& frontiers | Research Topics

Endocrine and metabolic
consequences of
childhood obesity,
volume |

Edited by
Artur Mazur, Elpis Vlachopapadopoulou, Malgorzata Wojcik,
Grzegorz Telega, Dénes Molnar and Aneta Monika Gawlik

Published in
Frontiers in Endocrinology



https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/research-topics/35088/endocrine-and-metabolic-consequences-of-childhood-obesity-volume-ii
https://www.frontiersin.org/research-topics/35088/endocrine-and-metabolic-consequences-of-childhood-obesity-volume-ii
https://www.frontiersin.org/research-topics/35088/endocrine-and-metabolic-consequences-of-childhood-obesity-volume-ii
https://www.frontiersin.org/research-topics/35088/endocrine-and-metabolic-consequences-of-childhood-obesity-volume-ii

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-3207-2
DOI 10.3389/978-2-8325-3207-2

Frontiers in Endocrinology

August 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

&® frontiers | Research Topics August 2023

Endocrine and metabolic
consequences of childhood
obesity, volume Il

Topic editors

Artur Mazur — University of Rzeszow, Poland

Elpis Vlachopapadopoulou — Panagiotis & Aglaia Kyriakou Children’s Hospital,
Greece

Malgorzata Wojcik — Jagiellonian University Medical College, Poland
Grzegorz Telega — Medical College of Wisconsin, United States

Dénes Molnar — University of Pécs, Hungary

Aneta Monika Gawlik — Medical University of Silesia, Poland

Citation

Mazur, A., Vlachopapadopoulou, E., Wojcik, M., Telega, G., Molnar, D.,

Gawlik, A. M., eds. (2023). Endocrine and metabolic consequences of childhood
obesity, volume II. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-3207-2

Frontiers in Endocrinology 2 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-3207-2

& frontiers | Research Topics

Table of
contents

Frontiers in Endocrinology

06

09

20

30

39

49

59

69

76

August 2023

Editorial: Endocrine and metabolic consequences of
childhood obesity, volume Il

Artur Mazur, Dénes Molnar, Aneta Monika Gawlik, Grzegorz Telega,
Elpis Vlachopapadopoulou and Malgorzata Wojcik

Sarcopenic Obesity in Children and Adolescents: A
Systematic Review
Marcela Zembura and Pawet Matusik

Vitamin D Effects on Selected Anti-Inflammatory and
Pro-Inflammatory Markers of Obesity-Related Chronic
Inflammation

Maria Krajewska, Ewelina Witkowska-Sedek, Matgorzata Ruminska,
Anna Stelmaszczyk-Emmel, Maria Sobol, Anna Majcher and

Beata Pyrzak

Changes of Peripheral Th17 Cells Subset in Overweight and
Obese Children After Body Weight Reduction

Dorota Artemniak-Wojtowicz, Anna M. Kucharska,

Anna Stelmaszczyk-Emmel, Anna Majcher and Beata Pyrzak

Decreased level of soluble receptor activator of nuclear
factor-«f ligand (sRANKL) in overweight and obese children
Michat Erazmus, Matgorzata Ruminska, Ewelina Witkowska-Sedek,
Anna M. Kucharska, Anna Stelmaszczyk-Emmel, Anna Majcher and
Beata Pyrzak

Determinants of hyperglucagonemia in pediatric
non-alcoholic fatty liver disease

Katharina Maruszczak, Konrad Radzikowski, Sebastian Schutz,
Harald Mangge, Peter Bergsten, Anders Forslund, Hannes Manell,
Thomas Pixner, Hakan Ahlstrém, Joel Kullberg, Katharina M&rwald
and Daniel Weghuber

Pediatric percentiles for transient elastography
measurements - effects of age, sex, weight status and
pubertal stage

Lina Brunnert, lka Damayanti Puasa, Antje Garten, Melanie Penke,
Susanne Gaul, Nico Grafe, Thomas Karlas, Wieland Kiess,

Gunter Flemming and Mandy Vogel

Body mass index, basal insulin and glycemic control in
children with type 1 diabetes treated with the advanced
hybrid closed loop system remain stable - 1-year prospective,
observational, two-center study

Sebastian Seget, Przemystawa Jarosz-Chobot, Agnieszka Ochab,
Joanna Polanska, Ewa Rusak, Paulina Witoszek and Agata Chobot

The metabolic conditioning of obesity: A review of the
pathogenesis of obesity and the epigenetic pathways that
“program” obesity from conception

Ananthi Rajamoorthi, Charles A. LeDuc and Vidhu V. Thaker

3 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Endocrinology

99

115

124

139

144

155

164

178

200

August 2023

Highlighting the trajectory from intrauterine growth
restriction to future obesity

Katherina Vicky Gantenbein and Christina Kanaka-Gantenbein

The importance of the taste preferences and sensitivity of
mothers and their children in the aspect of excessive body
weight of children

Grzegorz Sobek and Mariusz Dabrowski

Familial dietary intervention in children with excess body
weight and its impact on eating habits, anthropometric and
biochemical parameters

Kamilla Strgczek, Anita Horodnicka-Jozwa,

Justyna Szmit-Domagalska, Tomasz Jackowski, Krzysztof Safranow,
Elzbieta Petriczko and Mieczystaw Walczak

Circulating levels of DLK1 and glucose homeostasis in girls
with obesity: A pilot study

Stefania Palumbo, Giuseppina Rosaria Umano, Francesca Aiello,
Grazia Cirillo, Emanuele Miraglia del Giudice and Anna Grandone

Comparison of novel markers of metabolic complications
and cardiovascular risk factors between obese non-diabetic
and obese type 1 diabetic children and young adults

Anna Kacka, Anna Charemska, Elzbieta Jarocka-Cyrta and

Barbara Gtowinska-Olszewska

Autoimmune reaction against pancreatic beta cells in
children and adolescents with simple obesity

Aneta Chylinska-Fratczak, lwona Pietrzak, Arkadiusz Michalak,
Krystyna Wyka and Agnieszka Szadkowska

Progression of metabolic syndrome and associated
cardiometabolic risk factors from prepuberty to puberty in
children: The PUBMEP study

Carmela de Lamas, Anton Kalén, Augusto Anguita-Ruiz,
Alexandra Pérez-Ferreirds, Rosaura Picans-Leis, Katherine Flores,
Luis A. Moreno, Gloria Bueno, Angel Gil, Mercedes Gil-Campos,
Concepcion M. Aguilera and Rosaura Leis

The relationship between glucose and the liver-alpha cell axis
— A systematic review

Thomas Pixner, Nathalie Stummer, Anna Maria Schneider,

Andreas Lukas, Karin Gramlinger, Valérie Julian, David Thivel,
Katharina M&rwald, Harald Mangge, Christopher Dalus, Elmar Aigner,
Dieter Furthner, Daniel Weghuber and Katharina Maruszczak

Cardiometabolic risk factors among children and adolescents
with overweight and Class 1 obesity: A cross-sectional

study. Insights from stratification of Class 1 obesity

Afif Nakhleh, Rizan Sakhnini, Eyal Furman and Naim Shehadeh

4 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Endocrinology

211

222

August 2023

The link between vitamin D, chemerin and metabolic profile
in overweight and obese children - preliminary results

Maria Krajewska, Ewelina Witkowska-Sedek, Matgorzata Ruminska,
Anna M. Kucharska, Anna Stelmaszczyk-Emmel, Maria Sobol,

Anna Majcher and Beata Pyrzak

Triglyceride glucose index, pediatric NAFLD fibrosis index,
and triglyceride-to-high-density lipoprotein cholesterol ratio
are the most predictive markers of the metabolically
unhealthy phenotype in overweight/obese adolescent boys
Viktoriya Furdela, Halyna Pavlyshyn, Anna-Mariia Shulhai,

Kateryna Kozak and Mykhailo Furdela

5 frontiersin.org


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/

& frontiers | Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Katherine Samaras,
St Vincent's Hospital Sydney, Australia

*CORRESPONDENCE
Artur Mazur
drmazur@poczta.onet.pl

RECEIVED 14 June 2023
ACCEPTED 19 June 2023
PUBLISHED 21 July 2023

CITATION

Mazur A, Molnér D, Gawlik AM, Telega G,
Vlachopapadopoulou E and Wojcik M
(2023) Editorial: Endocrine and
metabolic consequences of

childhood obesity, volume II.

Front. Endocrinol. 14:1239914.

doi: 10.3389/fendo.2023.1239914

COPYRIGHT

© 2023 Mazur, Molnar, Gawlik, Telega,
Vlachopapadopoulou and Wojcik. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology

TYPE Editorial
PUBLISHED 21 July 2023
D01 10.3389/fendo.2023.1239914

Editorial: Endocrine and
metabolic consequences of
childhood obesity, volume I

Artur Mazur™, Dénes Molnar®*, Aneta Monika Gawlik?,
Grzegorz Telega®, Elpis Vlachopapadopoulou®
and Malgorzata Wojcik’

‘Department of Pediatrics, Pediatric Endocrinology and Diabetes, Medical Faculty, University of
Rzeszow, Rzeszow, Poland, 2Department of Pediatrics, Medical School, University of Pécs,

Pécs, Hungary, *National Laboratory for Human Reproduction, Szentdgothai Research Centre,
University of Pécs, Pécs, Hungary, “Department of Pediatrics and Pediatric Endocrinology, Faculty of
Medical Sciences, Medical University of Silesia, Katowice, Poland, *Division of Gastroenterology,
Hepatology and Nutrition, Children’s Hospital of Wisconsin, Medical College of Wisconsin, Milwaukee,
WI, United States, ®Department of Endocrinology, Panagiotis & Aglaia Kyriakou Children’s Hospital,
Athens, Greece, "Department of Pediatric and Adolescent Endocrinology, Chair of Pediatrics,
Pediatric Institute, Jagellonian University Medical College, Krakow, Poland

KEYWORDS

children, obesity, hypertension, CVD, insulin resistance

Editorial on the Research Topic
Endocrine and metabolic consequences of childhood obesity, volume Il

Obesity — a pandemic of the twenty-first century - is one of the greatest public health
problems worldwide. Overweight and obesity affect nearly one in five children in the world
and one in three in Europe (1). Recent estimates suggest that overweight and obesity is the
fourth most common risk factor for noncommunicable diseases in Europe, following
hypertension, dietary risk factors and tobacco use. Moreover, obesity during adolescence
increases the risk for cardiovascular disease and premature death during adulthood,
independently of the persistence of obesity in adulthood (2, 3). However, improvement
of weight control and normalization of BMI in adolescence diminishes the risk of
developing DM2 in adulthood (3). Certain comorbidities such as type 2 diabetes
mellitus (T2DM) and metabolic associated fatty liver disease, until recently considered
“adult diseases”, are now frequently encountered in children with obesity (2, 4). Evaluation
and monitoring for these comorbidities are important components of health care for
children the growing impact of childhood obesity on the development of short- and long-
term endocrine and metabolic complications.

No single cause is responsible for increased incidence of childhood obesity. It cannot be
blamed on genetics factors or environment factors alone. In this Research Topic our
contributors explore the mechanisms behind, linking intrauterine, postnatal, and early
childhood metabolic environment to obesity and its complications (2, 5, 6).

Nakhleh et al. revealed that class 1 obesity in children’s and adolescents (BMI = 110%
of the 95th percentile) was associated with higher prevalence and clustering of
cardiometabolic risk factors.
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Mazur et al.

Rajamoorthi et al. highlighted the role of the environmental
factors, including the globalization of the western diet and
unhealthy lifestyle choices. In an elegant review they argued that
starting from conception type and timing such exposures come into
play impacting on the overall risk of obesity and future adverse
health outcomes.

An important new observation was reported by Seget et al. as
they documented that the prevalence of obesity is increasing among
in children with diabetes mellitus type 1 (T1DM) and may influence
the glycemic control.

On the other hand, Pixner et al. investigated LACA and its
mediators (amino acids and glucagon), focusing on the relationship
between glucose and the LACA in adult and pediatric subjects.

Kacka et al. introduced novel markers of metabolic
complications in obese TIDM and non-diabetic subjects.

Analysis of the taste preferences and sensitivity of mothers and their
children in the relation to excessive body weight of children is presented
by Sobek and Dabrowski in article “Lifestyle intervention changes are
crucial in the prevention and treatment of childhood obesity”.

Straczek et al. found that one-year dietary education resulted in
significant improvements in body weight, waist, and hip
circumference, WHtR and selected measured carbohydrate and
lipid metabolism parameters with the exception of total
cholesterol. The one-year dietary intervention did not have the
same effect on the change in dietary habits in children and in
their mothers.

The assessment of childhood obesity comorbidities and risk of
its complication is challenging and difficult. de Lamas et al.
concluded that controlling obesity and cardiometabolic risk
factors, especially insulin resistance and blood pressure in
children during the prepubertal stage appears to be effective in
prevention of pubertal metabolic syndrome.

Artemniak-Wojtowicz et al. experimentally proved that weight
reduction leads to significant decrease of circulating Th17 cells and
improvement of lipid parameters. This significant reduction of
proinflammatory Th17 cells is a promising finding suggesting that
obesity-induced inflammation in children could be reversible.

One of the key problems in the development of obesity
complications is the liver involvement. Liver abnormalities -
collectively known as metabolic associated fatty liver disease is
becoming a more prevalent clinical problem, in obese children and
adolescents. Maruszczak et al. described determinants of
hyperglucagonemia in Pediatric Non-Alcoholic Fatty Liver Disease.
Brunnert et al. revealed usefulness of the liver stiffness measurement in
the evaluation of liver involvement in obese adolescents. Furdela et al.
revealed that triglyceride glucose index, pediatric NAFLD fibrosis
index, and triglyceride to high-density lipoprotein cholesterol ratio
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are a valuable combination of predictive markers of metabolically
unhealthy phenotype in Ukrainian overweight/obese boys.

Obesity can also associate with complications of calcium-
phosphorus and bone metabolism regulation (5). That was
investigated by Erazmus et al. in the article “Decreased level of
soluble Receptor Activator of Nuclear Factor-xf3 Ligand (sSRANKL) in
overweight and obese children”.

Krajewska et al. confirmed that vitamin D has positive effect on
metabolic profile in overweight and obese children, but the
relationship between vitamin D and chemerin is not clear.

Zembura and Matusik found that sarcopenic obesity is highly
prevalent in children and adolescents and is associated with various
adverse health outcomes including significant association with
cardiometabolic outcomes, severity of non-alcoholic fatty liver
disease (NAFLD), inflammation, and mental health. Findings of
this review highlight the need for the development of a consensus
regarding definition, standardized evaluation methods, and age and
gender thresholds for sarcopenic obesity for different ethnicities in
the pediatric population.

Many factors influencing the development of obesity and
its complications are still unknown. Future studies are needed to
elucidate many questions and concerns raised by our contributors.
Nevertheless, we do hope that readers will find our Research Topic
informative and inspiring.
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Sarcopenic Obesity in Children and
Adolescents: A Systematic Review

Marcela Zembura* and Pawet Matusik

Department of Pediatrics, Pediatric Obesity and Metabolic Bone Diseases, Chair of Pediatrics and Pediatric Endocrinology,
Faculty of Medical Sciences in Katowice, Medical University of Silesia, Katowice, Poland

Sarcopenic obesity (SO) is defined as co-occurrence of increased fat mass and
sarcopenia and may predict adverse health outcomes in the pediatric population.
However, the prevalence of SO and its association with adverse health outcomes have
not been well defined in children and adolescents. We systematically reviewed data on the
SO definition, prevalence, and adverse outcomes in the pediatric population. A total of 18
articles retrieved from PubMed or Web of Science databases were included. Overall, there
was a wide heterogeneity in the methods and thresholds used to define SO. The
prevalence of SO ranged from 5.66% to 69.7% in girls, with a range between 7.2%
and 81.3% in boys. Of the 8 studies that evaluated outcomes related to SO, all showed a
significant association of SO with cardiometabolic outcomes, non-alcoholic fatty liver
disease (NAFLD) severity, inflammation, and mental health. In conclusion, this review
found that SO is highly prevalent in children and adolescents and is associated with
various adverse health outcomes. Findings of this review highlight the need for the
development of a consensus regarding definition, standardized evaluation methods,
and age and gender thresholds for SO for different ethnicities in the pediatric
population. Further studies are needed to understand the relationship between obesity
and sarcopenia and SO impact on adverse health outcomes in children and adolescents.

Keywords: sarcopenia, obesity, muscle mass, muscle strength, children, adolescents

1 INTRODUCTION

According to the World Health Organization (WHO), over 340 million children and adolescents
aged 5-19 years were overweight or obese in 2016 (1). Despite the implementation of numerous
obesity prevention programs, the prevalence of overweight and obesity among children and
adolescents is rising on each of the continents. The growing prevalence of childhood obesity is
associated with noncommunicable comorbidities affecting almost every system in the body,
including insulin resistance (IR), type 2 diabetes mellitus (T2DM) (2), elevated blood pressure
(3), dyslipidemia (4), non-alcoholic fatty liver disease (NAFLD) (5), obstructive sleep apnea (OSA)
(6), and psychosocial sphere (7).

The term “sarcopenia” (Greek “sarx” or flesh + “penia” or loss) was first introduced in 1989 by
Irwin Rosenberg as the term to describe the decrease of muscle mass in the population of the elderly
(8,9). Since then, major changes occurred in the definition of sarcopenia and led to the development
of The European Working Group on Sarcopenia in Older People (EWGSOP), which proposed a
new definition of sarcopenia involving the assessment of muscle function. The EWGSOP
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recommended using the presence of both low muscle mass
(LMM) and low muscle function (strength or performance) for
the diagnosis of sarcopenia (10). However, according to
EWGSOP2 revised consensus from 2019, muscle strength is
now the primary parameter of sarcopenia. The occurrence of
sarcopenia is probable when low muscle strength is observed. To
confirm sarcopenia diagnosis, low muscle quantity or quality
must be detected. When low muscle strength, low muscle
quantity/quality, and low physical performance co-occur,
sarcopenia is regarded as severe (11).

“Sarcopenic obesity (SO) is an emerging clinical entity
characterized by excessive fat mass in the presence of reduced
muscle mass (12)”. The co-occurrence of sarcopenia and obesity
indicates a synergistically amplified risk of adverse health
outcomes (13).

Sarcopenia and SO were once considered as afflictions
affecting only the elderly, regarding the changes in body
composition with aging involving muscle mass decline after
the fourth decade (14), reduced resting metabolic rates (15),
and reduced metabolic adaptation (16). A reduction in energy
expenditure is not in line with a decrease in appetite that can lead
to the development of obesity (16). Correlation of this factors
leads to the development of SO. Furthermore, the sedentary
lifestyle of elderly people further exacerbates changes in
metabolism and body composition (16).

However, sarcopenia is now also linked to the pediatric
population, as sarcopenia was found to be a risk factor of
insulin resistance and higher metabolic risk in children and
adolescents (17, 18). There is no established consensus regarding
SO definition, diagnostic methods, and age- and gender-specific
cutoff points in children and adolescents.

Currently, a wide range of various techniques are used to
estimate muscle mass. Computed tomography (CT) and
magnetic resonance imaging (MRI) are considered gold
standards for estimating muscle mass because of their accuracy
(10). However, few factors limit the usage of imaging techniques
for routine clinical practice, including high cost, limited access to
equipment, radiation exposure, and contraindications for
scanning (19). The use of gold standard methods in the
pediatric population has been limited mostly to patients with
end-organ failure and children with solid/hematologic
malignancies. Moreover, there is no consensus regarding
landmarks (L2-L5) and muscle type/number used in studies
concerning the pediatric population; most commonly used are
the measures of psoas muscle area or psoas muscle index
measured at L3 on CT, although some studies used L2, L4, or
L5; MRI; paraspinous muscle area; or intramuscular adipose
tissue area (20). Dual-energy X-ray absorptiometry (DXA) is
now considered to be the most widely utilized method for muscle
mass quantification because this method is quick, simple,
low-cost, more available than CT/MRI, and is associated with
minimal radiation exposure (10, 19, 21). The usage of
bioelectrical impedance analysis (BIA) is inexpensive, readily
reproducible, and appropriate for both ambulatory and
bedridden patients (10). It has been found that BIA results
under standard conditions correlate well with MRI

predictions (22). However, susceptibility to patient hydration
status is considered to be the main disadvantage of both DXA
and BIA (20). Nevertheless, usage of these methods may be
clinically warranted to assess for sarcopenia when CT and MRI
are unavailable (23). Considering the fact that muscle mass is
influenced by body size, absolute skeletal muscle (SM) mass
(SMM) indicators should be adjusted for body size using height
squared [appendicular skeletal muscle mass (ASM)/height?],
weight (ASM/weight), or body mass index (BMI) (ASM/BMI)
(24). Both total/partial body potassium per fat-free soft tissue
and anthropometric measurements are not routinely used in
clinical practice (10). There are a few studies providing reference
values for DXA- and BIA-derived muscle mass parameters in
children (25-28). Whereas only one study warranted reference
values regarding CT-derived parameters of muscle mass in
children (29). Assessment of muscle function should always be
performed, since muscle strength is not linearly related to muscle
mass (30). In older children and adolescents, strength and
performance tests utilized in adults such as handgrip test, chair
stand test, Timed Up and Go test, 6-min walk test, stair climb
power test, and 400-m walk test can be used (10, 11). For younger
children, standardized motor function assessment scales can be
used in order to evaluate motor performance that may be affected
by impaired muscle function. For this purpose, the validated
Alberta Infant Motor Scale and the Peabody Developmental
Motor Scale can be used (31).

