). 
Sara E. Stinson is funded by the Copenhagen Bioscience PhD 
Programme (grant number: NNF18CC0033668). Morten 
A. V. Lund is funded by the Danish Heart Foundation (grant
number: 18-R125-A8447). Cilius E. Fonvig is supported by
the BRIDGE – Translational Excellence Programme (grant
number: NNF18SA0034956).

Disclosures
The authors have nothing to disclose.

Clinical Trial Information
The HOLBAEK Study, formerly known as The Danish 
Childhood Obesity Biobank, is registered with ClinicalTrials.

gov identifier number NCT00928473, https://clinicaltrials.
gov/ct2/show/NCT00928473 (registered June 2009).

Data Availability
Restrictions apply to the availability of some or all data gen-
erated or analyzed during this study to preserve patient confi-
dentiality. The corresponding author will on request detail the 
restrictions and any conditions under which access to some 
data may be provided.

References
1.	 Muller TD, Finan B, Clemmensen C, DiMarchi RD, Tschop MH. 

The new biology and pharmacology of glucagon. Physiol Rev.
2017;97(2):721-766.

2.	 Boden  G, Rezvani  I, Owen  OE. Effects of glucagon on plasma
amino acids. J Clin Invest. 1984;73(3):785-793.

3.	 Cooperberg BA, Cryer PE. Insulin reciprocally regulates glucagon
secretion in humans. Diabetes. 2010;59(11):2936-2940.

4.	 Galsgaard KD, Pedersen J, Knop FK, Holst JJ, Wewer Albrechtsen NJ. 
Glucagon receptor signaling and lipid metabolism. Front Physiol.
2019;10:413. doi:10.3389/fphys.2019.00413

5.	 Bagger JI, Holst JJ, Hartmann B, Andersen B, Knop FK, Vilsboll T. 
Effect of oxyntomodulin, glucagon, GLP-1, and combined glu-
cagon +GLP-1 infusion on food intake, appetite, and resting energy 
expenditure. J Clin Endocrinol Metab. 2015;100(12):4541-4552.

6.	 Tan  TM, Field  BC, McCullough  KA, et  al. Coadministration of
glucagon-like peptide-1 during glucagon infusion in humans re-
sults in increased energy expenditure and amelioration of hyper-
glycemia. Diabetes. 2013;62(4):1131-1138.

7.	 Ceriello  A, Genovese  S, Mannucci  E, Gronda  E. Glucagon and
heart in type 2 diabetes: new perspectives. Cardiovasc Diabetol.
2016;15(1):123.

8.	 Wewer Albrechtsen NJ, Kuhre RE, Pedersen J, Knop FK, Holst JJ. The 
biology of glucagon and the consequences of hyperglucagonemia.
Biomark Med. 2016;10(11):1141-1151.

9.	 Wesolowska-Andersen  A, Brorsson  CA, Bizzotto  R, et  al. Four
groups of type 2 diabetes contribute to the etiological and clinical
heterogeneity in newly diagnosed individuals: an IMI DIRECT study. 
Cell Rep. 2022;3(1):100477. doi:10.1016/j.xcrm.2021.100477

10.	Knop FK, Aaboe K, Vilsboll 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(6):500-510.

11.	Manell  H, Staaf  J, Manukyan  L, 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(3):1181-1189.

	12. Michaliszyn  SF, Mari  A, Lee  S, et  al. beta-cell function, incretin
effect, and incretin hormones in obese youth along the span of
glucose tolerance from normal to prediabetes to type 2 diabetes.
Diabetes. 2014;63(11):3846-3855.

	13. Umpaichitra  V, Bastian  W, Taha  D, Banerji  MA, AvRuskin  TW,
Castells  S. C-peptide and glucagon profiles in minority children
with type 2 diabetes mellitus. J Clin Endocrinol Metab.
2001;86(4):1605-1609.

14.	Manell  H, Kristinsson  H, Kullberg  J, et  al. Hyperglucagonemia
in youth is associated with high plasma free fatty acids, visceral
adiposity, and impaired glucose tolerance. Pediatr Diabetes.
2019;20(7):880-891.

15.	Weiss  R, D’Adamo  E, Santoro  N, Hershkop  K, Caprio  S. Basal
alpha-cell up-regulation in obese insulin-resistant adolescents. J
Clin Endocrinol Metab. 2011;96(1):91-97.