To our knowledge, until now, no systematic reviews regarding
solely SO in children and adolescents have been published. In
this review, we aim to assess the current state of knowledge about
SO among children and adolescents and its prevalence and
evaluate outcomes related to SO, answering the question:
“What are the diagnostic criteria, prevalence, and outcomes
related to sarcopenic obesity in the population of children and
adolescents?” in accordance to “participants, interventions,
comparisons, and outcomes (PICO)” scheme.

2 MATERIALS AND METHODS

A literature search of articles published in English was completed
via PubMed and Web of Science databases on October 25, 2021.
The following search query was used: (pediatrics or pediatric or
childhood or child or children or adolescent or adolescence)
AND (obese or obesity or overweight or adiposity or excessive
weight) AND (sarcopenia or sarcopenic or muscle loss or
sarcopenic obesity). Adequate filter regarding publication
language (English) was applied. The search was done without
limiting the years of publication. Two independent researchers
(MZ, PM) screened the results. The inclusion criteria were
studies that assessed the concept of SO among the pediatric
population (<21 years) (32). Studies that addressed outcomes
related to SO were also included. Studies in which the age of the
control group exceeded age criterium and studies that evaluated
only one sex were ruled out. Articles were excluded if they were
editorials, letters, replies from authors, review articles,
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commentaries, case reports, articles conducted on animal models
or cell culture, non-English articles, and articles without a full
text. Studies performed in a population of children with
neuromuscular disorders (e.g., Duchenne muscular dystrophy,
spinal muscular atrophy) and autoimmune diseases affecting SM
(e.g., dermatomyosis) were excluded considering possible disease
impact on body composition. Studies addressing cachexia and
frailty were ruled out.

In order to examine the studies’ methodological quality, the
quality assessment tool adopted from the National Institutes of
Health/National Heart, Lung and Blood Institute for
observational cohort studies, cross-sectional studies, and case
control studies was used (12). After answering the series of
questions (14 regarding observational cohort studies and cross-
sectional studies, 12 regarding case-control studies), the quality
of cohort studies and cross-sectional studies was rated as poor
(0-4 points), fair (5-10 points), or good (11-14 points); the
quality of case—control studies was rated as poor (0-3 points),
fair (4-8 points), or good (9-12 points).

3 RESULTS

The initial search returned 1,241 results. Additional studies were
identified by a manual search of bibliographic references of
existing reviews. The repeated results of search were ruled out.
After screening of abstracts, 137 results were chosen for full-text
analysis, of which 18 (25, 33-49) met the inclusion criteria and
were included in the study. A flowchart of study inclusion is
presented in Figure 1. The following information was abstracted
from original papers: first author, geographic region, year of
publication, time of the study, study design, number, sex, age of
patients, study population, and data regarding SO definition,
prevalence, and relation with outcomes. The characteristics of
studies that included healthy populations are shown in Table 1,
studies regarding overweight/obese children and adolescents are
summarized in Table 2, and studies concerning other clinical
populations are demonstrated in Table 3. Of 18 studies included
in this review, 8 (25, 33-37, 42, 45) examined the prevalence of
SO and 8 (33-35, 37, 43, 44, 47, 48) evaluated outcomes related

ISve PRISMA 2009 Flow Diagram
Records identified through database
searching (pediatrics or pediatric or childhood
‘o or child or children or adolescent or
adolescence) AND (obese or obesity or
5 overweight or édlposﬂy or e)fcesswe weight) Additional records identified
= AND (sarcopenia or sarcopenic or muscle loss
.8 oF sarcopenic obesity). through other sources
‘.:'; Pubmed (n =699) (n=1)
5 Webofscience (n=542)
=
—) A4 v
(ammmm—
Records after duplicates removed
(n=1035)
[-]]
£
=
g v
S
A Records screened o Records excluded
(n=1035) (n=898)
| S
—
A 4
> Full-text articles assessed Full-text articles excluded,
= for eligibility with reasons
o =
& (n=137) (n=119)
w
—
3
- v
= i s s
S Studies included in
- qualitative synthesis
(n=18)
FIGURE 1 | PRISMA protocol for data acquisition. n, number; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses (50).
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TABLE 1 | Characteristics of studies regarding healthy population.

Authors

Gontarev S et al.
(36)

Steffl M et al. (42)

Gatjens | et al.
(45)

McCarthy HD
etal. (25)

Stefanaki Ch et al.

(48)

Kim K et al. (33)

Moon JH et al.
37

Kim JH et al. (41)

Burrows R et al.
(43)

Burrows R et al.
(44)

Palacio-Agliero A
etal. (39)

Region

North
Macedonia

Czech
Republic

Germany

UK

Italy

Republic
of Korea

Republic
of Korea

Republic
of Korea

Chile

Chile

Chile

Year

published

2020

2017

2021

2013

2016

2016

2018

2016

2015

2015

2020

Time of
study

2017

2015

since 1996

2003-2004

2009-2012

2009-2011

2008-2011

2009-2011

NA

NA

2018

Cs

Cs

Cs

Cs

cc

Cs

Cs

Cs

cs

cs

cs

Design  Number

4021

730

16 392

1985

2551

1919

1233

1420

667

667

491

Sex

49.4%
male

51.64%
male

49.38%
male

56.22%
male

lean group
16%
females,
overweight
95%
females
53.36%
male

53.69%

male

52.75%
male

52.2%

male

52.2%
male

51.73%
male

Age, years

range:
mean: 8.6

range: 4-14

range: 5-17

range: 5-18.8

range: 18-21

range: 10-18

range:12-18

range:12-19

range:16-17

range:16-17
mean: 16.8

range: 10-17
mean: 13.6

Population

Healthy
children from
primary
schools

Healthy
children and
adolescents

Healthy
children and
adolescents

Healthy
schoolchildren

Healthy lean
group, healthy
overweight
group

Healthy non-
institutionalized
Korean children
and
adolescents

Healthy Korean
adolescents

Healthy Korean
adolescents

Healthy Chilean
adolescents of
middle to low
SES

Healthy Chilean
adolescents of
middle to low
SES

Healthy Chilean
adolescents

Study
quality
(NIH)

Method of
body
composition
evaluation

BIA,
dynamometer

BIA,
dynamometer

BIA

BIA

BIA

DXA

DXA

DXA

DXA

DXA

dynamometer

Definition of SO

indicator

MFR= SMM/
BFM, grip-to-
BMI ratio=
maximal
handgrip
strength/BMI
MFR= SMM/
BFM, grip-to-
BMI
ratio=maximal
handgrip
strength/BMI
FM/FFM, FM/
FFM?

MFR= SMMa/
M

SMM

MFR=ASM/
body fat mass

ASM, ASM/Wt
(%)

ASM/Wt

FFMI-
estimated
according to
Wells and
Fewtrell

FFMI-
estimated
according to
Wells and
Fewtrell

RHGS
=maximum
HGS from
dominant
hand/BMI

weight i

NA

NA

age and sex-specific reference
percentiles of BMI in children and
adolescents according to Kromeyer-
Hauschild et al., 2001, BMI>90 th
percentile of the study population
highest fifth of BMI-z score for age
range and sex

BMI between 25 and 35, fat mass as
body weight percentage >25% for
males and >32% for females

BMI=85th percentile for sex and age
according to Standard Growth
Charts of Korean children and
adolescents published by the KCDC
and Korean Pediatric Society in
2007, highest quintile of BMI
WHtR>0.47 in both sexes

WC at least 90th percentile for age
and sex according to National
Cholesterol Education Program-Adult
Treatment Panel lll Criteria

BMI Z-score=2 according to WHO,
WG =80 cm in females, WC > 90 cm
in males

BMI Z-score=2 according to WHO,
WC >80 cm in females, WC > 90 cm
in males

BMI-for-age value over +1 SD
according to WHO, WC according to
the guidelines from Chilean Ministry
of Health

mean MFR-2SD of the
3rdBMI quintile/
estimation of cut-off
points of grip-to-BMI
ratio

mean MFR-28D of the
3rdBMI quintile)/
estimation of cut-off
points of grip-to-BMI
ratio

FM/FFM >90th
percentile/FM/FFM?>90th
percentile

below mean MFR-2 SD
of the middle fifth of the
BMI range, highest fifth
of BMI-z score for age
range and sex

lower SMM in
comparison with healthy
lean group

mean MFR-18D of the
3rdBMI quintile

lower 10% of gender-
specific ASM/Wt (%),
WHtR>0.47 in both
sexes

ASM/Wt below lower
quintile for the study
population, WC at least
90th percentile

FFMI as percentage
<25th percentile in
sample (adjusted for
sex), BMI Z-score=2/WC
>80 cm in females, WC >
90 cm in males

FFMI as percentage of
BMI <25th percentile in
sample (adjusted for
sex),BMI Z-score=2/WC
>80 cm in females, WC >
90 cm in males
RHGS<25th percentile
by sex, BMI-for-age over
+1 SD/WC according to
the guidelines from
Chilean Ministry of Health

Elo)
prevalence

boys: 9.2%
girls: 5.9%
total: 7.5%

boys: 7.2%
girls: 9.3%

boys: 62.7%
girls: 69.7%

boys 5-10y:
8.31% boys
10-18y: 9.67%
girls 5-10y:
156.48% girls
10-18y: 5.66%
NA

boys: 32.1%
girls: 24.3%

boys: 81.3%
girls: 62.6%

NA

NA

NA

NA

Assessment of
outcomes related to

NA

NA

NA

hsCRP, cortisol
concentration at 8 a.m.
and 8 p.m.

Metabolic syndrome
components (BP,
glucose level, TG, HDL-
C, WC)

Mental health

NA

Metabolic syndrome
components (BP, fasting
serum total glucose, TG,
HDL-C), insulin, HOMA-
IR, cholesterol,
adiponectin, hsCRP
Metabolic syndrome
components (BP, fasting
serum total glucose, TG,
HDL-C), insulin, HOMA-
IR, cholesterol,
adiponectin, hsCRP

NA

Control
group

no

no

no

no

yes-
gender
and age
range
matched

no

no

no

no

no

no

ASM, appendicular skeletal muscle mass; BFM, body fat mass; BIA, bioelectrical impedance analysis; BMI, body mass index; BP, blood pressure; CC, case—control; CS, cross-sectional; DXA, dual-energy X-ray absorptiometry; FFMI, fat-free mass index; FM, fat mass; FMI, fat mass index; HDL-c, high-density
lipoprotein cholesterol; HGS, handgrip strength; HOMA-IR, homeostatic model assessment for insulin resistance; hsCRP, high-sensitivity C-reactive protein; MFR, skeletal muscle-to-bodly fat ratio; NA, not available; RHGS, relative handgrip strength; SES, socioeconomic status; SMM, skeletal muscle mass;
SMMa, appendicular skeletal muscle mass; TG, triglyceride; WC, waist circumference; WHIR, waist circumference-to-height ratio; Wt, weight.
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TABLE 2 | Characteristics of studies concerning overweight/obese children and adolescents.

Authors

Videira-Silva A
etal. (34)

Pacifico L et al.
(35)

Yodoshi T et al.
(“7)

Region

Portugal

Italy

USA

Year
published

2017

2020

2020

Time Design
of
study
NA R, CS
NA 0O, CS
2009- R,CS
2018

Number

240

234

sex Age, years
47.9% range: 10-17
male
56.41% range: 6-18
male

Population

Overweight adolescents
attending

a Pediatric Outpatient
Obesity Clinic

Overweight/obese
children and
adolescents attending
Outpatient Clinics of the
Department of

100 histology

histology <20

cohort, 65%
263 liver stifness ~ male, liver
cohort, stifiness
95 68%
liver PDFF cohort  male,
liver PDFF
77% male

Pediatrics

Patients with NAFLD

Study Method of
quality body
(NIH) composition
evaluation
8 BIA
6 DXA
7 MRI

weight

Sar weight D of SO pr of Control
i so related to SO group
%SMM=SMM/body ~ BMI=85th percentile %SMM<p25 boys: 33.3% BP, glucose level, insulin no
for sex and age according to girls: 20,2% level, HOMA-IR, total
MFR=SMM/BFM reference charts  total: 26.9% cholesterol, TG, HDL-C,
for youth LDL-C, CRP
McCarthy H.D.
etal
RMM=100x muscle BMI> 85th percentile  tertile 1 of RMM/  boys: 28.79% Metabolic syndrome no

mass/muscle mass
+fat mass,
ASM/weight index=
ASM/weight x100

for sex and age

tertile 1 of ASM/
weight index

girls: 39.22%
total: 33.33%

components
(WC, BP, glucose, HDL-C,
TG),assessment of liver

function(ALT, AST, liver US,

tPMSA index=
tPMSA/height?

BMI=85th percentile
for sex and age,
Centers for Disease
Control and
Prevention growth
charts

lower median NA
tPMSA index in
comparison with
subjects with

NAS<56

liver biopsy),insulin, HOMA-

IR, total cholesterol

NAFLD activity score (NAS),  no
liver stifiness, liver fat fraction

ALT, alanine aminotransferase; ASM, appendicular skeletal muscle mass,; AST, aspartate aminotransferase; BFM, body fat mass; BIA, bioelectrical impedance analysis; BMI, body mass index; BP, blood pressure; CS, cross-sectional; CRP, C-reactive protein; DXA, dual-energy X-ray absorptiometry; HDL-c, high-
density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment for insulin resistance; LDL-c, low-density lipoprotein cholesterol; MFR, skeletal muscle-to-bodly fat ratio; MRI, magnetic resonance imagining; NA, not available; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; O,
observational; PDFF, proton density fat fraction; R, retrospective; RMM, relative muscle mass; SMM, skeletal muscle mass; TG, triglyceride; tPMSA, total psoas muscle surface area; US, ultrasonography; WC, waist circumference.

TABLE 3 | Characteristics of studies which included other clinical populations.

Authors Region Year Time of Design Number sex Age, years Population Study Method of weight i Definition of SO SO preva- Assessment Control group
published study quality body indicator lence of outcomes
(NIH) composition related to SO
evaluation
Mangus RS et al. USA 2017 2002-2012 CC 81 35.8% <18 Pediatric end-organ 7 CT sarcopenic visceral fat index, subcutaneous fat lower sarcopenic index NA NA yes, 1:1 age- and
(40) male disease patients index= total index compared to controls, gender -matched
psoas area/ higher visceral fat and
height® subcutaneous fat index
compared to controls

Mueske NM et al.  USA 2019 2011-2014 P 12 42% range: 10-21 Pre-adolescents, 9 QCT, DXA muscle volume/ BMI%=85th according to Centers for  loss of muscle volume/ NA NA yes- age range
(46) male mean: 14.4 AYA diagnosed percent in the Disease Control and Prevention muscle percent over time, matched

with HR B-ALL or lower leg before treatment initiation, increase increase of total body fat

T-cell ALL of total body fat mass/fat percent mass/fat percent over time

during therapy
Joffe L et al. (49) USA 2020 2002-2017 R 39 53.8%  range: 1.33-20 Children, 10 CT SM,RLT BMI=86th percentile for sex and age  loss of SM and RLT over NA NA no
female  mean: 9.8 adolescents and WHO and CDC increase of VAT time, increase of VAT over
median:11 young adults with during therapy time

solid tumors

Orgel Eetal. (38) USA 2018 NA P 50 60% range: 9.9-19.6  Children and 7 DXA Lean muscle BMI=86th percentile for sex and age  loss of lean muscle mass NA NA no
male mean: 14.7 adolescents mass according to CDC criteria before over time, increase of BF%
median:14.6 diagnosed with treatment initiation, increase of BF%  over time
High-Risk B- during therapy

Precursor ALL or T-
cell ALL

ALL, acute lymphoblastic leukemia; AYA, adolescents and young adults; BF, body fat; BMI, body mass index; CC, case—control; CDC, Centers for Disease Control and Prevention; CT, computed tomography; DXA, dual-energy X-ray absorptiometry; NA, not available; P, prospective; QCT, quantitative computed
tomography; R, retrospective; RLT, residual lean tissue; SM, skeletal muscle; VAT, visceral adipose tissue; WHO, World Health Organization.
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to SO. Seven studies were performed in Europe (25, 34-36, 42,
45, 48), 5 in the United States (38, 40, 46, 47, 49), 3 in Asia (33,
37, 41), and 3 in South America (39, 43, 44). The number of
participants ranged from 12 (46) to 15,392 (45). Based on the
NIH quality assessment tool, all studies were classified as fair
quality. Populations of studies by Kim et al. (33), Moon et al.
(37), and Kim and Park (41) might be alike, since all of the
studies used data from the Korean National Health and
Nutrition Examination Survey (KHANES) conducted in
similar years in subjects in the similar age range. However, all
of the studies were included in this review, considering the fact
that different definitions and cutoff values for SO were used in
each of the studies, yielding different SO prevalence. The study
by Orgel et al. (38) and the study by Mueske et al. (46) regarded
patients newly diagnosed with high-risk B-acute lymphoblastic
leukemia (ALL) or T-cell ALL who were prospectively enrolled in
a clinical trial studying body composition and bone health.
Nevertheless, both studies used different methods to evaluate
sarcopenia, and therefore, both of the studies are part of this
review. Both studies by Burrows et al. (43, 44) studied adolescents
who were part of an iron deficiency anemia preventive trial and a
follow-up study beginning in infancy. Although both studies used
the same body composition evaluation method and sarcopenia
and excessive weight indicators, SO definition differed between the
aforementioned studies; therefore, neither of them were excluded
from our review. Among the patients included in the 6 studies
evaluating the prevalence of SO, the prevalence ranged from 5.66%
(25) to 69.7% (45) in girls, with a range between 7.2% (42) and
81.3% (37) in boys.

3.1 Sarcopenic Obesity

Evaluation Methods

Overall DXA (n = 8/18) (33, 35, 37, 38, 41, 43, 44, 46) and
analysis BIA (n = 6/18) (25, 34, 36, 42, 45, 48) were the most
commonly used body composition evaluation methods, followed
by other imaging techniques (4/18) (40, 46, 47, 49) and
assessment of handgrip strength (HGS) using dynamometer
(39). Three studies used more than one method to assess SO
[BIA along with dynamometer (36, 42) and quantitive computed
tomography (QCT) in addition to DXA (46)]. Overall, there was
a wide heterogenity in the cutoff values used to define sarcopenia.

3.1.1 Healthy Populations

In total, 11 studies included healthy populations of children and
adolescents (25, 33, 36, 37, 39, 41-45, 48). Five studies used BIA
to evaluate body composition (25, 36, 42, 45, 48), 5 studies used
DXA (33, 37, 41, 43, 44), whereas 1 study was conducted with the
use of the handgrip test (39).

3.1.1.1 Bioelectrical Impedance

In the study by McCarthy et al. (25), muscle-to-fat ratio (MFR)
was derived by dividing appendicular skeletal muscle mass
(SMMa) by fat mass (FM). For each age range, in boys and in
girls separately, children were divided into fifths of BMI z-score,
and the mean and standard deviation (SD) of MFR within each
fifth were calculated. MFR cutoff equating to -2 SD for the
middle fifth was introduced for the first time, and SO was

considered as a proportion of cases falling below the cutoff in
the highest fifth of BMI z-score.

In the study by Stefanaki et al. (48), patients were divided into
two groups: healthy lean group and healthy overweight/obese
group. Lower SMM in comparison to healthy lean group for each
gender separately was used as sarcopenia indicator.

In the study by Gétjens et al. (45), fat mass (FM) and fat-free
mass (FFM) were normalized to height2 to fat mass index (FMI)
and fat-free mass index (FFMI). Sarcopenic obese phenotype was
defined as >90th percentile of EM/FFM or FM/FEM?.,

Studies by Gontarev et al. (36) and Steffl et al. (42) assessed
muscle strength using a dynamometer along with bioelectrical
impedance from which MFR was calculated. The purpose of
those studies was to determine the relationships between MFR
and relative handgrip strength (RHGS) and to determine the
ability of HGS relative to BMI (grip-to-BMI) to identify children
who are at risk of developing SO. In both studies, a previous
methodology used to define sarcopenia in children described by
McCarthy et al. (25) and Kim et al. (33) was used. Results
indicated that grip-to-BMI ratio is capable of identifying children
at risk of SO.

3.1.1.2 Dual-Energy X-Ray Absorptiometry

Studies by Moon et al. (37) and Kim and Park (41) used ASM
divided by weight (ASM/W1t%) as a sarcopenia indicator. In the
study by Moon et al. (37), LMM was defined as the lower 10% of
gender-specific ASM/Wt%. Whereas in the study by Kim et al.
(41), LMM was observed if the value for ASM/Wt was below the
lower quintile for the study population; LMM cutoft points were
calculated for each sex and age.

Two studies by Burrows et al. (43, 44) used FFMI estimated
according to Wells and Fewtrell as a sarcopenia indicator. In the
study by Burrows et al. (43), FFMI values were expressed as
percentage; values <25th percentile in the study sample, adjusted
for sex, were defined as relative sarcopenia. While in the study by
Burrows et al. (44), FEMI values were expressed as the percentage
of BMI; values <25th percentile in study sample, adjusted for sex,
were considered sarcopenia.

In the study by Kim et al. (33), MFR was calculated, each
gender was divided into quintiles of BMI z-score, and the mean
and SD of MFR were calculated for each quintile; cutoff values
were defined using the mean and SD of MFR for the third BMI
quintile (cutoff value = mean value -1 SD of MEFR for the third
BMI quintile).

3.1.1.3 Handgrip Test

In the study by Palacio-Agtiero et al. (39), RHGS was calculated
by dividing maximum HGS from the dominant hand by BMIL
Low RHGS was defined as <25th percentile by sex.

3.1.2 Overweight/Obese Populations
Overall, 3 studies involved overweight/obese children and
adolescents (34, 35, 47).

In the study by Videira-Silva and Fonseca (34), %SMM <25
percentile based on reference charts for youth by McCarthy et al.
(25) was used as a cutoff value for sarcopenia; BIA was used to
assess the concept of SO.
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In the study by Pacifico et al. (35), DXA was used to assess
body composition, population was stratified into tertiles of
relative muscle mass (RMM) and ASM/weight index, and
children in the lowest tertiles were considered sarcopenic.

In the study by Yodoshi et al. (47), abdominal MRI at the level of
the second to third lumbar vertebrae allowing the determination of
total psoas muscle surface area (tPMSA) of patients with either
histologically confirmed NAFLD with negative workup for other
liver disease, and an abdominal MRI within 1 year of the liver
biopsy, or presumed NAFLD, defined as overweight/obese patients
with MRI-determined hepatic steatosis and a negative workup for
other liver diseases, was evaluated. Patients with presumed NAFLD
were divided into two groups: one consisted of patients who
underwent magnetic resonance (MR) elastography to assess liver
stiffness, and patients in group 2 had measured liver fat fraction by
MRI proton density fat fraction (PDFF). tPMSA was measured
using a geometric region of interest measurement tool (Intellispace).
tPMSA was corrected for height, generating tPMSA index (mm?/
m?). Patients with a lower median tPMSA index compared to
patients with a lower grade (<5) of NAFLD activity score (NAS)
according to non-alcoholic steatohepatitis (NASH) Clinical
Research Network were identified as sarcopenic.

3.1.3 Other Populations

The populations of studies by Orgel et al. (38) and Mueske et al.
(46) consisted of children with hematologic malignancies (high-
risk B-precursor ALL and T-cell ALL).

In the study by Orgel et al. (38), the concept of SO was
evaluated with DXA; subjects underwent three serial assessments
of body composition (at diagnosis, at the end of the induction
phase, and at the end of the delayed intensification phase), and
lean muscle mass was measured. SO was defined as loss of lean
muscle mass and increase of body fat mass and body fat percent
over time.

In the study by Mueske et al. (46), participants underwent
imaging using three-dimensional QCT of the tibia and
whole-body DXA within 96 h from the start of chemotherapy,
again at 28-35 days later (end of induction phase), and 7-9
months from diagnosis following completion of intensive
chemotherapy (end of the delayed intensification phase).
Tissue volumes for adipose, muscle, and bone were computed
along the entire length of both tibias using a custom MATLAB
script. Total body fat mass and percentage were obtained using
DXA. Loss of muscle volume/muscle percent and increase of
total body fat mass/fat percent over time was considered as an
SO indicator.

In the study by Joffe et al. (49), chest CT images obtained at
two time points, diagnosis and first follow-up disease evaluation
(6-14 weeks after initiation of therapy), of children, adolescents,
and young adults who underwent treatment for a primary
diagnosis of Wilms tumor, Ewing sarcoma, osteosarcoma, or
rhabdomyosarcoma were used. Measurement of SM, residual
lean mass (RLT), and visceral adipose tissue (VAT) was
performed on single-slice images at a select anatomic landmark
located in the intervertebral space between the 12th thoracic and
first lumbar vertebrae (T12-L1). Image analysis was performed
utilizing Slice-O-Matic image analysis software. SO was defined

as a decrease in SM and RLT and increase of VAT between two
study points.

In the study by Mangus et al. (40), body composition of
children on the kidney, liver, or intestine transplant list with end-
organ failure and a CT scan within 6 months of actual transplant
date were assessed with measurements taken at the level of the
L2/L3 intervertebral disc space. The scan was set to the soft tissue
image mode, and the FreehandDrawingTool was employed to
outline the target structures using Synapse picture archiving and
communication system (PACS). Total psoas muscle area was
obtained by outlining both the right and left psoas muscles and
summing these measurements. Total perinephric fat was
calculated by outlining the kidney and vasculature and
subtracting this area from the area obtained by outlining
Gerota’s fascia. The subcutaneous fat area was obtained by
subtracting the area of the outlined abdominal cavity (at the
outermost fascial layer) from the area obtained by outlining the
level just beneath the dermis. The sarcopenic index was obtained
by dividing the total psoas area (in mm?) by the height (in cm)
squared, and the visceral and subcutaneous fat measurements
were also scaled for height. SO was defined as lower sarcopenic
index and higher visceral fat and subcutaneous fat index
compared to controls.

3.2 Sarcopenic Obesity Prevalence

Eight studies included in the review assessed the prevalence of
SO (25, 33-37, 42, 45); 6 studies included healthy populations
(25, 33, 36, 37, 42, 45), whereas 2 studies examined overweight/
obese children and adolescents (34, 35).

3.2.1 Healthy Populations

Among the patients included in the studies evaluating healthy
populations, the prevalence ranged from 5.66% (25) to 69.7%
(45) in girls, with a range between 7.2% (42) and 81.3% (37) in
boys. Evaluation of body composition using BIA with usage of
mean MFR-2SD of the third BMI quintile as threshold, which
was used in 3 studies (25, 36, 42), was associated with the lowest
SO prevalence in boys [7.2% (42), 8.31% in boys 5-10 years (25),
9.2% (36), 9.67% in boys 10-18 years (25)] and in girls [5.66% in
girls 10-18 years (25), 5.9% (36), 9.3% (42), 15.48% in girls 5-10
years (25)]. This was followed by a study that used DXA and a
cutoff value defined as mean value -1 SD of MFR for the third
BMI quintile, which yielded 24.3% SO prevalence in girls and
32.1% in boys (33).

Highest prevalence of SO was found in the usage of DXA and
the lower 10% of gender-specific ASM/W1t% in boys (81.3%) (37)
and using BIA along with >90th percentile of FM/FFM or FM/
FFM? in girls (69.7%) (45).

3.2.2 Overweight/Obese Populations

Two studies evaluated SO prevalence in overweight/obese
children and adolescents, the study that used DXA to assess
RMM and ASM and stratified study population into tertiles of
RMM and ASM/weight index yielded 28.79% SO prevalence in
boys and 39.22% in girls (35), whereas the study by Videira-Silva
and Fonseca (34) that used BIA and a cutoff value defined as %
SMM <25 percentile based on reference charts for youth by
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McCarthy et al. (25) yielded 20.2% prevalence of SO in girls and
33.3% in boys.

3.3 Outcomes Related With

Sarcopenic Obesity

A total of 8 (33-35, 37, 43, 44, 47, 48) studies assessed outcomes
related to SO. Of those, 5 studies evaluated SO relation with
cardiometabolic outcomes (33-35, 43, 44), and 2 studies assessed
the association between NAFLD severity and presence of SO (35,
47). Two studies evaluated the relation between SO and
inflammation (34, 48). The remaining study investigated the
relationship between LMM, obesity, and mental health (37).

In 2 of the studies analyzing the occurrence of metabolic
syndrome (MetS) (33, 43), MetS diagnosis was based on 2007
International Diabetes Federation (IDF) consensus, whereas in one
study (35), MetS diagnosis was based on the presence of at least 3 risk
factors: high waist circumference (WC), elevated blood pressure (BP),
low high-density lipoprotein cholesterol (HDL-C) levels,
hypertriglyceridemia, and glucose impairment. In all studies
evaluating associations between sarcopenia, obesity, and MetS,
significant associations were observed. Odds ratios (ORs) of MetS
risk were found to be significantly increased in sarcopenic obese
individuals [OR 8.28, 95% CI 5.6-11.45 (33); sarcopenic boys, OR
21.2, 95% CI 4.18-107.5 (43); obese boys, OR 3.7, 95% CI 1.23-10.8
(43); and sarcopenic girls, OR 3.61, 95% CI 1.10-11.9) (43)]; the
prevalence of MetS was also significantly increased in the tertile 1 of
RMM (p < 0.0001) (35).

Remaining studies that analyzed SO association with
cardiometabolic outcomes showed significant associations in
terms of insulin resistance (IR) and obesity (OR 6.6, 95% CI
4.1-10.6) (44) and IR and sarcopenia (OR 4.9, 95% CI 3.2-7.5) in
bivariate analysis (44), IR and sarcopenia (OR 1.9, 95% CI 1.1-3.6)
and IR and obesity (OR 2.4, 95% CI 1.2-4.9) in the fully adjusted
model (including family history of type 2 diabetes, physical
inactivity, sarcopenia, obesity, low adiponectin) (44), increased
insulin (p < 0.01) (34), homeostatic model assessment for insulin
resistance (HOMA-IR) (p < 0.05) (34, 35), total cholesterol (p <
0.05) (34), low-density lipoprotein cholesterol (LDL-C) (p < 0.01)
(34), triglyceride (TG) (p < 0.05) (34, 35), decreased HDL-C (p <
0.05) (34, 35), and NAFLD (p < 0.05) (35).

In 2 studies (35, 47) aiming to assess NAFLD severity in terms
of SO, children with a higher severity of NAFLD [NAS/liver
PDFF/non-alcoholic steatohepatitis (NASH) occurrence] had
lower values of sarcopenia indicator (tPMSA index/RMM/
ASM/weight) in comparison with the ones with lower liver
disease severity. In the study by Pacifico et al. (35), children
with NASH showed significantly lower RMM [mean 55.7% (SD,
6.0) vs. 63.4% (6.0); p < 0.0001) and ASM/weight index [mean
25.6% (SD, 2.8) vs. 28.6% (2.9); p = 0.006], whereas in the
histology cohort from the study of Yodoshi et al. (47), median
tPMSA index was significantly lower in the subjects with NAS =5
compared to those with NAS <5 (544 mm?*/m” vs. 669 mm?*/m?,
p < 0.001). In both univariate logistic regression analysis with
proportional odds and multivariable analysis (including all
demographic, clinical, radiographic variables), higher NAS was
significantly associated with lower tPMSA index (OR 0.67, 95%

CI0.52-0.86, p = 0.002) and tPMSA index significantly predicted
NAS (OR 0.68, 95% CI 0.52-0.91, p = 0.008), respectively.
Moreover, in the liver PDFF cohort in the multivariable
regression model (including tPMSA index, sex, ethnicity,
community deprivation index, and T2DM), liver PDFF was
significantly associated with tPMSA index (p = 0.029) (47).

Both studies (34, 48) aiming to investigate SO relation with
inflammation, an assessment of C-reactive protein (CRP)/high-
sensitivity C-reactive protein (hsCRP) concentration, showed
significant associations. In the study by Videira-Silva and
Fonseca (34), a low value of SMM (%SMM <p25) was
associated with an increased value of inflammation indicator
(p < 0.05), whereas in the study by Stefanaki et al. (48), SMM was
negatively correlated with hsCRP concentration in overweight/
obese individuals.

In the study by Moon et al. (37), girls with LMM and obesity
were 3.46 times more at risk of developing depression compared
with girls with normal muscle mass after controlling for age,
waist-to-height ratio, health habits, self-reported obesity, weight
loss efforts, and monthly household income (95% CI 1.00-11.97,
p = 0.049).

4 DISCUSSION

There are a limited number of studies assessing the prevalence of
SO and its relation with adverse health outcomes in children and
adolescents. Results of our review indicate that SO is highly
prevalent in children and adolescents and influences the
occurrence of adverse health outcomes (25, 33-37, 42-45,
47, 48).

In our review, the prevalence of SO ranged from 5.66% to
69.7% in girls, with a range between 7.2% and 81.3% in boys. The
wide range of SO prevalence is related to different sarcopenia
evaluation methods and the variety of used definitions and cutoft
points. Furthermore, studies that evaluated SO prevalence
included healthy populations and overweight/obese children
and adolescents; therefore, comparisons between those
populations may lead to discrepancies, as studies regarding
overweight/obese participants may yield higher SO prevalence.

Our review found DXA and BIA to be the most prevalent
methods of body composition assessment. Evaluation of body
composition with usage of mean MFR-2SD of the third BMI
quintile as threshold was the most prevalent. All of the studies
that assessed SO relation with adverse health outcomes
(cardiometabolic outcomes, NAFLD severity, inflammation,
mental health) found significant associations. The main
difficulty regarding the assessment of sarcopenia in the
population of children and adolescents is their growth, which
leads to age-related differences. Puberty is also a crucial factor in
body composition evaluation. The present review indicates that
the occurrence of SO is associated with a higher metabolic risk.
Much work needs to be done to understand the impact of SO on
metabolic outcomes, as SO may carry a cumulative metabolic
risk of both sarcopenia and obesity and could lead to worse
metabolic outcomes than obesity alone. Routine assessment of
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SM mass and function should be considered in obese children
and adolescents in order to distinguish individuals with a higher
metabolic risk.

Only 2 studies included in our review assessed both muscle
mass and muscle function (36, 42), as recommended by
EWGSOP, yielding inadequate values of SO prevalence. The
assessment of muscle function is crucial for the assessment of
sarcopenia, since muscle strength is not linearly related to muscle
mass (30).

SO has been associated with various adverse health outcomes
such as disability, metabolic outcomes, depression, increased
stress level, cancer treatment outcomes, and mortality in adults
(16). Several studies evaluated SO association with metabolic
outcomes in adults, indicating worse cardiovascular risk profiles
(hyperglycemia, hypertension, dyslipidemia, insulin resistance,
lower cardiorespiratory fitness) in individuals affected by SO
(51-53). Results of the Korean Longitudinal Study on Health and
Aging (KLoSHA) demonstrated a higher risk of IR and MetS in
patients with SO than in those with sarcopenia alone or obesity
alone (51). According to KHANES, SO was also associated with
NAFLD, and the study found that SO increased stepwise from
lowest to highest quintile (independent 3.4-fold risk) of serum
gamma-glutamyl transferase activity (GGT) in community-
dwelling older adults (54). NASH as a cause of cirrhosis was
found in multivariable logistic regression analysis as an
independent predictor of SO after controlling for age, gender,
alcoholic liver disease diagnosis, and hepatocellular carcinoma
(p = 0.014, 95% CI, 1.44-25.26, OR 6.03) (55). In a study by
Schrager et al. (56), low HGS and high waist circumference and/
or BMI were significantly associated with elevated levels of IL-6,
C-reactive protein, and Interleukin-1 (IL-1). In a study by Hamer
etal. (57), the risk of occurrence of depressive symptoms in obese
adults with low HGS was 1.79 (95% CI, 1.10-2.89) times greater
compared to non-obese individuals with high HGS after
multivariate adjustment. These findings of adult studies are in
line with results of our review, which demonstrated a significant
association between adverse health outcomes (metabolic
syndrome, IR, NAFLD) and SO in children and adolescents.
Moreover, in two studies included in our review, low SMM
demonstrated an association with increased hsCRP/CRP
concentration, indicating a relation between inflammation and
low SMM in overweight/obese children and adolescents. Results
of our review regarding the association between LMM, obesity,
and depressive symptoms also match adult studies.

To our knowledge, this is the first systematic review
evaluating the prevalence and outcomes of SO in children and
adolescents. Our study is not without limitations. There was
considerable inconsistency in the criteria used to define SO, and
there was a wide heterogeneity in sarcopenia as well as obesity
definitions that limited comparisons among studies.
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Background: Obesity is related to changes in adipokine secretion, activity of adipose
tissue macrophages, helper T cells, and regulatory T cells. It has been confirmed that
vitamin D has potent anti-inflammatory properties. It contributes to reduction in pro-
inflammatory mediators and an increase in anti-inflammatory cytokines. There is also
evidence that vitamin D could decrease C-reactive protein (CRP) and affect selected
haematological indices.

Aim of the Study: We aimed to evaluate the effect of vitamin D on interleukin (IL)-10, IL-
17, CRP, blood leukocyte profile, and platelet (PLT) count in overweight and obese
children before and after six months of vitamin D supplementation.

Material and Methods: The study group consisted of 67 overweight and obese children
aged 9.08-17.5 years. The control group included 31 normal weight peers age- and sex-
matched. None of the studied children had received vitamin D supplementation before the
study. Data were analyzed at baseline and after vitamin D supplementation.

Results: The study group had lower baseline 25(0OH)D (p<0.001) and higher white blood
cell (WBC) (p=0.014), granulocyte (p=0.015), monocyte (p=0.009) and CRP (p=0.002)
compared to the control group. In the study group, vitamin D levels were related negatively
to nutritional status. Leukocyte profile parameters, PLT, CRP, IL-10 or IL-17 were not
related to baseline 25(0OH)D. Baseline IL-17 levels correlated with monocytes (R= 0.36,
p=0.008) independently on 25(OH)D deficit. In children with vitamin D <15ng/ml, the
baseline 25(0OH)D was related to CRP (R=-0.42, p=0.017). After six months of vitamin D
supplementation, we noticed a decrease in CRP levels (p=0.0003). Serum 25(0OH)D
correlated with IL-10 in that period (R=0.27, p=0.028). Moreover, we noticed that IL-10
correlated with monocyte (R=-0.28, p=0.023). We did not find any significant associations
between 25(0OH)D and leukocyte profile parameters, PLT, or IL-17. The multivariable
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stepwise regression analysis identified IL-10 as the parameter positively associated with

25(0H)D.

Conclusions: Our study confirmed beneficial effects of vitamin D supplementation in
overweight and obese paediatric populations. Vitamin D intake seems to exert its anti-
inflammatory effect mainly via decreasing the CRP level and protecting stabile values of IL-
10, rather than its impact on pro-inflammatory factors such as IL-17 and leukocyte profile

parameters.