16.	Kahn SE, Mather KJ, Arslanian SA, et al. Hyperglucagonemia does
not explain the beta-cell hyperresponsiveness and insulin resistance 
in dysglycemic youth compared with adults: lessons from the RISE
study. Diabetes Care. 2021;44(9):1961-1969.

Figure 3.  Estimated OR (95% CI) for associations of fasting plasma 
glucagon as an indicator of cardiometabolic risk features in a pooled 
model, adjusted for age, sex, and BMI SDS. Abbreviations: ALT, alanine 
aminotransferase; OR, odds ratio; SDS, standard deviation score.

https://clinicaltrials.gov/ct2/show/NCT00928473
https://clinicaltrials.gov/ct2/show/NCT00928473


8 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX

17.	Holm JC, Gamborg M, Bille DS, Grønbæk, HN, Ward LC, Faerk J. 
Chronic care treatment of obese children and adolescents. Int J
Pediatr Obes. 2011;6(3-4):188-196.

18.	Lausten-Thomsen U, Christiansen M, Fonvig CE, et al. Reference
values for serum total adiponectin in healthy non-obese children
and adolescents. Clin Chim Acta. 2015;450:11-14. doi:10.1016/j.
cca.2015.07.012

19.	Nysom K, Molgaard C, Hutchings B, Michaelsen KF. Body mass
index of 0 to 45-y-old Danes: reference values and comparison
with published european reference values. Int J Obes Relat Metab
Disord 2001;25(2):177-184.

20.	American  Diabetes  A. 2. Classification and diagnosis of dia-
betes: standards of medical care in diabetes-2021. Diabetes Care.
2021;44(Suppl 1):S15-S33.

21.	Stinson SE, Jonsson AE, Lund MAV, et al. Fasting plasma GLP-1
Is associated with overweight/obesity and cardiometabolic risk
factors in children and adolescents. J Clin Endocrinol Metab.
2021;106(6):1718-1727.

	22.	National High Blood Pressure Education Program Working Group
on High Blood Pressure in Children and Adolescents. The fourth re-
port on the diagnosis, evaluation, and treatment of high blood pres-
sure in children and adolescents. Pediatrics 2004;114(2):555-576.

23.	Marshall WA, Tanner JM. Variations in pattern of pubertal changes 
in girls. Arch Dis Child. 1969;44(235):291-303.

24.	Marshall  WA, Tanner  JM. Variations in the pattern of pubertal
changes in boys. Arch Dis Child. 1970;45(239):13-23.

25.	Rasmussen AR, Wohlfahrt-Veje C, Tefre de Renzy-Martin K, et al. 
Validity of self-assessment of pubertal maturation. Pediatrics.
2015;135(1):86-93.

26.	Nielsen  TRH, Fonvig  CE, Dahl  M, et  al. Childhood obesity
treatment; effects on BMI SDS, body composition, and fasting
plasma lipid concentrations. PLoS One. 2018;13(2):e0190576.
doi:10.1371/journal.pone.0190576

27.	Chabanova E, Fonvig CE, Bojsoe C, Holm JC, Thomsen HS. 1H
MRS assessment of hepatic fat content: comparison between
normal- and excess-weight children and adolescents. Acad Radiol.
2017;24(8):982-987.

28.	Johansen MJ, Gade J, Stender S, et al. The effect of overweight and
obesity on liver biochemical markers in children and adolescents. J
Clin Endocrinol Metab. 2020;105(2):430-442.

29.	Lund  MAV, Thostrup  AH, Frithioff-Bojsoe  C, et  al. Low-grade
inflammation independently associates with cardiometabolic risk
in children with overweight/obesity. Nutr Metab Cardiovasc Dis.
2020;30(9):1544-1553.

30.	Frithioff-Bojsoe C, Lund MAV, Kloppenborg JT, et al. Glucose me-
tabolism in children and adolescents: population-based reference
values and comparisons to children and adolescents enrolled in
obesity treatment. Pediatr Diabetes. 2019;20(5):538-548.

31.	Nielsen TRH, Lausten-Thomsen U, Fonvig CE, et al. Dyslipidemia
and reference values for fasting plasma lipid concentrations in
Danish/North-European white children and adolescents. BMC
Pediatr. 2017;17(1):116.