Keywords: obesity, children, interleukin-10, interleukin-17, C-reactive protein, blood leukocyte profile, platelets,

vitamin D

INTRODUCTION

Vitamin D deficiency is commonly observed in overweight and
obese children and adolescents (1, 2). The inverse associations
between 25-hydroxyvitamin D (25(OH)D) serum levels and both
fat volume and body mass index (BMI) have been confirmed (3,
4). The main mechanisms involved in the obesity-related
hypovitaminosis D include decreased bioavailability of vitamin
D due to its fat solubility and sequestration in abdominal fat,
reduced intestinal absorption, impaired metabolism, decreased
liver 25(OH)D synthesis as a result of hepatic steatosis, and the
influence of leptin and interleukin-6 (IL-6) on hepatic vitamin D
receptors (VDRs) (2, 3, 5-10). There is also some evidence that
inflammation could reduce 25(OH)D levels via oxidative stress
resulting in the oxidative 25(OH)D catabolism (11, 12).
Sedentary lifestyle and lower outdoor physical activity, leading
to insufficient sun exposure as well as inappropriate vitamin D
dietary intake, also predispose obese individuals to vitamin D
deficiency (8, 13). Taking into account the high prevalence of
overweight and obesity in people of all age groups, including
children and young adults, the role of vitamin D in the
pathogenesis of obesity and prevention of obesity-related
metabolic disorders is extensively investigated (2, 11, 14-17).
Adipose tissue cannot be considered only as an energy reservoir
that consists of adipocytes and their precursors. It also contains
mesenchymal progenitor/stem cells, endothelial cells, pericytes,
T cells, and M2 macrophages known as stromal vascular fraction,
which play an important role in the integration of endocrine,
metabolic, and inflammatory signals (2, 18). Excess body fat
mass is closely related to significant changes in adipokine
secretion, accumulation, and activity of adipose tissue
macrophages, helper T (Th) cells, and regulatory T (Treg) cells
(2, 19-24). Several studies have shown an increase in pro-
inflammatory factors [IL-6, IL-8, IL-1B, IL-17, leptin, tumor
necrosis factor alpha (TNF-o)] and reduction in adiponectin and
anti-inflammatory interleukins (IL-4, IL-10, IL-13) in obese
individuals (2, 25, 26). These mediators are involved in mutual
interactions between the immune and metabolic systems,
contributing to the development of insulin resistance,
hyperglycaemia, atherogenic dyslipidaemia, and hypertension
which highly increase the risk of atherosclerotic cardiovascular
disease and diabetes mellitus type 2, even in the paediatric and
young adult populations (25, 27, 28). Moreover, pro-

inflammatory cytokines could affect systemic inflammation by
enhancing liver production of acute phase markers including
fibrinogen and C-reactive protein (CRP) and by activating
granulocyte and monocyte progenitor cells (29-32). Higher
blood leukocyte, lymphocyte, granulocyte, eosinophil, and
monocyte count is well documented in obese individuals
(33-36).

Current studies show that vitamin D exerts multiple non-
calcaemic effects. Vitamin D receptors have been discovered in
many cells and types of tissues, including human subcutaneous
adipose tissue, visceral adipose tissue, pancreatic beta-cells, and
T cells (2, 37-42). Moreover, the presence of VDRs has been also
confirmed in the brain in arcuate and paraventricular nuclei of
the hypothalamus, which are responsible for regulation of body
weight (41, 42). Lumeng et al. (21) indicate that hypothalamic
inflammation impacts metabolism, mainly by reducing the
release of insulin from beta cells, impairing insulin peripheral
action and also by aggravating hypertension. The main
mechanisms of vitamin D action in obesity include the
influence on adipose tissue inflammatory process via effects on
adipokine secretion and on the immune system cells by
regulating their proliferation and metabolism leading to
inhibition of T cell proliferation and induction of Treg
differentiation (17, 38, 43-46). It has been confirmed that the
active form of vitamin D (1,25-dihydroxyvitamin D) has potent
anti-inflammatory properties resulting in a switch from Thl/
Th17 response, which is more inflammatory to Th2/Treg
response, which has less inflammatory potential (11, 47-49).
This results in decreased secretion of pro-inflammatory
mediators such as interferon gamma (IFN-y), TNF-ca, IL-1f,
IL-6, IL-8, IL-12, IL-17 and increased production of anti-
inflammatory cytokines such as IL-4 and IL-10 (11, 50-54).
There is also some evidence that vitamin D could decrease serum
CRP levels and the erythrocyte sedimentation rate (55-61). The
effect of hypovitaminosis D, as well as the influence of vitamin D
supplementation on selected haematological indices has been
also investigated but available data are limited (62-65). In
addition to the fact that most authors reported the link
between vitamin D and red blood cell parameters (66-68),
there are also some studies describing the impact of vitamin D
on monocyte and platelet (PLT) count (64, 69, 70). Information
about those associations in obese children and adolescents
is scarce.
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In the present study we aimed to evaluate the effect of vitamin
D on IL-10, IL-17, CRP, blood leukocyte profile, and PLT count
in a group of overweight and obese children before and after six
months of vitamin D supplementation.

MATERIAL AND METHODS

This prospective study was conducted in the Department of
Paediatrics and Endocrinology of the Medical University of
Warsaw, Poland. Design of the study was approved by the
Bioethics Committee at the Medical University of Warsaw, Poland
(decision number KB/257/2013). The study group consisted of 67
children (15 overweight and 52 obese) aged from 9.08 to 17.5 years
with mean body mass index (BMI) 30.9 + 4.7. The control group
included 31 normal weight peers with mean BMI 18.7 + 2.7 age- and
sex-matched. None of the studied children had received vitamin D
supplementation within the last 12 months before being including in
the study. In both the study and the control groups, blood
morphology was evaluated to exclude iron deficiency anaemia due
to its possible effect on platelet count. Patients with iron deficiency
features in blood morphology were not included in the study. At the
time of blood collection, children in both the study and the control
group were healthy, without any symptoms of infection and chronic
diseases and were not taking any medication. During the study
period the participants did not change their diet or the level of
physical activity. Vitamin D status, levels of IL-10, IL-17, CRP, blood
leukocyte profile, and PLT count were determined at baseline (in the
study group and in the control group) and after six months of
vitamin D supplementation (in the study group).

The aim of vitamin D supplementation was to achieve the
reference serum 25(OH)D levels between 30 and 50 ng/ml after
six months of intervention (71). The doses of vitamin D ranged
from 2000 to 4000 units per day depending on the serum 25(OH)
D levels, which were assessed every month. Systematic evaluation
of serum 25(OH)D concentrations allowed us to control
compliance and to modify administered vitamin D doses to
achieve reference values after six months of the study.

Anthropometric parameters (height, weight, waist and hip
circumference) were measured using standardized methods. Based
on these measurements, BMI, waist-to-hip ratio (WHR), and waist-
to-height ratio (WHtR) were calculated. The skinfold thickness
(mm) was measured under the triceps brachii muscle and under the
inferior scapular angle. Body fat percentage was calculated in the
study group and in the control group using the Slaughter formula
(72). Additionally, in the study group, the percentage of fat was
calculated using a bioimpedance analysis device (Maltron Body
FAT Analyzer BF-905). Height and weight were evaluated
according to Polish 2010 growth references for school-aged
children and adolescents (73). The degree of obesity expressed as
BMI standard deviation score (SDS) was calculated using the LMS
method to normalize skewness of the distribution of BMI (73, 74).
Obesity was defined as BMI SDS > 2, and overweight as BMI SDS >
1and < 2 (75).

Data of the study group were analyzed in the whole group and
in subgroups depending on baseline vitamin D status (serum 25

(OH)D < 15 ng/ml - a subgroup of overweight and obese
children with “severe” baseline vitamin D deficiency and serum
25(0OH)D > 15 ng/ml - a subgroup of overweight and obese
children with “low” baseline vitamin D deficiency).

Biochemical Analyses

Blood samples were collected after overnight fasting and
analyzed by standard methods. White blood cells (WBC) and
PLT count were obtained by an automated blood cell counter
(XN-1000, Sysmex, Germany). The levels of CRP (mg/dl) were
measured using a fixed-point immune-rate method on the Vitros
5600 analyzer (Ortho Clinical Diagnostic, New Jersey, USA).
Serum 25(OH)D levels (ng/ml) were determined by the
immunoassay method using Architect Analyzer (Abbott
Diagnostics, Lake Forest, USA). Serum levels of IL-10 (pg/ml)
and IL-17 (pg/ml) were evaluated by ELISA (R&D Systems,
Minneapolis, USA) using Asys UVM 340 analyzer.

Statistical Analysis

Statistical analysis was performed using Statistica 13.3. Data
distribution was checked using the Shapiro-Wilk test. Data were
presented as means with standard deviation or the median and
interquartile ranges, as appropriate. Comparisons between
baseline data of the study group and the control group were
made using the T-test for parametric data or using the U Mann-
Whitney test for non-parametric data. Analysis of changes of the
same parameter at baseline and after six months of vitamin D
supplementation were provided using the T-test or the Wilcoxon
test, as appropriate. Correlation analysis was performed using
the Spearman correlation coefficient. In further analysis, we used
multivariable stepwise regression analysis to determine
which inflammatory factors (model 1: IL-10, IL-17, CRP, WBC
or model 2: IL-10, IL-17, CRP, monocytes) were associated with 25
(OH)D levels (as dependent variable) at baseline and after six
months of vitamin D supplementation.

RESULTS

Baseline anthropometric and biochemical characteristics of the
study group and the control group are presented in Table 1. The
study group characterized significantly lower baseline serum 25
(OH)D levels compared to the control group (median 15.9 vs
23.9 ng/ml, p < 0.001). We also found significant baseline
differences in leukocyte profile parameters and CRP levels
between those groups, while baseline PLT count, IL-10, and
IL-17 levels did not differ significantly between the study group
and the control group. Baseline WBC (p = 0.014), granulocyte (p
=0.015), monocyte (p = 0.009) count and CRP levels (p = 0.002)
were significantly higher in the group of overweight and obese
children and adolescents.

Severe baseline vitamin D deficiency was found in 54% (36
participants) of the study group. Taking into account baseline
vitamin D status of the study group we did not find any significant
differences in anthropometric and biochemical parameters
between subgroups with lower and severe vitamin D deficiency.
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TABLE 1 | Baseline anthropometric measurements, haematological, and biochemical parameters in the study group and in the control group.

p value STUDY GROUP CONTROL GROUP
(n =67) (n=31)

Age (years) 13.3 + 2.11 13.8 +2.45

ns

Height SDS 0.7 +1.26 -0.6 +1.37

< 0.001

Weight SDS 2.3 +0.66 -0.3 +1.09

< 0.001

WC (cm) 91.3 £ 10.17 62.3 + 6.49

<0.001

HC (cm) 106.1 + 10.48 78.7 + 8.86

< 0.001

WHR 0.9 + 0.06 0.8 +0.04

< 0.001

WHtR 0.9 +2.68 0.4 +0.03

< 0.001

% FAT (skinfolds) 36.9 + 6.12 22.7 + 6.06

< 0.001

BMI SDS 2.3 +0.46 -0.2 +0.83

< 0.001

25(OH)D (ng/ml) 15.9 (12.6 — 20.0) 23.9 (17.7 - 29.9)

< 0.001

WBC (cells x 10%/pl) 6.7 (6.5 -8.1) 5.7 (6.0-6.7)

0.014

Granulocytes (cells x 10%/pl) 3.2(24-45) 28(1.9-8.7)

0.015

Monocytes (cells x 103/ul) 0.5(0.5-0.7) 0.4 (0.4 -0.6)

0.009

Lymphocytes (cells x 10%/pl) 2.4 (21-29) 22(1.9-29)

ns

PLT (cells x 10%/pl) 270 (236 - 302) 260 (231 — 284)

ns

CRP (mg/dl) 0.5(0.5-0.7) 0.5(0.5-0.5)

0.003

IL-10 (pg/ml) 1.25(0.03 - 1.74) 0.65 (0.19 - 1.15)

ns

IL-17 (pg/ml) 0.05 (0.0 -0.13) 0.05 (0.0-0.12)

ns

Data are presented as means + standard deviations score or as median with interquartile range, as appropriate. SDS, standard deviation score; WC, waist circumference; HC, hip
circumference; WHR, waist-to-hip ratio; WHIR, waist-to-height ratio; % FAT (skinfolds), percentage of body fat estimated from skinfolds; BMI, body mass index; 25(OH)D, 25-
hydroxyvitamin D; WBC, white blood cells; PLT, platelets; CRP, C-reactive protein; IL-10, interleukin-10; IL-17, interleukin-17, ns, not significant.

Baseline Associations Between Vitamin D
Status, Nutritional Status, and Biochemical
Parameters in the Study Group and in the
Control Group
At baseline, as expected, we found significant associations
between vitamin D status and nutritional status, especially in
children with excess body fat. In the study group, vitamin D
levels were related negatively to body mass SDS (R = -0.27, p =
0.029), BMI SDS (R = -0.27, p = 0.025, Figure 1) and hip
circumference (R = -0.26, p = 0.039). In the control group those
associations were not seen, apart from the negative association
between vitamin D status and hip circumference (R = -0.52, p =
0.014). Leukocyte profile parameters, PLT count, CRP, IL-10,
and IL-17 levels were not related to baseline vitamin D status in
the study group nor in the control group.

Taking into account baseline vitamin D status of the study group
(serum 25(OH)D level > 15 ng/ml or < 15 ng/ml), we noticed that in
children with severe vitamin D deficiency, 25(OH)D levels were

related negatively to CRP levels (R= -0.42, p = 0.017). The
distribution of serum 25(OH)D values in this subgroup is
presented on two histograms (Figure 2. for participants with CRP
< 0.5 mg/dl, Figure 3 for participants with CRP > 0.5 mg/dl).

In further analysis, we also found that in this subgroup
nutritional status parameters such as BMI SDS (R = 0.61, p =
0.0003), waist circumference (R = 0.44, p = 0.014), WHR (R = 0.49,
p = 0.005), %FAT BIA (R = 0.43, p = 0.017), and WHIR (R = 0.70,
p = 0.00003) were significantly positively related to CRP levels.

These relationships were not seen in the subgroup with low
baseline 25(OH)D deficiency and in the control group. In a
subgroup with low 25(OH)D deficiency we found only positive
associations between hip circumference and WBC count (R = 0.47,
p = 0.006) and between hip circumference and granulocyte count
(R =0.55, p =0.001). We also observed that baseline IL-17 levels
correlated positively with baseline monocytes (R = 0.36, p = 0.003,
Figure 4) in the whole study group independently on baseline 25
(OH)D deficiency (R = 0.36, p = 0.032; R = 0.37, p = 0.038,
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FIGURE 1 | Correlation between baseline 25(OH)D levels and baseline BMI
SDS in the whole study group.

respectively in subgroups with low and severe baseline vitamin
D deficiency).

Effects of Vitamin D Supplementation on
Leukocyte Profile Parameters, Platelet
Count, CRP, IL-10, and IL-17 Levels in the
Study Group

The characteristics of the study group at baseline and after six
months of vitamin D supplementation are shown in Table 2. After
six months of vitamin D supplementation its value increased by an
average of 11.3 + 8.2 ng/ml. Simultaneously, we noticed a
significant decrease in CRP levels (p = 0.0003) without any
changes in leukocyte profile parameters, PLT count, or IL-10,
and IL-17 levels. Serum 25(OH)D levels correlated significantly
with IL-10 levels in that period (R = 0.27, p = 0.028). We did not

CRP> 0.5

|

number of patients

o

5 6 7 8 9 10 11 12
baseline 25(OH)D levels [ng/ml]

13 14 15 16

FIGURE 3 | Distribution of vitamin D values in the subgroup with severe 25
(OH)D deficiency and CRP > 0.5.

find any significant association between 25(OH)D levels and
leukocyte profile parameters, PLT count, or IL-17 levels.

We also noticed that after six months of intervention, IL-10
levels correlated significantly negatively with monocyte count in
that period (R = -0.28, p = 0.023).

In further investigation we used multivariable stepwise
regression analysis to determine which inflammatory factors
are associated with serum 25(OH)D levels (as dependent
variable) at baseline and after six months of vitamin
D supplementation.

We did not find any significant relationships in multivariable
stepwise regression models including baseline 25(OH)D levels
and chosen baseline inflammatory parameters as independent
variables (model 1: IL-10, IL-17, CRP, WBC; model 2: IL-10, IL-
17, CRP, monocytes).

CRP <=0.5

number of patients
-

| ’—‘ ’—[—'7
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baseline 25(OH)D levels [ng/ml]
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FIGURE 2 | Distribution of vitamin D values in the subgroup with severe 25
(OH)D deficiency and CRP <= 0.5.
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FIGURE 4 | Correlation between baseline IL-17 levels and baseline
monocyte count in the whole study group.
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TABLE 2 | Comparison between anthropometric measurements, haematological, and biochemical parameters in the study group at baseline and after six months of

vitamin D supplementation.

p value BASELINE SIX MONTHS
Height SDS 0.7+1.26 0.6+1.25
ns

Weight SDS 2.3 +0.66 22+0.75
0.047

WC (cm) 91.3 £ 10.17 90.6 = 11.06
ns

HC (cm) 106.1 £ 10.48 106.4 £ 11.71
ns

WHR 0.9 +£0.06 0.9+0.05
ns

WHtR 0.9 +2.68 0.5+0.06

< 0.001

% FAT (skinfolds) 36.9 +6.12 34.2 + 6.34
< 0.001

% FAT BIA 40.6 + 7.59 38.3 £ 8.93
ns

BMI SDS 2.3+0.46 22 +0.55
ns

25(0H)D (ng/ml) 15.9 (12.6 - 20.0) 27.1 (22.9-32.6)
< 0.001

WBC (cells x 10%/pl) 6.7 (5.5-8.1) 6.2(56-7.8)
ns

Granulocytes (cells x 103/ul) 3.2 ((2.4-45) 3.3(2.4-4.0)
ns

Monocytes (cells x 103/p.l) 0.5(0.5-0.7) 0.5(0.4-0.6)
ns

Lymphocytes (cells x 10%/ul) 24(21-29 23(20-29
ns

PLT (cells x 10%/ul) 270 (236 - 302) 261 (232 - 311)
ns

CRP (mg/dl) 0.5(0.5-0.7) 0.5(0.5-0.6)
0.001

IL-10 (pg/ml) 1.25 (0.03 - 1.74) 0.78 (0.34 — 1.58)
ns

IL-17 (pg/ml) 0.05 (0.0-0.13) 0.04 (0.01 - 0.10)
ns

Data are presented as means + standard deviations score or as median with interquartile range, as appropriate. SDS, standard deviation score; WC, waist circumference; HC, hip
circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; %FAT (skinfolds), percentage of body fat estimated from skinfolds; %FAT BIA, percentage of body fat estimated using
bioelectrical impedance analysis method; BMI, body mass index; 25(0H)D, 25-hydroxyvitamin D; WBC, white blood cells; PLT, platelets; CRP, C-reactive protein; IL-10, interleukin-10; IL-

17, interleukin-17; ns, not significant.

After six months of vitamin D supplementation, the
multivariable stepwise regression analysis, that included 25
(OH)D levels (as dependent variable) and IL-10, IL-17, CRP,
WBC (model 1) or IL-10, IL-17, CRP, monocytes (model 2) as
independent variables, identified IL-10 as the parameter
significantly positively associated with 25(OH)D levels. Both
models were significant with cumulative R* = 0.12, p = 0.004
and the received correlations coefficients were respectively equal
B =0.344 + 0.116.

DISCUSSION

In our study we focused on the relationships between vitamin D
status, both baseline and after six months of vitamin D
supplementation and selected anti-inflammatory and pro-
inflammatory markers. We found significant associations between
serum 25(OH)D levels and levels of CRP and IL-10, while leukocyte

profile parameters and PLT count, as well as IL-17 levels, seemed
not to be vitamin D-dependent. As expected, we confirmed
significant negative relationships between 25(OH)D levels and
nutritional status parameters. Overweight and obese children
from the study group had significantly lower serum baseline 25
(OH)D levels compared to age- and sex-matched healthy peers,
despite the lack of vitamin D supplementation in both groups before
the initiation of the study. Obesity-dependent hypovitaminosis D
has been previously confirmed in many studies in paediatric and
adult population (3, 19, 76). Low-grade chronic inflammation
characteristics for obese individuals seem to be involved with
vitamin D deficiency in this group (11, 12). Analyzing baseline
values of selected inflammatory markers in both groups, we noticed
that WBC, granulocyte, and monocyte count, as well as CRP levels,
were significantly higher in the study group than in the control
group. Similar results were presented in our previously published
study which considered almost 100 overweight and obese children.
Our previous research indicated that WBC and granulocyte count
were related to BMI SDS, while monocyte count was related to waist
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circumference, which could suggest that visceral adipose tissue has
much greater pro-inflammatory potential than subcutaneous tissue,
as a source of pro-inflammatory adipokines and cytokines (36).
The main findings of our present study regarded the
interactions between vitamin D and serum levels of IL-10 and
CRP and could support hypothesis of anti-inflammatory vitamin
D properties. Despite this, we did not find any baseline
associations between vitamin D status and leukocyte profile
parameters, PLT count, CRP, IL-10, and IL-17 levels in the
whole study group, and we noticed that in participants with
severe baseline vitamin D deficiency (serum 25(OH)D values
below 15 ng/ml) 25(OH)D levels were inversely related to CRP
values. Moreover, in this subgroup, CRP levels correlated
positively with nutritional status parameters. Similar
associations were reported by Rodriguez et al. (77) who
examined more than one hundred Spanish overweight and
obese children from 9 to 12 years of age and reported that low
serum 25(OH)D levels were significantly associated with
increased high sensitive CRP (hs-CRP). In the study by Bellia
et al. (61), based on a cohort of 147 severely obese patients with
mean BMI 43.6 + 4.3 kg/m> who were prepared to bariatric
surgery, a multivariate regression analysis showed that serum 25
(OH)D was inversely related to hs-CRP levels, even after
accounting for age, gender, season of recruitment, BMI, total
body fat, and truncal fat mass. The cross-sectional analysis by de
Oliveira et al. (78) based on data of 5,870 adult participants from
the English Longitudinal Study of Ageing (ELSA) showed an
inverse relationship not only between serum levels of 25(OH)D
and CRP values but also between 25(OH)D and WBC count. In
our analysis WBC count did not depend on vitamin D status but
the protocols of our study and the study by de Oliveira et al. (78)
were not exactly consistent. The main differences between our
study and ELSA included the age of studied groups (children and
adolescents in our study vs adult patients 50 years of age and
over), the duration of obesity and associated inflammation
(possibly much longer in de Oliveira group), differences in the
number of participants (67 in our study vs almost 6,000 in
ELSA). The study by Palaniswamy et al. (19) based on a cohort of
3,586 individuals with mean BMI 24.8 kg/m2 and mean 25(OH)
D levels 50.3 nmol/L also confirmed negative associations
between 25(OH)D and hs-CRP levels, which were
simultaneously positively associated with BMI. Those
findings are strictly in-line with our observations. Conversely,
Palaniswamy et al. (19) concluded that their large observational
and Mendelian randomization study, which analyzed the
associations between 25(OH)D, BMI, and 16 inflammatory
biomarkers (including IL-17, IL-1c, IL-1f, IL-4, IL-6, IL-8,
TNF-0. and hs-CRP), considered together with data from
review of randomized controlled trials, did not confirm the
beneficial role of vitamin D supplementation in obesity-related
inflammation. Similar observations were previously reported by
Shea et al. (79) based on data from the Framingham Offspring
Study. The lack of association between vitamin D and IL-17
levels is in-line with our findings. Interestingly, we observed
baseline positive correlation between IL-17 levels and monocyte
count, which was independent from the severity of baseline

vitamin D deficiency and could confirm mutual associations
between pro-inflammatory interleukins and monocytes
enhancing their inflammatory potential.

In our study we also analyzed the impact of vitamin D
supplementation on selected markers of inflammation. Our
study revealed that six months of vitamin D supplementation
led to a significant decrease in CRP levels, influenced IL-10 levels,
but did not affect leukocyte profile, PLT count, and IL-17 levels.
Interestingly, those effects were observed despite the lack of
significant changes in body fat mass and BMI in our study
group. Data from animal and human studies regarding the
impact of vitamin D supplementation on obesity-related
inflammation are contradictory. The rat study by Gomma et al.
(80) showed that vitamin D administration in rats that received
high fat diet (HFD) led to significant decrease in body weight
gain, decrease in serum CRP levels, and significant increase in
serum IL-10 levels in comparison with HFD-rats that did not
receive vitamin D supplementation. Mirzavandi et al. (81) who
investigated the effect of vitamin D intramuscular megadose
injections (200 000 IUs at baseline and next at week 4 of
intervention) reported significant decrease in CRP levels in
vitamin D deficient adults with diabetes mellitus type 2.
Similar results, also in patients with diabetes mellitus type 2,
were shown by Mousa et al. (55), who provided a systematic
review and meta-analysis including twenty trials with a total of
1,270 individuals. The authors reported that vitamin D
supplemented patients had lower CRP and TNF-a levels, lower
erythrocyte sedimentation rate, and higher leptin levels
compared to the control groups. Conversely, a systematic
review with meta-analysis by Jamka et al. (82), who assessed
changes in 25(OH)D and CRP levels in 1,955 obese and
overweight subjects, showed that vitamin D supplementation
did not affect CRP levels. Systematic review and meta-analysis of
randomized control trials (RCTs) by Mazidi et al. (83) also
indicated that vitamin D supplementation had no impact on
serum CRP, IL-10, and TNF-ot levels but the authors recommend
RCTs with longer period of follow-up time (12 months) for
future studies to provide explicit results.

Based on our data we noticed that serum 25(OH)D values,
achieved after six months of vitamin D supplementation,
correlated significantly positively with IL-10 levels in that
period. Those relationships found firstly, using the Spearman
correlation, was also confirmed in a multivariable stepwise
regression analysis taking 25(OH)D levels as dependent
variables and IL-10, IL-17, CRP, WBC (model 1), IL-10, IL-17,
CRP, and monocytes (model 2) as independent variables. In both
models we identified IL-10 levels measured at six months of
intervention as the parameter significantly positively associated
with 25(OH)D levels. Moreover, we found that IL-10 levels were
inversely related to monocyte count also evaluated at six months
of vitamin D intake. After six months of vitamin D
supplementation, we did not find any relationships between
vitamin D status and leukocyte profile parameters, PLT count,
or IL-17 levels. The mechanisms of association between vitamin
D status and both interleukins and leukocyte profile parameters
are not clearly explained and literature data in this field are
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insufficient. Hashemi et al. (84), reported that based on a group
of multiple sclerosis patients, vitamin D supplementation up-
regulates IL-27 and TGF-B1 levels, which in consequence,
increases the secretion of anti-inflammatory IL-10 and inhibits
pro-inflammatory IL-17 production. The anti-inflammatory role
of IL-27 was also reported by other authors (85, 86). However,
the precise mechanism of vitamin D-dependent regulation of
immune cells function is much more complicated and includes
activation of various signalling cascades (2, 17). Most of the
presented studies concern the adult population or animals, while
the number of studies in the paediatric population is very limited.

In conclusion, our study confirmed beneficial effects of vitamin
D supplementation in overweight and obese paediatric population.
Vitamin D intake seems to exert its anti-inflammatory effect mainly
via decreasing of CRP level and protecting stabile values of IL-10,
rather than its impact on pro-inflammatory factors such as IL-17
and leukocyte profile parameters.
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Background: Obesity has been a growing problem in young patients leading to serious
metabolic complications. There are many studies supporting the idea, that obesity should
be considered as a chronic inflammation closely associated with immune system
alterations. Th17 subpopulation is strongly involved in this process. The aim of our
study was to evaluate circulating Th17 cells in overweight and obese children and explore
the relationships between Th17 subset and metabolic parameters.

Methods: We evaluated peripheral Th17 cells in fresh peripheral blood samples from 27
overweight and obese and 15 normal-weight children. Th17 cells were identified by flow
cytometry using monoclonal antibody and intracellular IL-17A staining. Th17 cells were
defined as CD3*CD4*CD196%IL-17A°". The analysis involved anthropometric and
metabolic parameters measured at baseline and three months after the change of
lifestyle and diet. We evaluated the relationship between metabolic parameters and
Th17 cells.

Results: In overweight and obese children we found significantly higher Th17 cells
percentage compared to normal weight controls (median 0.097% (0.044 - 0.289) vs
0.041% (0.023 - 0.099), p = 0.048). The percentage of Th17 cells decreased statistically
significantly in children who reduced weight after the intervention (0.210% (0.143 - 0.315)
vs 0.039% (0.028 - 0.106), p = 0.004). In this group we also noticed statistically significant
reduction of TC and LDL-C concentration (p = 0.01, p = 0.04, respectively).

Conclusions: Obesity in children is associated with increased percentage of peripheral
Th17 cells. Weight reduction leads to significant decrease of circulating Th17 cells and
improvement of lipid parameters. This significant reduction of proinflammatory Th17 cells
is a promising finding suggesting that obesity-induced inflammation in children could be
relatively easily reversible.

Keywords: children, obesity, metabolic complication, Th17 cells, inflammation
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INTRODUCTION

In recent decades obesity has become a global epidemic (1). This
is also an increasing problem in younger and younger patients
(2), leading to pathological changes. In the light of recent data,
adipose tissue (AT) has been considered as an active organ
involved in numerous immunological, hormonal and metabolic
processes (3). Obesity should be recognized as a factor
contributing to the development of generalized low-grade
sterile chronic inflammation, closely associated with
morphological and functional changes in AT. These alterations
include the colonization of AT by increased number of
macrophages with its phenotypic switch from M2 to M1,
infiltration of mast cells and neutrophils, imbalance between
Th17 cells and Treg (4, 5) as well as tissue hypoxia and oxidative
stress (6). Just as long-term obesity leads to fixation of structural
changes in adipose tissue, as obesity-induced chronic
inflammation also may cause difficult to reverse metabolic
implications (3), however the mechanisms of this phenomena
are still not fully explained. Many studies presented the role of
obesity-induced inflammation in the development of such
conditions as insulin resistance (IR), type 2 diabetes (T2DM),
bronchial asthma, inflammatory bowel disease, rheumatoid
arthritis, psoriasis and certain types of cancer (7-9).

Since 2005, when the Th17 lymphocytes subpopulation was
described for the first time, it has been attributed to the
inflammatory processes (10, 11). Their contribution in the
antibacterial and antifungal immunity (7, 12) as well as their
influence on the development of autoimmune and allergic
disorders has been well documented (13, 14).

Th17 cells are characterized by expression of retinoid acid
receptor (RAR)-related orphan receptor C (RORC) - master
transcription factor. RORC is essential for the differentiation of
naive Th cells into Th17 subset and important in producing
Th17 cells’ cytokines, whose signature product is interleukin
(IL)-17A and IL-17F (15-17).

The Th17 lymphocytes could be the important link between
obesity and inflammation (8). An increased number of Th17 cells
in the spleen and AT was found in animal models of obesity (8,
18). Likewise, increased Thl7 cells frequency was found
in peripheral blood in humans with obesity and diabetes
mellitus (19).

The aim of our study was to evaluate alterations of peripheral
Th17 cells subset in overweight and obese children before

and after weight reduction and to explore its potential
metabolic implications.

MATERIALS AND METHODS

The study was performed in the Department of Pediatrics and
Endocrinology of Medical University of Warsaw, between
August 2016 and October 2020, and was approved by the
Bioethics Committee at the Medical University of Warsaw.
Written informed consent was obtained from parents and
simultaneously from patients older than 16 years.

27 children: 7 overweight and 20 obese, between 8 to 18 years
of age (mean age 12.76 years, range 8.33 - 17.58) were enrolled to
the study: 12 girls and 15 boys. The control group consisted of 15
normal weight children age-matched (7 girls and 8 boys). The
study group of children had a median body mass index standard
deviation score (BMI SDS) of 2.3 (1.9 - 2.6) in comparison to 0.1
(-0.5 - 0.3) in the control group (p < 0.005). Almost in 89% of
overweight and obese children, their WHtR met the criteria of
abdominal obesity. The patient’s anthropometric data are shown
in Table 1.

Obesity was defined by BMI > +2 SDS based on a nationally
representative group of children aged 3-18 years (20).
Overweight was defined by BMI between +1 to +1.9 SDS.
Secondary obesity due to central nervous system diseases,
hormonal or genetic disorders was the criterion of exclusion.

The analysis involved parameters measured at baseline and
three months after the change of lifestyle and diet. The baseline
visit included a dietary intervention performed by a dietician,
who recommended: 5 meals a day at intervals of 2.5-3 h, no sweet
drinks, reduction of simple sugars, meals with a low glycemic
index. The energy supply was appropriate for sex, age and
physical activity. Additionally, a minimum of 60 minutes of
physical activity was recommended daily.

A control group consisted of children with normal somatic
parameters (BMI < +1SDS) who were age- and sex-matched.

All blood samples were obtained by peripheral venipuncture
in the morning after an overnight fasting. In the study group: at
baseline and after three months of intervention and in the
control group only at baseline.

In all children the allergy, hematological or chronic disease
and symptoms of acute infection were excluded by medical
history and physical examination.

TABLE 1 | Characteristic of anthropometric measurements in overweight and obese children (study group) and normal weight children (control group).

Variable Study group (n = 27) Control group (n = 15) p-value
BMI (kg/m?) 30.2 (27.2 - 34) 18.6 (16.5 - 20.2) <0.001
BMI SDS 23(1.9-26) 0.1 (-0.5-0.9) <0.001
WC (cm) 94.4 + 13.94 63.91 + 3.36 <0.001
WC SDS 3.7 (2.6 - 4.4) -0.3(-0.7 - 0.1) <0.001
HC (cm) 106.00 (95.00 - 109.00) 80.00 (74.00 - 87.00) <0.001
WHR 0.88 + 0.055 0.80 + 0.05 <0.001
WHtR 0.56 (0.53 - 0.6) 0.42 (0.40 - 0.44) <0.001

Data are presented as median values with interquartile range as appropriate or mean + standard deviation (SD); BMI - body mass index, BMI SDS - body mass index standard deviation
score, WC - waist circumference, HC - hip circumference, WHR - waist-to-hip ratio, WHIR - waist-to-height ratio. A p < 0.05 was considered significant.
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Laboratory Methods

Flow Cytometry

50pl of fresh whole blood was stained with 5 pl of monoclonal
antibodies (according to manufacturer’s instructions, Becton
Dickinson Biosciences): anti-CD3 APC-H7; anti-CD4 PE-Cy7;
anti-CD196 APC (CCR6) (Becton Dickinson, Franklin Lakes,
NJ, USA). The samples were incubated for 20 minutes in the dark
at room temperature. Next, the cells were incubated 15 minutes
in 100pl of permeabilization buffer- IntraPrep Permabilization
Reagent 1(Immunotech SAS, Beckman Coulter Company, 13276
Marseille Cedex 9, France) in room temperature in the dark.
Then, cells were washed in a washing buffer (0.9% NaCl) for 5
minutes, 500 g. Afterwards, cells were incubated 5 minutes in
room temperature in the dark with 100ul of permeabilization
buffer-IntraPrep Permabilization Reagent 2 (Immunotech SAS,
Beckman Coulter Company, 13276 Marseille Cedex 9, France),
next washed in washing buffer, centrifuged at 500g for 5 minutes.
Subsequently, the cells were stained with 20ul anti-IL-17A PE
monoclonal antibody for 20 minutes in room temperature in the

dark and washed. Cells were stored in room temperature before
analysis. For staining procedures appropriate isotype-matched
controls were used.

Flow cytometry was performed on FACS Canto II flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) using
BD FACS Diva 8.0.1 software. Gates were preset and the
measurements were performed blinded for sample identity.
Th17 cells were defined as CD3"CD4"CD196" expressing
intracellularly interleukin-17A (CD3'CD4'CD196"IL-17A'").
The number of Th 17 cells was expressed as a percentage values.

Representative flow cytometry analyses of Th17 cells, with
gating algorithms, are shown in the Figure 1.

Biochemical Parameters

Blood samples were analyzed by standard methods.
Concentration of C-reactive protein (CRP) (mg/dl) was

determined using a fix-point immune-rate method, on the

Vitros 5600 analyzer (Ortho Clinical Diagnostic, Raritan, New

Jersey, USA).
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FIGURE 1 | Representative flow cytometry analysis of Th17 cells in obese child.
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In obese and overweight’s children the Oral Glucose
Tolerance Test (OGTT) (1.75 g of glucose/kg body weight, no
more than 75 g) with insulin level evaluation was performed after
an overnight fasting. Blood samples were taken at 0-, 30-, 60-, 90-
and 120-min. Glycated hemoglobin (HbA1lc) was also measured.
Blood tests in control group included fasting glucose, insulin
concentration and HbAlc. The concentration glucose was
measured by glucose oxidase colorimetric method using Vitros
5600 analyzer (Ortho Clinical Diagnostic, Raritan, New Jersey,
USA). Insulin values were measured in serum by immunoassay
using IMMULITE 2000 Xpi Analyzer (Siemens, Erlangen,
Germany). HbAlc was measured in whole blood by ion-
exchange high-performance liquid chromatography (HPLC)
using D-10 Hemoglobin Analyzer (BIO-RAD, California,
USA). The values of fasting glucose, insulin and HbAlc were
compared to the normal ranges recommended for healthy
children. Fasting insulin level > 15 uIU/ml was considered
elevated (21). Homeostasis model assessment insulin resistance
index (HOMA-IR) and the quantitative insulin sensitivity check
index (QUICKI) were calculated based on concentrations of
fasting glucose (mg/dl) and fasting insulin (UIU/ml) (22) and
have been established as an indicator of IR. The HOMA-IR was
calculated as follows: HOMA-IR= [glucose (mmol/l) x insulin
(LIU/ml)]/22.5, glucose conversion factor: mmol/l=mg/dl x
0.05551. The QUICKI was calculated as follows: QUICKI=1/
[log insulin (UIU/ml) + log glucose (mg/dl). Glucose metabolism
and lipid profile parameters were evaluated based on the Polish
Diabetes Association’” (PTD, 2021) (23) and the Polish Society of
Laboratory Diagnostics (PSLD,2020) and the Polish Lipid
Association (PoLA,2020) recommendations (24).

Lipid profile: total cholesterol (TC mg/dl), triglycerides (TG,
mg/dl), and high-density lipoprotein cholesterol (HDL-C,
mg/dl) concentrations were measured by the colorimetric
enzymatic method using the Vitros 5600 analyzer (Ortho
Clinical Diagnostic, Raritan, New Jersey, USA). Low-density
lipoprotein cholesterol (LDL-C) was calculated using
Friedewald formula [LDL-C= TC-(HDL+TG/5)]. The TG:
HDL-C ratio were calculated; the value > 3 (25) were consisted
as closely correlated with IR.

Aspartate and alanine aminotransferase activity (AST and
ALT) was measured by dry chemistry method using Vitros 5600
analyzer (Ortho Clinical Diagnostic, Raritan, New Jersey, USA).

Anthropometry

Body weight (kg) was measured by means of medical scales to the
nearest 0,1 kg, height (cm)- using a stadiometer (Holtain
Limited) to the nearest 0,1 cm. Waist and hip circumferences
were measured by a flexible measuring tape, according to WHO
recommendations (26). Waist circumference (cm) was measured
midway between the 10" rib and the top of the iliac crest. Height,
weight and waist circumferences were normalized for calendar
age according to polish national references- the OLAF project
(20, 27). Based on these measurements the waist-to-hip ratio
(WHR) and waist-to-height ratio (WHtR) were calculated.
WHIR exceeding 0.5 was assumed to define abdominal obesity
(28). BMI was calculated: weight (kg) divided by height in square
meters (m”); BMI has been standardized with OLAF norms using

the least mean square method (LMS) and converted as BMI in
SDS. Anthropometric measurements were taken by one
anthropologist, patient was wearing only underwear, standing
in the anthropometric position.

Data Analysis

Detailed statistical calculations were performed using SPPS 13.3
software. Shapiro-Wilk test was used to check the normality of
distribution. Data were presented as means and standard
deviation (SD) for normally distributed data or median with
interquartile range (IQR), when the distribution was different
from normal. In comparison between overweight and obese
children and control group a Student’s T-test (parametric data)
or U Mann-Whitney test (nonparametric data) was performed,
as appropriate. Relationship analysis were performed using the
Spearman’s rank correlation coefficient test. A p-value < 0.05 was
considered as statistically significant.