32.	Wewer  Albrechtsen  NJ, Hartmann  B, Veedfald  S, et  al. 
Hyperglucagonaemia analysed by glucagon sandwich ELISA:

nonspecific interference or truly elevated levels? Diabetologia. 
2014;57(9):1919-1926.

	33. Expert Panel on Integrated Guidelines for Cardiovascular Health
and Risk Reduction in Children and Adolescents; National Heart,
Lung, and Blood Institute. Expert panel on integrated guidelines for 
cardiovascular health and risk reduction in children and adolescents: 
summary report. Pediatrics 2011;128(Suppl 5):S213-S256.

	34. Flynn  JT, Kaelber DC, Baker-Smith CM, et  al; Subcommittee on
Screening and Management of High Blood Pressure in Children.
Clinical practice guideline for screening and management of
high blood pressure in children and adolescents [erratum in
Pediatrics. 2017 Dec;140(6):e20173035; and Pediatrics. 2018
Sep;142(3):e20181739.]. Pediatrics. 2017;140(3):e20171904.
doi:10.1542/peds.2017-1904.

35.	R Core Team. R: A  Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2021.

36.	Rigby  RA, Stasinopoulos  DM. Using the Box-Cox t distribution
in GAMLSS to model skewness and kurtosis. Stat Modelling.
2016;6(3):209-229.

37.	Stinson  SE, Jonsson  AE, Fernández  de  Retana  Alzola  I, et  al. 
Data from: Hyperglucagonemia in pediatric adiposity associates
with cardiometabolic risk factors but not hyperglycemia.
Figshare. Deposited January 26, 2022. https://doi.org/10.6084/
m9.figshare.19070765.v1

38.	Wewer Albrechtsen NJ, Faerch K, Jensen TM, 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(3):671-680.

39.	Gar C, Haschka SJ, Kern-Matschilles S, Rauch B, et al. The liver-
alpha cell axis associates with liver fat and insulin resistance: a
validation study in women with non-steatotic liver fat levels.
Diabetologia. 2021;64(3):512-520.

40.	Suzuki  Y, Kido  J, Matsumoto  S, Shimizu  K, Nakamura  K. 
Associations among amino acid, lipid, and glucose metabolic
profiles in childhood obesity. BMC Pediatr. 2019;19(1):273.

41.	Atabaki-Pasdar  N, Ohlsson  M, Vinuela  A, et  al. Predicting and
elucidating the etiology of fatty liver disease: A machine learning
modeling and validation study in the IMI DIRECT cohorts. PLoS
Med. 2020;17(6):e1003149.

	42. Porksen  S, Nielsen  LB, Kaas  A, et  al; Hvidore Study Group on
Childhood D. Meal-stimulated glucagon release is associated with
postprandial blood glucose level and does not interfere with gly-
cemic control in children and adolescents with new-onset type 1
diabetes. J Clin Endocrinol Metab. 2007;92(8):2910-2916.

43.	Wewer Albrechtsen NJ, Veedfald S, Plamboeck A, et al. Inability of
some commercial assays to measure suppression of glucagon secre-
tion. J Diabetes Res 2016;2016:8352957.

44.	Jonsson A, Stinson SE, Torekov SS, et al. Genome-wide association
study of circulating levels of glucagon during an oral glucose toler-
ance test. BMC Med Genomics. 2021;14(1):3.

45.	Almgren  P, Lindqvist  A, Krus  U, et  al. Genetic determinants
of circulating GIP and GLP-1 concentrations. JCI Insight
2017;2(21):e93306.

https://doi.org/10.6084/m9.figshare.19070765.v1
https://doi.org/10.6084/m9.figshare.19070765.v1

	Methods
	Study Populations
	Ethics
	Anthropometrics and Blood Pressure
	Puberty Stage
	Dual-Energy X-Ray Absorptiometry
	Proton Magnetic Resonance Spectroscopy
	Biochemical Analyses
	Defining Cardiometabolic Risk Features
	Statistical Analyses

	Results
	Characteristics of the Study Groups
	Associations of Fasting Glucagon as an Indicator of Cardiometabolic Risk Factors
	Association of Fasting Glucagon as an Indicator of Fasting Glucose Stratified by BMI SDS Quartiles, Modified by Fasting Insulin
	Associations of Fasting Glucagon as an Indicator of Cardiometabolic Risk Features
	Associations of Fasting Glucagon As an Indicator of Fasting Total GLP-1

	Discussion
	Conclusions and Future Directions