RESULTS
Flow Cytometry

At Baseline

Increased Th17 Cell Frequency in Obese and Overweight
Children

Initially, there was analyzed the subgroup of obese in comparison
to overweight children and no statistical difference in Th17 cells
frequency was found. In the study group there was statistically
significant higher frequency of Th17 cells in the peripheral blood
in comparison to normal-weight controls; median value 0.097%
vs 0.041%, respectively (p = 0.048; Figure 2). In the group of all
children, the percentage of Th17 lymphocytes correlated
positively with BMI (p = 0.048, r = 0.31), BMI SDS (p = 0.032,
r =0.33) and WHtR (p = 0.02, r = 0.37). In overweight and obese
group there was statistically significant correlation between Th17
frequency and WHR (p = 0.005, r = 0.54).

p=0.048
0,7

0,6
0,5
0,4

0,3

% of CD3+CD4+

0,2

0,1

——

control group

study group

CD3+CD4+CD196+IL-17A+

FIGURE 2 | Statistical analysis of Th17 (CD3"CD4*CD196"IL-17A") cells
frequency at baseline in overweight and obese children (study group) and
normal weight ones (control group). All box plots represent the minimum,
the first quartile, the median, the mean, the third quartile and the maximum.
Dots represent outliers.
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Follow-Up Visit
The Changes of Th17 Cells Percentage After
Weight Loss
After three months, 21 overweight and obese children (10 girls
and 11 boys) were assessed; 6 children didn’t attend the visit. 12
of children lost weight (ABMI SDS <0 (-0.4 > ABMI SDS > -0.1)),
5 gained weight (ABMI SDS >0) and in 4 ones BMI SDS (ABMI
SDS =0) remained unchanged.

In the group of children who reduced weight (ABMI SDS <0,
p <0.005) after the intervention, the percentage of Th17 cells
decreased statistically significantly: 0.210% vs 0.039%, p = 0.004
(Figure 3A) and reached the value similar to the control
group (0.041%).

In 9 children, who did not decrease BMI SDS, we did not
observe any statistically significant changes in Th17 frequency
(p = 0.51; Figure 3B).

Biochemical and Metabolic Parameters

At Baseline

Inflammation

CRP concentration was similar in overweight and obese children
(0.5 (0.5-0.5)) and controls (0.5 (0.5-0.5)), p = 0.78. In overweight
and obese children, we reported a positive correlation between
CRP concentration and BMI SDS (p = 0.01, r = 0.47), WC SDS (p
=0.009, r = 0.49) and WH{R (p = 0.001, r = 0.59). In all children, a
positive correlation was confirmed between CRP concentration
and BMI SDS (p = 0.043, r = 0.3), but there was no correlation
between CRP concentration and the percentage of Th17 cells in
peripheral blood.

Glucose Metabolism

All children had normal fasting glucose concentration and
HbAlc percentage, but among overweight and obese children
19 out of 27 (70%) had elevated fasting insulin concentration
(Figure 4). In all children it was found a statistically significant
correlation between Th17 cells percentage and the parameters of

carbohydrate metabolism: fasting insulin (p = 0.01, r = 0.39),
HOMA-IR (p =0.01, r = 0.38), QUICKI (p = 0.015, r = -0.37). In
obese and overweight children, the statistically significant
positive correlation was found between the frequency of Th17
lymphocytes and the concentration of glucose and insulin 2 h
after OGTT (p = 0.017, r = 0.45; p = 0.006, r = 0.52, respectively).
Lipids

14 out of 27 overweight/obese children (52%) had an increased
TC concentration, 9 children (33%) LDL-C, 20 ones (74%) TG
concentration; 15 children (55.5%) had decreased HDL-C
concentration. In all children we found a statistically
significant correlation between Thl17 cells percentage and
concentration of HDL-C (p = 0.046, r = -0.31) and TG (p =
0.027, r = 0.35), as well as TG: HDL-C ratio (p = 0.015; r = 0.38).

Liver

At baseline in overweight and obese children we found increased
ALT and AST activity in 41% (11/27) and 22% (7/27), respectively.
Aminotransferases’ activity correlated positively with CRP
concentration (ALT p = 0.018, r = 0.46; AST p = 0.006, r =
0.51). Moreover, we detected positive correlation between AST
activity and CRP concentration in normal weight ones (p = 0.04; r
= 0.57). In all children we noticed a tendency to correlation
between Th17 lymphocytes and ALT activity but without
statistical significance (p = 0.07, r = 0.29). The comparison of
biochemical parameters at baseline in overweight and obese to
normal weight children are reported in Table 2.

Additionally, we compared the biochemical parameters in
subgroup of overweight and obese children, and we found
statistically significant differences only in the value of ALT,
HDL-C, fasting insulin and HOMA-IR (Table 3).

Follow-Up Visit

As reported in Table 4, in overweight/obese children, who
reduced BMI after intervention, only TC (p = 0.01) and
LDL-C (p = 0.04) improved significantly. There was also

A
p=0.004
0,6
0,5
g o4
b4
a 03
o
9 02
0,1
o -
at baseline after intervention
CD3+CD4+CD196+IL-17A+
median, the mean, the third quartile and the maximum. Dots represent outliers.

p=0.51
0,6

°

0,5

% of CD3+CD4+

at baseline after intervention

CD3+CD4+CD196+IL-17A+

FIGURE 3 | (A) Statistical analysis amount of Th17 cells (%) in the study subgroup at baseline and three months later after BMI reduction. (B) Statistical analysis of
Th17 cells frequency in the study subgroup at baseline and after intervention, without BMI reduction. All box plots represent the minimum, the first quartile, the
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1 =
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FIGURE 4 | Comparison of fasting insulin concentration in overweight/obese children and controls. Study group HFI v study group NFI p < 0.001, study group HFI v
control group p < 0.001, study group NFI v control group p = 0.11. HFI- high fasting insulin, NFI- normal fasting insulin. All box plots represent the minimum, the first
quartile, the median, the mean, the third quartile and the maximum. A p < 0.05 was considered significant.

decreased insulin level but without statistical significance
(p = 0.27).

In the group of children without BMI reduction after
intervention, no significant changes in biochemical parameters
as well as insulin level were observed.

DISCUSSION

Th17 cells, a subset of CD4" helper T cells, like other immune cells,
are recognized by expression of characteristic patterns of master

transcription factors, cytokine production profiles and extracellular
proteins. In the studies using flow cytometry, there are applied
many different staining protocols of Th17 identification (19, 29,
30). In our study, the subset of Th17 cells from human’s peripheral
blood was defined by the expression of CD196 (CCR6) (31, 32) on
the CD3* CD4" cell surface and intracellular interleukin (IL)-17A
presence (CD3"CD4"CD196IL-17A™".

Th17 cells are a small population of cells and their
stimulation, including a.o. ionomycin/PMA, is typically used
for their evaluation in vitro. The use of these stimulants is a

TABLE 2 | Biochemical parameters in overweight and obese children in comparison to normal weight children.

Variable

Obese children (n = 27) Normal weight children (n = 15) p-value
CRP (mg/dl) 0.5(0.5-0.5) 0.5(0.5-0.5) ns
ALT (UL 35 (27 - 47) 18.00 (16.0 - 22.0) <0.001
AST (UL) 31 (27 - 38) 30.00 (22.0 - 33.0) ns
Fasting glucose (mg/dl) 85.96 + 7.22 83 +5.7 ns
Fasting insulin (1lU/mi) 20.4 (10.1 - 36.7) 3.92 (2.89 - 10.6) <0.001
HbAc (%) 5.3 (5.15 - 5.45) 5.3(5.0-5.4) ns
HOMA-IR 3.8 (2.09 - 7.66) 0.79(0.58 - 2.2) <0.001
QUICKI 0.31 £ 0.03 0.39 £ 0.05 <0.001
TC (mg/dl) 161.4 + 34.76 178.14 + 24.58 ns
HDL-C (mg/d) 41.04 +9.45 63.28 + 11.35 <0.001
LDL-C (mg/dl) 93.2 (71.4 - 115.6) 95.9 (81.2 - 121.0) ns
TG (mg/dl) 145.93 + 63.5 78.0 + 20.37 <0.001

Data are presented as mean + standard deviation (SD) or median values with interquartile range as appropriate; CRP, C-reactive protein; ALT, alanine aminotransferase activity; AST,
aspartate aminotransferase activity; HbA1c, glycated haemoglobin; HOMA-IR, homeostasis model assessment-insulin resistance; QUICKI, quantitative insulin sensitivity check index; TC,
total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; ns, non-significant. A p < 0.05 was considered significant.

TABLE 3 | Biochemical differences between overweight and obese children.

Variable

Overweight children (n = 7) Obese children (n = 20) p-value
ALT 27 (24 - 30) 41 (31 -71) 0.02
HDL-C 471 +£6.8 389+94 0.04
Fasting insulin 156.56 (6.25 - 20.2) 30.05 (13.75 - 38.8) 0.03
HOMA-IR 3.25(1.4-3.8) 6.08 (3.03 - 8.13) 0.048

Data are presented as mean + standard deviation (SD) or median values with interquartile range as appropriate; ALT, alanine aminotransferase activity; HDL-C, high-density lipoprotein
cholesterol; HOMA-IR, homeostasis model assessment-insulin resistance. A p < 0.05 was considered significant.
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TABLE 4 | Comparison of biochemical parameters in subgroup of overweight/obese children at baseline and after BMI reduction (n=12).

Variable At baseline
CRP (mg/dl) 0.5(0.5-0.5)
ALT (U/) 35 (30 - 43.5)
AST (U/)) 31.5 (28 - 35.5)
Fasting glucose (mg/dl) 84 +7
Fasting insulin (ulU/ml) 30.1 (20.3 - 36.1)
HbA1c (%) 5.35 (5.2 - 5.45)
HOMA-IR 6.08 (3.71 - 7.62)
QUICKI 0.295 (0.29 - 0.315)
TC (mg/dl) 161.6 £27.5
HDL-C (mg/dl) 37.8+9.3
LDL-C (mg/dl) 909 + 18

TG (mg/dl) 162 (113 - 198)

TG/HDL-C ratio 3.78 (2.85 - 5.45)

After BMI reduction p-value

0.5(0.5-0.5) 0.65
33 (27 - 39) 0.2
29.5 (26 - 34.5) 0.13
84 + 4.6 0.8
21.5(14.4 - 35.3) 0.27
5.15 (4.8 - 5.5) 0.33
46((29-75) 0.31
0.305 (0.29 - 0.325) 0.17
148 + 27 0.01*
387 +11.4 0.61
83.5 + 20 0.04*
108 (89 - 169) 0.08
2.66 0.16

Data are presented as mean + standard deviation (SD) or median values with interquartile range as appropriate; CRP, C-reactive protein; ALT, alanine aminotransferase activity; AST,
aspartate aminotransferase activity; HbATc, glycated haemoglobin; HOMA-IR, homeostasis model assessment-insulin resistance; QUICKI, quantitative insulin sensitivity check index; TC,
total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; TC/HDL-C ratio. A p < 0.05* was considered significant.

common method for assessing Th17 lymphocytes activity in flow
cytometry but requires incubation for several hours. Therefore,
we performed an easier and shortened protocol with reduced cell
manipulation in vitro that can be used simultaneously in a
clinical setting. Our study evaluated the spontaneous
intracellular expression of IL-17A in peripheral Th17 cells
without stimulation, and yet we obtained a statistically
significant difference in the frequency of CD3"CD4"CD196'IL-
17A™" cells in overweight/obese and normal weight children.

There is growing evidence, that the percentage of Thl7
lymphocytes increases in obesity (32). Nevertheless, the
mechanism initiating the Th17 immune response in humans
with obesity is not fully understood. It seems that dendritic cells
with CD11c"CD1c" phenotype, present in the AT in mouse and
humans, may play an important role in this process (33).

Interestingly, in animals it was found a higher level of
CD4"IL-17"T cells in AT of high fat diet (HFD) mice
compared to the lean ones (18). Likewise, higher amount Th17
cells were detected in the spleens of HFD mice compared to
normal mice (8). The contribution of Th17 cells in AT was also
assessed in human (34) and in obese individuals Th17 cells were
markedly increased in visceral AT, moreover their number
strongly correlated with peripheral blood Th17 subset (35).
However, for clinical use, the studies based on the parameters
of peripheral blood seem to be more valuable because of its
availability. In our opinion, research using less invasive and
relatively easily reproducible methods could be more useful,
especially in children.

In our study, the statistical significance of the difference of the
Th17 frequency was at the borderline (p = 0.048). Nevertheless,
our results are in line with data of Schindler (36), who in their
study observed that the frequency of circulating Th17 cells was
significantly increased in overweight children compared to non-
overweight controls in the absence of acute or chronic
inflammatory diseases. Furthermore, they found a significantly
higher expression of RORC- and IL-17A-mRNA transcripts after
stimulation in PBMCs from overweight children (36). In the
study of Luczynski et al. it was detected that both children with
central obesity and children with long-term diabetes type 1

(DM1) have elevated levels of CD4"CD161"CD196'IL-17*
cells in the peripheral blood (19).

Calcaterra et al. (37) evaluating the Th17 and Treg
lymphocyte balance in obese and normal weight children
reported different results. They observed a decreasing trend of
circulating Th17 cells in children with obesity compared with
normal weight ones, without statistical significance (37).
Nevertheless, after dividing these patients into two subgroups:
metabolically healthy (MH) or unhealthy (MU), a higher
percentage of Th17 cells was observed in the MU group, but
this result was not statistically significant (37). However, most
studies confirm higher levels of Th17 cells in obese patients (19,
38, 39). Furthermore, the results of our study, as well as
Schindler’s data (36), detected a positive correlation between
the frequency of Th17 cells and BMI. Additionally, we reported
for the first time, to our knowledge, that after BMI reduction in
obese children Th17 cells frequency statistically significant
decreased. We also observed a positive correlation between
Th17 cells and WHR or WHtR, which is considered as a
sensitive marker of visceral adiposity (40).

The obesity-induced low-grade chronic inflammation is
considered to predispose to metabolic disorders. The link
between systemic sterile inflammation and increased Th17 cells
and development of IR and T2DM was documented in several
studies (34, 38, 41, 42). Fabrini et al. (43) showed that the AT
from obese insulin-resistant subjects have increased Th17 cell
counts compared to the AT of obese ones without signs of IR and
neither to non-overweight ones. The study in adults with T2DM
and nondiabetic ones revealed that blood from T2DM patients
had shown increased circulating Th17 cells and elevated
activation of Thl7 signature genes (44). Furthermore, a
positive correlation was found between BMI and percentage of
Th17 cells in the obese T2DM cohort (44). However, there are
only few papers evaluating this problem in children (37). In our
study, in the group of all children, a statistically significant
correlation was found between the frequency of Th17
lymphocytes and fasting insulin, HOMA-IR and QUICKI. Our
study showed a statistically significant correlation between the
frequency of Th17 cells and the concentration of glucose and
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insulin 2h after OGTT in overweight/obese children. These
results support the observation, that pro-inflammatory Th17
cells have important contribution in glycemic homeostasis and
the development of IR in children. Interestingly, we observed a
trend towards an increase in QUICKI simultaneously with a
statistically significant decrease in the frequency of Th17 cells
after BMI reduction. It is worth noting that the change in the
frequency of Th17 cells was observed in our study just after 3
months of the lifestyle changes and relatively small BMI
SDS reduction.

In adults 5-10% losing of the initial body weight led to
noticeably improve health by reducing obesity-related risk
factors (45). This observation may suggest that inflammation
and insulin resistance might be relatively easily reversible in
children following lifestyle changes. This hypothesis however
requires further investigation.

A marker routinely used in the assessment of inflammation is
CRP- nonspecific acute-phase reactant that is synthesized in the
liver. High-sensitivity CRP (hsCRP) - a more sensitive systemic
inflammatory marker that indicates increased risk for metabolic
complication of obesity is associated with other proinflammatory
factors in plasma e.g., IL-6, Th1 and Th17 lymphocytes (46, 47).
In our study, using standard CRP and not hsCRP, we did not find
any difference between the plasma concentration in obese and
overweight children and normal-weight ones, and no correlation
between CRP and the frequency of Th17 cells. Th17 cell
frequency assessment seems to be more sensitive than standard
plasma CRP concentration, which suggests that it could be a
valuable parameter for clinical use.

We realize that our study has some limitations. First of all- a
relatively small group of patients who reduced the weight, which
may have an impact on the statistical power of results. Secondly,
our results show an association rather, than a direct cause-end-
effect relationship, between Th17 cells and obesity related
complications. However, this is one of the few studies assessing
the immunological aspect of childhood obesity and their
metabolic complications.
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Introduction: Childhood obesity contributes to the development of
cardiovascular diseases. The molecular pathway — receptor activator of
nuclear factor-kf ligand (RANKL), its receptor RANK and osteoprotegerin
(OPG) - takes part not only in bone metabolism but is also involved in the
atherosclerosis process. RANKL stimulates osteogenic differentiation and
calcification of vascular smooth cells. The associations between the OPG-
SRANKL system and various cardiovascular risk factors were displayed.We
aimed to evaluate the relationships between serum sRANKL (soluble RANKL)
levels and the OPG/sRANKL ratio with cardiometabolic risk factors in
overweight and obese children.

Material and methods: The study included 70 children with overweight and
obesity (mean age 13.0 + 2.8) and 35 age-matched normal weight, healthy
peers as a control group. In all patients, anthropometric measurements and
laboratory tests were performed. Additionally, an oral glucose tolerance test
(OGTT) was made only in overweight and obese children. Atherogenic and
insulin resistance indices were calculated.

Results: Overweight and obese children had lower sRANKL levels compared to
the control group (median 276.95 vs 325.90, p=0.011), and consequently a
higher OPG/sRANKL ratio (0.02 vs 0.01, p = 0.013). The studied children in the
lowest quartile of SRANKL levels had higher body weight, Body Mass Index,
waist circumference and increased glucose and insulin levels 60 minutes after
OGTT and higher uric acid values compared to children in the highest quartile.
In multivariable linear regression analysis SRANKL negatively correlated only
with uric acid (B = - 0.508, p = 0.041). No association was found for the OPG/
SRANKL ratio.
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Conclusion: Excess fat mass seems to alter the OPG/RANKL ratio mainly by
reducing serum sRANKL levels. The correlation between sRANKL and uric acid
may suggest a contribution of the OPG-sRANKL system in the cardiometabolic
process, but that observation should be confirmed in future studies.
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Introduction

Overweight and obesity in childhood are associated with
increased mortality due to cardiovascular (CV) diseases in
adulthood. The atherosclerosis process has long been known to
start at an early age and is linked to obesity and disorders related to
excess fat mass (1, 2). The combination of classic CV risk factors
such as carbohydrate-lipid metabolic abnormalities, insulin
resistance, hypertension, as well as altered concentrations of
bioactive adipocytokines and adhesion molecules and following
immune reactions or chronic inflammation appears to explain at
least a part of the relationship of adiposity with endothelial
dysfunction (1, 3-5). Nevertheless, the mechanisms linking early
fat mass accumulation with the atherosclerosis process are still
poorly understood. Recent studies suggested that the cytokine
pathway of the OPG/RANKL/RANK (Osteoprotegerin/receptor
activator of nuclear factor- kf3 ligand/receptor activator of nuclear
factor k) is implicated in vascular calcification, which is linked with
bone metabolism (6, 7). In the bone, RANKL expressed on the
surface of osteoblasts (OB) and bone marrow stromal cells (BMSC)
initiates differentiation, maturation, and activity of osteoclasts after
binding to its receptor (7-11). OPG acts as a soluble decoy receptor,
which inhibits osteoclastogenesis after binding with RANKL. OPG
is also expressed in endothelial cells (ECs) and vascular smooth
muscle cells (VSMCs), whereas RANKL is mainly expressed in
infiltrating T cells and activated ECs (12, 13). Several bone structural
proteins were identified in calcified vascular tissue in the
experimental study (9, 14). It is suggested, that OPG protects
against the RANKL-RANK induced bone resorption and vascular
calcification. So, the relative balance between OPG and RANKL
may affect bone metabolism but also the immune and vascular
system. It seems that the ratio of these factors better reflects CV risk
(15-17).

Clinical studies conducted mainly in adults supported the
association between the OPG-RANKL system and CV
pathology. The higher serum levels of OPG correlated with
multiple cardiometabolic risk factors as well as with advanced
atherosclerosis, CV incidents, and mortality or morbidity (18-
20). Several studies show an association of the serum soluble
RANKL (sRANKL) level with Body Mass Index (BMI), lipids
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profile, Homeostatic Model Assessment- Insulin Resistance
(HOMA-IR), diabetes, blood pressure, C-reactive protein
(CRP) (19, 21-24), carotid intima-media thickness (cIMT)
(25) and CV events (26, 27).

In the previous study (28) investigating the relationships
between the serum OPG concentrations and chosen
cardiometabolic risk factors in overweight and obese children and
adolescents, we found that children with excess fat mass had
decreased concentration of sSRANKL and consequently increased
the OPG/sRANKL ratio compare to their normal-weight peers.
OPG levels in blood serum were comparable between these groups.
Therefore in the present study, we focused on the analysis of the
serum sSRANKL and the OPG/sRANKL ratio in the same group of
patients. Given the above-mentioned clinical studies in adults, we
hypothesized, that SRANKL or the OPG/sRANKL ratio correlates
with typical cardiometabolic risk factors. Research on this topic in
the pediatric population is limited.

Material and methods

The study was carried out at the Department of Pediatrics
and Endocrinology Medical University of Warsaw. The protocol
was approved by the Bioethical Committee of the Medical
University of Warsaw in accordance with the Declaration
of Helsinki.

The study group consisted of 70 children and adolescents
(36 boys, 34 girls) with overweight (n = 17) and obesity (n = 53),
the ages of 7.0 to 17.8 years. Overweight and obesity were
defined according to the value of z-score BMI for age and sex:
z-score BMI > 1 was considered overweight, z-score BMI > 2
obese (29). Overweight and obese in the group of children
enrolled in this study were caused by incorrect eating habits.
Exclusion criteria were genetic and endocrine causes of excess fat
mass, as well as severe chronic diseases such as diabetes,
hypertension, and hepatic or renal disturbances. The history of
taking any medications, including vitamin D was negative.

The control group consisted of 35 healthy, age- and sex-
matched children and adolescents (21 boys, 14 girls). Their
physical parameters were within the normal range.
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Anthropometric measurements

In all participants, physical examinations were performed.
Height (cm), weight (kg), waist and hip circumferences (cm),
and the thickness of skinfolds under the triceps brachii muscle
and under the inferior scapular angle (mm) were measured by a
qualified anthropologist. Based on the obtained results, BMI,
waist-to-hip ratio (WHR), waist-to-height ratio (WHtR) as well
as the percentage of fat mass (%BFM) from the sum of 2
skinfolds using the Slaughter formula were calculated (30).
The degree of excess fat was expressed as z-score BMI (SDS
BMI, standard deviation score), calculated using the LMS
(lambda, mu, sigma) method to normalize the data for the age
and sex using polish reference values (31, 32).

Laboratory tests

In all patients, blood samples were taken after night fasting.
Both OPG (pmol/l) and the total sSRANKL (pmol/l) concentrations
in blood serum were determined by an enzyme immunoassay -
ELISA test (DRG Instruments GmbH, Germany). Lipids profile:
total cholesterol (TC, mg/dl), high-density lipoprotein cholesterol
(HDL-C, mg/dl), and triglyceride (TG, mg/dl) were measured using
the colorimetric enzymatic method using a VITROS 5600
Chemistry Analyzer (Ortho-Clinical Diagnostics, New Jersey,
USA). Low-density lipoprotein cholesterol concentration (LDL-C,
mg/dl) was calculated using the Friedewald formula (33). Fasting
glucose (mg/dl) and insulin (uIU/ml) concentrations and
additionally, oral glucose tolerance test (OGTT, oral glucose load
of 1.75 g/kg body weight up to the maximum of 75 g) only in the
group of overweight and obese children were measured by glucose
oxidase colorimetric method using VITROS 5600 Chemistry
Analyzer and immunoassay method using IMMULITE 2000 Xpi
Analyzer (Siemens, Erlangen, Germany), respectively. The
concentrations of glycosylated hemoglobin (HbAlc, %) were
determined by ion-exchange high-performance liquid
chromatography (HPLC) using D-10 Hemoglobin Analyzer
(BIO-RAD). Subsequent blood tests: uric acid (UA, mg/dl),
calcium (Ca, mg/dl), phosphorus (P, mg/dl) levels, and total
alkaline phosphatase (ALP, U/L) activity were measured by the
dry chemistry method using VITROS 5600 Chemistry Analyzer).
On the same analyzer, CRP (mg/dl) concentrations were measured
using the fixed-point immune-rate method. The serum
concentration of intact parathyroid hormone (PTH, pg/ml) and
the 25-hydroxyvitamin D (25(OH)D, ng/ml) were measured by
immunoassay method using an IMMULITE 2000 Xpi Analyzer and
Architect Analyzer (Abbott Diagnostics; Abbott Park,
IL), respectively.

The obtained serum results were used to calculate the insulin
resistance (HOMA-IR, QUICKI - Quantitative Insulin
Sensitivity Check Index, Matsuda index) and atherogenic
(non-HDL, TG/HDL-C ratio) indices (34-37).
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In overweight and obese children calcium, phosphorus, and
creatinine excretion were measured in 24-hour urine samples by
dry chemistry system using VITROS 5600 Chemistry Analyzer
and were converted to mg/kg/24 hours. Tubular Reabsorption of
Phosphate (TRP) was calculated (http://www.scymed.com/en/
smnxps/pshpd274.htm).

Statistical analysis

Statistical calculations were performed using the SPPS 13.3
software. To check the normality of data distribution the Shapiro-
Wilk test was used. The data with normal distribution were
presented as mean and standard deviation (SD), the data with
non-normal distribution as median with interquartile range (IQR).
The study group was compared to the control group by using a
Student’s T-test or U Mann-Whitney test. Moreover, we compared
the distribution of anthropometric and biochemical parameters in
overweight and obese children after stratification according to the
SRANKL quartiles and the OPG/sRANKL quartiles. For the
comparison of more than three groups, One-Way Analysis of
Variance (ANOVA) or a Kruskal-Wallis test were used, as
appropriate. To provide detailed information regarding the
differences among various combinations of groups stratified
according to quartiles Tukey post-hoc tests with Bonferroni
corrections were made for the ANOVA test and the Dunn post-
hoc tests with Bonferroni corrections for the Kruskal-Wallis test.
The association between two ranked variables was measured by
using the Spearman correlation coefficient test. To evaluate
independent relationships between sRANKL and the OPG/
SRANKL ratio, which were considered dependent variables, and
selected anthropometric and biochemical parameters, which were
considered independent variables, the multiple linear analysis was
used. The p-value < 0.05 was considered statistically significant.

Results

The circulating sSRANKL levels in children with overweight
and obesity were significantly lower in comparison to the control
group (median (IQR) = 261.36 (168.66); 283.28 (238.55); 325.90
(247.30), p = 0.019; p = 0.029, respectively). The sRANKL
concentrations did not differ between overweight and obese
children (p = 0.473). The median (IQR) of the OPG
concentrations were comparable between children with
overweight (3.84 (2.23)) and obesity (3.47 (1.28)) and their
normal peers (3.74 (1.58)). So, the overweight and obese
children were taken together (consider as the study group) for
further analysis.

The comparison of anthropometric measurements and
cardiometabolic parameters in serum blood as well as calcium-
phosphorus metabolism parameters in blood and in urine in the
study group and in the control group we presented in Table 1.
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As expected, the overweight and obese children had
atherogenic lipid profiles, higher insulin resistance status, and
increased UA concentrations than their normal peers. Moreover,
the studied participants had lower concentrations of 25(OH)D
and higher ALP activity. The calcium and phosphorus
concentration in blood serum and urine did not differ
significantly between the study and control groups (Table 1).

Correlation of sSRANKL and the OPG/
sRANKL ratio with anthropometric and
biochemical parameters in normal
weight, overweight and obese children
taken together to analysis

In the Spearman correlation coefficient analysis, SRANKL in
normal weight, overweight and obese children negatively correlated
with body weight (R = - 0.255, p = 0.009), BMI (R = - 0.240,
p = 0.014), waist circumference (WC, R = - 0.333, p = 0.003), fasting
glucose (R = - 0.197, p = 0.047), UA (R = - 0.388, p = 0.002), and
HbAlc (R = - 0.312, p = 0.012). For the OPG/sRANKL ratio we
observed association with WC (R = 0.239, p = 0.040), UA
(R = 0.326, p = 0.010), and HbAlc (R = 0.425, p = < 0.001).

Anthropometric and biochemical
parameters after stratification according
to sRANKL and the OPG/sRANKL ratio
quartiles in overweight and

obese children

The distribution of chosen anthropometric and biochemical
parameters after stratification according to the SRANKL quartiles
in overweight and obese children is presented in Table 2.

We found that children with the lowest concentrations of
sRANKL (first quartile) had higher values of body weight (p =
0.014), BMI (p = 0.029), WC (p = 0.015), as well as increased
concentrations of glucose and insulin in 60 minutes of the
OGTT (p = 0.014, p = 0.008, respectively) as compared to
children with the highest value of sSRANKL (fourth quartile).
Moreover, we observed, that together with increased quartiles of
sRANKL, the concentrations of UA decreased and the
differences between the first quartile (Q1), second quartile
(Q2), third quartile (Q3), and fourth quartile (Q4) were
statistically significant (Q1 vs Q3: p = 0.018, Ql vs Q4: p =
0.014, Q2 vs Q3: p = 0.053, Q2 vs Q4: p = 0.030).

After dividing the overweight and obese children for
subgroups stratification according to the OPG/sRANKL ratio
(presented in Table 3) we observed that together with increased
quartiles of the OPG/sRANKL ratio, HbAlc levels increased (Q1
vs Q2: p = 0.015, Q1 vs Q3: p = 0.032, Q1 vs Q4: p = 0.015).
Similar to SRANKL, children with the lowest values of the OPG/
SRANKL ratio (Q1) had smaller WC compared to children in
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the fourth quartile (Q1 vs Q4 p = 0.043) and lower concentration
of glucose in 60 minutes of OGTT and UA compared to children
in third and fourth quartiles (for glucose: Q1 vs Q3: p = 0.050,
Q1 vs Q4: p = 0.036, for UA: Q1 vs Q3: p = 0.046). Moreover, we
observed, that LDL-C and TC levels statistical differ between Q2
and Q3 (p = 0.009 and p = 0.016, respectively) and Q2 and Q4
(p = 0.051, p = 0.044).

Correlation of sSRANKL and the OPG/
sRANKL ratio with anthropometric and
biochemical parameters in overweight
and obese children and adolescents

In the Spearman correlation coefficient analysis, serum
SRANKL in overweight and obese children were inversely
related to fasting glucose and glucose in 60 and 90 minutes of
the OGTT (R = - 0.258, p = 0.032; R = - 0.389, p = 0.00; R = -
0.309, p = 0.014, respectively) and insulin in 60 minutes of the
OGTT (R = - 0.308, p = 0.014), as well as with UA (R = - 0.387,
p = 0.000). The OPG/sRANKL ratio positively correlated with
glucose in 60 and 90 minutes of the OGTT (R = 0.356, p = 0.004;
R =0.262, p = 0.041, respectively), insulin in 60 minutes of the
OGTT (R = 0.258, p = 0.041), UA (R = 0.326, p = 0.029) and
HbAlc (R =0.3576, p = 0.009). We did not find any association
of both sSRANKL and the OPG/sRANKL ratio with calcium-
phosphorus metabolism parameters.

In multivariable linear regression analysis, where SRANKL
was the dependent variable and BMI SDS, WC, HbA1lc, HOMA-
IR, TC, HDL-C, and LDL-C were the independent variables,
SRANKL in overweight and obese children correlated only with
UA (B =-0.508, p = 0.041, 95%ClI: -187.74 - -4.12) (Figure 1). In
a similar model, which was performed for the OPG/sRANKL
ratio as the dependent variable, we did not find any association.

Correlation of UA with anthropometric
and biochemical parameters in
overweight and obese children

and adolescents

In the Spearman correlation coefficient analysis serum UA in
overweight and obese children positively correlated with body
weight (R = 0.450, p = < 0.001), BMI (R = 0.365, p = 0.006),
BMI SDS (R = 0.290, p = 0.033), WC (R = 0.463, p = 0.001), CRP
(R =0.397, p = 0.005), glucose and insulin in 60 minutes of the
OGTT (R =0.306, p = 0.024; R = 0.329, p = 0.015, respectively).

Discussion

The decreased sSRANKL level in our overweight and obese
children leads to the imbalance between the levels of the
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TABLE 1 The comparison of anthropometric measurements, OPG, sRANKL, and biochemical parameters between overweight and obese children

and their peer with normal weight.

Variables

Anthropometric measurements

Height (cm) 160.6 + 14.2
Body weight (kg) 77.0 £ 21.0
BMI (kg/m2) 29.4 (5.5)
BMI SDS 2.1 (0.4)
WC (cm) 87.9 £10.5
HC (cm) 103.1 + 13.0
WHR 09 +0.1
WHtR 0.5+ 0.1

% BFM 34.8 (7.4)
Blood tests

OPG (pmol/l) 3.61 (1.36)
SRANKL (pmol/l) 276.00 (188.56)
OPG/sRANKL ratio 0.02 (0.02)
fasting glucose (mg/dl) 85.85 + 6.45
fasting insulin (uIU/ml) 13.10 (11.77)
HOMA -IR 2.84 (2.62)
QUICKI 0.33 (0.04)
MATSUDA 2.85 (1.82)
TC (mg/dl) 162.08 + 26.75
HDL-C (mg/dl) 45.65 + 11.68
LDL-C (mg/dl) 9336 + 25.51
TG (mg/dl) 104.00 (34.00)
TG/HDL-C 2.32 (1.85)
non HDL 116.43 + 26.27
UA (mg/dl) 5.82 = 1.09
Ca (mg/dl) 10.00 (0.35)
P (mg/dl) 492 +0.78
25(OH)D (ng/ml) 17.80 (10.70)
ALP (U/L) 170.00 (138.00)
PTH (pg/ml) 21.80 (25.80)
CRP (mg/dI) 0.5 (0.05)
Urine tests

Ca (mg/kg/24 h) 0.79 (0.81)
P (mg/kg/24 h) 9.47 (4.88)
TRP (%) 91.51(1.89)

Overweight and obese children(n = 70)

Non-obese children(n = 35) p-value
159.8 + 13.6 Ns
50.8 + 12.7 < 0.001

18.7 (4.6) < 0.001
0.0 (L1.1) < 0.001
647 6.2 < 0.001
83.7 9.4 < 0.001
0.8 +0.0 < 0.001
04 +0.0 < 0.001
264 (8.1) < 0.001
3.74 (1.58) ns
325.90 (247.30) 0.011
0.01 (0.01) 0.013
83.27 + 697 Ns
8.49 (7.92) <0.001
1.71 (1.59) <0.001
0.35 (0.06) <0.001
153.09 + 23.77 Ns
62.28 + 11.97 < 0.001
78.05 + 19.64 0.013
63.00 (18.00) < 0.001
1.00 (0.40) <0.001
90.81+ 20.34 <0.001
434 +1.17 0.001
9.90 (0.40) Ns
4.60 + 1.00 Ns
22.80 (7.40) 0.025
110.00 (133.00) 0.032
20.60 (20.00) Ns
0.5 (0.0) Ns
1.68 (0.85) 0.085
12.79 (12.69) Ns
90.67 (5.12) Ns

Data are presented as mean + standard deviation (SD) or median values with interquartile range (IQR) as appropriate.

BMI, body mass index; BMI SDS, body mass index standard deviation score; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; %
BEM, % of body fat mass; OPG, osteoprotegerin; sSRANKL, soluble nuclear factor kappa B ligand; HOMA - IR, Homeostasis model assessment for insulin resistance index; QUICKI,
quantitative insulin sensitivity check index; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; TG/HDL-C,

triglycerides to high-density lipoprotein cholesterol ratio; non-HDL, non-high-density lipoprotein cholesterol; UA, uric acid; Ca, calcium; P, phosphorus; 25(OH)D, 25-hydroxy vitamin D;
ALP, alkaline phosphatase; PTH, parathyroid hormone; CRP, C-reactive protein; TRP, Tubular Reabsorption of Phosphate; ns, nonsignificant.

circulating OPG and sRANKL and consequently increases the
OPG/sRANKL ratio. In this study, we analyzed whether there is
an association between the sRANKL concentration and the
OPG/sRANKL ratio with metabolic disturbances related to
excess fat mass.

Data regarding the correlation of the OPG-RANKL system with
excess fat mass and cardiometabolic risk factors in children and
adolescents are limited and inconsistent. In one study (38) involving
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healthy children, SRANKL levels slightly decline with age but were
not related to gender or BMI SDS. While in another study (39)
SRANKL concentrations were higher in boys than in girls and
increased with age and body weight percentile. In a total scholar
population of 600 children between the ages of 6 and 12 years, higher
SRANKL levels were found in those with central obesity determined
by the WC and negatively correlated with HDL-C (40). In contrast,
in another study, SRANKL levels in groups of obese children did not
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TABLE 2 Characteristics of chosen anthropometric and biochemical parameters after stratification according to the sRANKL quartiles in

the study group.

Quartiless Quartile 1 (n=17) Quartile 2 (n=18) Quartile 3 Quartile 4 (n=17) p-

RANKL(pmol/l) < 162.84 162.84 - 275.99 (n=18) > 359.90 trend
276.00 - 359.89

Variables:

Body weight (kg) 78.6 + 15.5 79.4 +23.7 80.7 + 22.3 67.9 + 20.3* 0.256

BMI (kg/m?) 29.7 (10.2) 29.8 (12.9) 29.6 (21.7) 28.0 (21.2) 0.650

WC (cm) 89.8 +7.2 87.1 + 10.0 91,5+ 12.3 82.7 + 10.3* 0.129

Glucose 60’in OGTT (mg/dl) 138.1 + 259 139.2 +32.1 118.7 +32.2 116.9 + 29.6*" 0.061

Insulin 60 in OGTT (uIU/ml) 116.0 (83.3) 96.7 (289.4) 99.0 (281.0) 76.4 (214.0)* 0.097

UA (mg/dl) 63+ 12 6.0 % 0.9 56+ 13 53+ 0.7+ 0.069

Data are presented as mean + standard deviation (SD) or median values with interquartile range (IQR) as appropriate.
The sSRANKL, soluble nuclear factor kappa B ligand; BMI, body mass index; WC, waist circumference; OGTT, oral glucose tolerance test; UA, uric acid.

*p < 0.05 found in the comparison of Q1 to Q4.
+p < 0.05 found in the comparison of Q1 to Q3.
#p < 0.05 found in the comparison of Q2 to Q4.
Ap < 0.05 found in the comparison of Q2 to Q3.
$p < 0.05 found in the comparison of Q 3 to Q4.

differ compared to the control group and did not correlate with
parameters describing nutritional status (41, 42) and with
atherogenic and insulin resistance indices (41). Our research has
produced different results. We noticed an inverse relationship
between the sRANKL concentration and the chosen
anthropometric parameters. The subgroup of overweight and
obese children with the lowest SRANKL concentration had higher
body weight, BMI, and WC than those with the highest SRANKL
levels. Abdominal obesity appears to affect the higher OPG/sSRANKL
ratio, but these dependencies are not consistent directionally across
all quartiles. On the other hand, we did not find the differences
between SRANKL levels or the OPG/sRANKL ratio and the groups
of overweight and obese children, which raises doubts about the
effect of adipose tissue on these studied parameters. Conflicted
results regarding the association of the SRANKL concentration
with fat mass have also been reported in adult studies [positive
association with BMI - (21, 22), no relationship - (43, 44)].

In the 3200 Framingham Study adult participants, sSRANKL
levels displayed inverse association with the multiple CV disease
risk factors including diabetes (19). The decreased serum
concentration of sRANKL in patients with type 2 diabetes
(T2DM) compared to the controls was documented in other
studies (20, 23, 45), but not in all (22). Inline, we also found an
inverse relationship between sRANKL and glucose
concentrations. An increase in the OPG/sRANKL ratio caused
an increase in HbAlc concentration. Meanwhile, in children,
13.04 + 3.53 years of age with type 1 diabetes mellitus (T1DM)
both sSRANKL and OPG levels were elevated compared to their
healthy peers, but these study assessed their relationship with
low bone mass (46). In another group of children of similar age
and with T1IDM both markers did not differ in comparison to
the control group, but in those with microalbuminuria, sSRANKL
negatively correlated with cIMT (25). Clinical trials in adults also
yielded different results, both decreased (6, 43) as well as

TABLE 3 Characteristics of chosen anthropometric and biochemical parameters after stratification according to the OPG/sRANKL ratio quartiles

in the study group.

Quartiles Quartile 1 Quartile 2
(n=17) (n=18)
OPG/sRANKL < 0.0084 0.0084-0.0157
Variables: 857 £ 8.1 87.6 + 12.6
WC (cm) 117.1 £ 31.2 121.7 + 264
Glucose 60’ in OGTT (mg/dl) 157.3 £ 243 151.9 + 19.4
TC (mg/dl) 89.0 +24.5 82.1 £21.0
LDL-C (mg/dl) 55+ 0.6 55+1.2
UA (mg/dl) 5.1 (1.6) 54 (0.7)

HbAIc (%)

Quartile 3 Quartile 4 p-trend
(n=18) (n=17)

0.0158-0.0269 > 0.0270

85.2 + 12.4 92.1 + 7.3* 0.250
1382 + 30.4 140.5 + 32.5+" 0.076
170.6 + 24.9 170.1 + 32.0A 0.093
1052 + 22.15 100.65 + 28.2°A 0.029
64+ 14 6.1+1.0" 0.067

5.4 (1.0) 5.5 (L.1)** 0.030

Data are presented as mean =+ standard deviation (SD) or median values with interquartile range (IQR) as appropriate.
The OPG/sRANKL ratio, osteoprotegerin to soluble nuclear factor kappa B ligand ratio; WC, waist circumference; OGTT, oral glucose tolerance test; TC, total cholesterol; LDL-C, low-

density lipoprotein cholesterol; UA, uric acid; HbAlc, glycosylated hemoglobin.
*p < 0.05 found in the comparison of Q1 to Q4.
+p < 0.05 found in the comparison of Q1 to Q3.
#p < 0.05 found in the comparison of Q2 to Q4.
Ap < 0.05 found in the comparison of Q2 to Q3.
&p < 0.05 found in the comparison of Q3 to Q4.
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Correlation between sRANKL and urid acid in overweight and obese children.

increased (26, 27) sSRANKL levels were related to CV diseases.
Moreover, Zampetti et al. (47) study showed an association of
the OPG/sRANKL ratio with left ventricular hypertrophy and
geometric remodeling in overweight in obese boys. Of note,
Gaudio et al. (20) supported the role of the increased the OPG/
SRANKL ratio as a possible marker of progression of vascular
dysfunction. Our overweight and obese children also had an
increased OPG/sRANKL ratio. The role of RANKL in the
pathogenesis of CV diseases is multifactorial. RANKL
enhances chemokine release (monocyte chemoattractant
protein-1 (MCP-1)), promotes monocyte/macrophage matrix
migration, directly stimulates osteogenic differentiation of
VSMC via a decrease Matrix Gla Protein (MGP), and
indirectly via increased BMP-2, as well as increases matrix
metalloproteinase activity leads to matrix degeneration (13, 26,
48). Moreover, in the immune and inflammatory pathways
promoting atherosclerosis, activated T cells are involved which
are a source of RANKL and pro-inflammatory cytokines (such as
tumor necrosis factor oo (TNF-at), interleukin-1 (IL-1), and
interleukin - 6 (IL-6)), that up-regulate RANKL expression (6,
12, 49).

New findings from the present study are the detection of the
inverse relationship between UA and sRANKL, after adjustment
of lipids and insulin resistance variables. In the literature, the
association between elevated serum UA with obesity, insulin
resistance, glucose and lipids disturbances, metabolic syndrome,
hypertension, carotid atherosclerosis, and an increased incidence
of CV events in young adults, is well documented (2, 50-54).
Excess of UA has paradoxically pro-oxidant effects in the vascular
cells, impaired nitric oxide production, increased cytokines (IL 15,
IL 6, TNF o, CRP, MCP-1), and platelet-derived growth factors
expression, leading to endothelial dysfunction and VSMC
proliferation (55-57). Similar intracellular oxidative stress,
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together with inflammatory cytokines induced by UA take part
in the pathogenesis of osteoporosis (57). Moreover, monosodium
urate crystals increased mRNA expression of the RANKL-induced
osteoclast formation in an experimental study (58). So, we
speculated that the inflammatory process may be the link
between obesity, UA, and sSRANKL.

The negative correlations between SRANKL and obesity, and
some cardiometabolic parameters are difficult to explain. RANKL
exists mainly as a transmembrane protein (cellular form). Its
soluble form (SRANKL), which was measured in our study, is only
a small fraction of the total amount of this cytokine. It is not clear,
what is the impact of the bone or vascular microenvironment on
the circulating concentration of both OPG and sRANKL. Maybe
these factors exert a paracrine action on the local cells and
therefore their serum concentrations do not mirror their true
interactions (13). Another explanation is that maybe the changes
in the vessels or bone metabolism led to a compensatory increase
of OPG and the neutralization of SRANKL giving the decreased
sRANKL levels in serum (the circulating OPG bound to its ligands
RANKL that is not detected using the ELISA test). Moreover, a
wide array of factors regulates RANKL production. As we
mentioned above, RANKL expression is stimulated by
proinflammatory cytokines, linked to low-grade inflammation
related to obesity (26). In Puengel et al. study (45) sRANKL
positively correlated with adiponectin, leptin receptor, and ghrelin
in critically ill patients. Whereas, in OB and the BMSC RANKL
expression is up-regulated also by various pro-resorptive stimuli
such as PTH, 1,25-dihydroxyvitamin D3, steroids, prostaglandin
E2 (11, 12, 57). Despite higher CRP concentration in overweight
and obese children compared to their normal peers, this
inflammatory marker did not correlate with sSRANKL. Except
that, PTH concentrations did not differ between groups.
Moreover, we have no knowledge of bone metabolism in our
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children. Higher total ALP activity was found in our overweight
and obese patients, making clinical interpretation difficult without
fractionation of these ALP isoforms (59, 60). Serum ALP may be
associated with vascular calcification, while bone-specific ALP
(BAP) is a marker of bone formation (59). No assessment of BAP
and bone mineral density (BMD) is a major limitation of
our study.

Conclusion

Excess fat mass seems to alter the OPG/RANKL ratio mainly
by reducing serum sRANKL levels. The correlation between
sRANKL and UA may suggest the participation of the OPG-
sRANKL system in the cardiometabolic process, but that
observation should be confirmed in future studies.
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Objective: Over the years, non-alcoholic fatty liver (NAFLD) disease has
progressed to become the most frequent chronic liver disease in children and
adolescents. The full pathology is not yet known, but disease progression leads
to cirrhosis and hepatocellular carcinoma. Risk factors included hypercaloric
diet, obesity, insulin resistance and genetics. Hyperglucagonemia appears to be a
pathophysiological consequence of hepatic steatosis, thus, the hypothesis of the
study is that hepatic fat accumulation leads to increased insulin resistance and
impaired glucagon metabolism leading to hyperglucagonemia in pediatric
NAFLD.

Methods: 132 children and adolescents between 10 and 18 years, with varying
degrees of obesity, were included in the study. Using Magnetic Resonance
Imaging (MRI) average liver fat was determined, and patients were stratified as
NAFLD (>5% liver fat content) and non-NAFLD (<5%). All patients underwent a
standardized oral glucose tolerance test (OGTT). Additionally, anthropometric
parameters (height, weight, BMI, waist circumference, hip circumference) such
as lab data including lipid profile (triglycerides, HDL, LDL), liver function
parameters (ALT, AST), uric acid, glucose metabolism (fasting insulin and
glucagon, HbAlc, glucose 120 min) and indices evaluating insulin resistance
(HIRI, SPISE, HOMA-IR, WBISI) were measured.

Results: Children and adolescents with NAFLD had significantly higher fasting
glucagon values compared to the non-NAFLD cohort (p=0.0079). In the
NAFLD cohort univariate analysis of fasting glucagon was associated with
BMI-SDS (p<0.01), visceral adipose tissue volume (VAT) (p<0.001), average
liver fat content (p<0.001), fasting insulin concentration (p<0.001),
triglycerides (p<0.001) and HDL (p=0.034). This correlation equally applied to

frontiersin.org
49


https://www.frontiersin.org/articles/10.3389/fendo.2022.1004128/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1004128/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1004128/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1004128&domain=pdf&date_stamp=2022-09-05
mailto:d.weghuber@salk.at
https://doi.org/10.3389/fendo.2022.1004128
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1004128
https://www.frontiersin.org/journals/endocrinology

Maruszczak et al.

10.3389/fendo.2022.1004128

all insulin indices HOMA-IR, WBISI, HIRI (all p<0.001) and SPISE (p<0.002).
Multivariate analysis (R? adjusted 0.509) for the same subgroup identified HIRI
(p=0.003) and VAT volume (p=0.017) as the best predictors for
hyperglucagonemia. Average liver fat content is predictive in pediatric
overweight and obesity but not NAFLD.

Conclusions: Children and adolescents with NAFLD have significantly higher
fasting plasma glucagon values, which were best predicted by hepatic insulin
resistance and visceral adipose tissue, but not average liver fat content.

KEYWORDS

glucagon, childhood obesity, NAFLD, pediatrics, hyperglucagonemia

Introduction

Non-alcoholic fatty liver (NAFLD) is associated with obesity,
insulin resistance and type 2 diabetes. NAFLD has progressed to
become the most frequent chronic liver disease in children and
adolescents (1). The estimated prevalence of NAFLD in children is
12.5% (95% CI: 9.2% to 16.7%) in youth with overweight, 36.1%
(95% CI: 24.6% to 49.9%) with obesity and 2.3% (95% CI: 1.5% to
3.6%) in children with normal weight, boys thereby exhibiting a
higher prevalence than girls (2). NAFLD in adolescents has recently
been shown to substantially increase the risk of T2DM in children
in general, with as many as one in three children with NAFLD
having abnormal glucose metabolism (3-5). Obesity and insulin
resistance are known to add up to this development, but beta cell
and alpha cell function, respectively, have been shown to
alter insulin secretion and cause a hyperglucagonemic state in
adults (6-9). The pancreatic hormone glucagon is a key player in
blood glucose regulation and the pathophysiology of diabetes (10).
Increased fasting levels of glucagon can be found in T2DM
patients and in subjects with obesity and normal glucose
tolerance (11, 12). Hypoglycemia is one of the major stimulants
for glucagon secretion triggering hepatic glucose production (13).
NAFLD consequently leads to impaired hepatic glucagon
signaling resulting in hyperglucagonemia (13). The concept of the
liver-alpha cell axis provides a potential causal explanation for
this phenomenon (14, 15). Previously, we demonstrated that
hyperglucagonemia is associated with hyperinsulinemia, high
plasma free fatty acids (FFAs), high plasma triglycerides, visceral
adiposity, and impaired glucose tolerance as early as during
childhood (3). To date, there is a lack of studies assessing alpha
cell function in pediatric NAFLD. In this study we hypothesize, that
hepatic fat accumulation leads to increased insulin resistance and
impaired glucagon metabolism followed by hyperglucagonemia
in pediatric NAFLD.
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Material and methods
Study population and design

The ethics approval for the study was obtained from the
ethical committee of Salzburg (Number: 1544/2012) and the
Uppsala regional ethical review committee (number 2012/318).
The study was carried out according to the Declaration of
Helsinki. Written informed consent was achieved from all
participants and at least one of their caregivers.

A cross-sectional retrospective study was conducted in two
study centers, Uppsala University Hospital, Sweden, and at
Paracelsus Medical University Hospital in Salzburg, Austria.
Data analysis was based on the material obtained by the BETA
JUDO study (BETA cell function in Juvenile Diabetes and
Obesity, FP7-HEALTH-2011-two-stage, project number:
279153). In total, 206 patients received MRI scans for body
fat composition assessment. The MRI scans (liver fat content,
body fat composition, abdominal visceral and subcutaneous
fat) as previously described (16) was determined by 1.5 T
clinical MRI systems from Philips Medical System
(Netherlands). Patients aged 10-18 years with overweight or
obesity according to the WHO criteria (BMI-SDS>1.26) and
control subjects without overweight or obesity were included.
Exclusion criteria were presence of chronic liver disease,
known pre- and diabetes, psychiatric disorders, allergies,
alcohol intake, consuming steatogenic drugs, endocrine
disorders and/or hereditary causes of liver disease. 184
patients (target group) fulfilled the overweight and obesity
selection criteria, and 22 patients completed the control
group. The target group was divided further into a NAFLD
and non-NAFLD (defined by liver fat content =5 and < 5 %)
group. After matching for BMI-SDS a sub-sample of 132
patients was selected.
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Anthropometric and blood
pressure measurements

Height and weight were assessed by standardized and
calibrated scales (Seca, Hamburg, Germany) and stadiometers
(Uppsala: Ulmer (Busse Design + Engineering GmbH; Elchingen,
Germany); Salzburg: Seca). The BMI-SDS was calculated with
Microsoft Excel add-in LMS Growth using WHO growth report
(17). Waist circumference (cm) was measured midway between
the superior border of the iliac crest and lowest rib. Systemic blood
pressure was measured using a standardized clinical aneroid
sphygmomanometer (Uppsala: CAS 740; CAS Medical Systems,
Inc, Branford, Conn; Salzburg: Carescape V100; Dinamap
Technology/GE, Vienna, Austria), two measurements were
taken, and the means were used for analyses. According to
Tanner, patients were categorized into their puberty stages,
prepubertal (group 1 = Tanner I), pubertal (group 2 = Tanner
II-IV), and postpubertal (group 3 = Tanner V).

Blood sampling and biochemical
measurements

All blood sample parameters were drawn after an overnight
fast. Following this, all subjects underwent a standard OGTT, as
previously described (17). In short, the OGTT was done
according to standard procedures. Patients received a glucose
solution concentrated 1.75 g glucose/kg body weight (maximum
75g glucose) and blood sampling was performed at time points
-5, 5, 10, 15, 30, 60, 90, 180 min. Blood was sampled through a
venous catheter.

Glucose, triacylglycerides (TG) and high-density lipoproteins
(HDL) were analyzed according to local protocols. In Uppsala,
glucose was analyzed using an Architect c8000 instrument (Abbott
Diagnostics, Solna, Sweden) and by a Gluco-quant Glucose-Kit
(Roche Diagnostics, Mannheim, Germany) in Salzburg. Uppsala
quantified TG and HDL using an Architect ¢800 instrument
(Abbott Diagnostics) and in Salzburg an enzymatic photometric
test (Modular Analytics System). Additional evaluation of LDL
cholesterol was required, which was done with an enzymatic
photometric test using Integra Manual by Roche Diagnostics. An
enzyme-linked immunosorbent assay (ELISA) (Modular Analytics
System, E-Modul by Roche Diagnostics) was used to analyze leptin
and adiponectin. HbAlc was measured by reversed-phase
chromatography (RP-HPLC). P-Modul, 917; Roche Diagnostics)
was used. Validation of analyses was performed between the
laboratories in Uppsala and Salzburg using reference blood samples.

Selected samples underwent immediate centrifugation at
2500g for 10 minutes at 4°C, subsequently aliquoted, and
frozen at —80°C. Plasma was later used for central analyses of
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insulin and glucagon in Uppsala for both study centers. Single-
plex enzyme-linked immunosorbent assay kits for each analyte
were used (Mercodia AB, Uppsala, Sweden). Standardized
control samples (Mercodia AB) were used to control for
interplate variability.

Assessment of insulin resistance

The following indices were used for the determination of
insulin resistance (IR) and insulin sensitivity.

To measure hepatic insulin resistance the homeostatic model
assessment (HOMA) (Wallace 2004) and the Hepatic Insulin
Resistance Index (HIRI) were used. The HOMA- insulin
resistance (IR) was calculated as the product of fasting glucose
(mmol/L) and fasting insulin (uU/ml) divided by constant 22.5
(17, 18) and the HIRI measured as the product of the area under
the curves (AUCs) of glucose and insulin for the first 30 min of
the OGTT (19). Insulin sensitivity was calculated by the Single
Point Insulin Sensitivity Estimator (SPISE), the newest
biomarker for insulin sensitivity developed by Paulmichl et al
(20) and the Matsuda Whole Body Insulin Sensitivity Index
(WBISI). The SPISE is calculated by the product of the constant
600 and HDL-cholesterol™'® divided by the product of
'[riglycerideso’2 and BMI'*%%° and the WBISI (21, 22):

10,000
\/(fasting glucose x fasting insulin)

mean glucose X mean insulin

Statistical analysis

The data was analyzed descriptively showing results with
mean and standard deviation for metric variables and number
and percentages for categorical variables for a matched cohort.

NAFLD groups were matched 1:1 according to nearest
neighbor algorithm for BMI-SDS. Matching performance was
assessed applying Wilcoxon rank sum tests for unpaired samples
pre- and post-matching resulting in significant differences before
(p < 0.001) and non-significant results after matching (p =
0.383). Cohort size was reduced from n = 184 (79 vs. 105) ton =
132 (66 vs. 66) due to matching process.

Due to non-normality of the data, groupwise differences in
glucagon were examined applying non-parametric Wilcoxon
rank sum tests for unpaired samples. Further investigations of
dependencies were assessed using univariate regression models.
Our standardized multivariate model resulted, including
significantly correlating parameters to fasting glucagon, from
univariate models. In a second step the multivariate model size
was reduced by exclusion of parameters which were not
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significantly different in the group differences. In a final step,
variables were excluded for multicollinearity based on the
variance inflation factor (VIF). The threshold for this
exclusion was set to 10 as suggested in the literature (23).

All results are presented along with 95%-Confidence
Intervals. Tests are performed at a significance level of 5%. P-
values in multivariable models are corrected with Bonferroni-
Holm method for multiple testing. No p-value correction for the
remaining results. Statistical analysis was done with R (version
4.0.2). Important R-packages: leaps (selection algorithm),
MatchlIt (matching).

Results
Baseline characteristics

Clinical and anthropometric features of the study population
are shown in Table 1. After matching for BMI-SDS the study
population included 132 adolescents with overweight and
obesity, mean BMI being 31.53 + 6.86 kg/m2 and mean age
14.09 + 2.34. Mean BMI between the NAFLD and non-NAFLD
groups was similar, however the waist-to-hip ratio showed a
significant difference between the groups (NAFLD 0.98 + 0.08 vs.
0.94 £+ 0.08, p = 0.02).

Body fat composition variables presented a significant
difference between the mean liver fat content (NAFLD 15.58
+ 10.95% vs. non-NAFLD 3.17 + 0.97%, p=0.00) and the
visceral adipose tissue (VAT) (NAFLD 1753.07 + 662.31 vs.
non-NALFD 1302.27 + 433.52, p=0.00) in the matched study
population (N=132). Of the biochemical parameters of
glucose metabolism fasting insulin (NAFLD 129.46 + 66.40
vs. non NAFLD 104.00 + 46.58, p=0.08), fasting glucagon
(NAFLD 14.20 #+ 8.54 vs. non-NAFLD 10.36 + 3.99, p=0.01)
and HOMA-IR (NAFLD 4.41 + 2.62 vs. non-NAFLD 3.32 +
1.54, p=0.06) presented significant differences between the
groups. Additionally, among the lipid profile markers
significant differences between the groups could be observed
between the LDL cholesterol (NAFLD 2.58 + 0.79 vs. 2.40 +
0.61, p=0.08) and the triglycerides (NAFLD 1.37 + 0.73 vs.
1.06 + 0.51, p=0.01). Finally, all enzymatic liver function
parameters (ALT, AST, GGT) presented significant
differences between the NAFLD and non NAFLD patients
(AST: NAFLD 0.64 + 0.44 vs. non NAFLD 0.45 + 0.25,
p=0.00, ALT: NAFLD 0.80 + 0.79 vs. non-NAFLD 0.37 +
0.20, p=0.00, GGT: NAFLD 0.48 + 0.42 vs. non NAFLD 0.29 +
0.11, p=0.00). HOMA-IR was the only metabolic index that
showed significant differences between the two groups
(NAFLD 4.41 + 2.62 vs. non NAFLD 3.32 + 1.54, p=0.06).
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Fasting glucagon concentrations
correlate with metabolic parameters in
adolescents with NAFLD and non NAFLD

Figure 1 demonstrates that fasting plasma glucagon levels
are significantly different between the NAFLD and non-NAFLD
group (p<0.01), N=132.

A univariate analysis for fasting plasma glucagon levels
matched for BMI-SDS was constructed according to metabolic
variables (glucose metabolism, liver function and lipid profile)
such as body fat composition and clinical features. Variables of
glucose metabolism (OGTT 120 min p=0.044, fasting insulin
p<0.001, SPISE p=0.002, WBISI p=0.001, HIRI p<0.001,
HOMA-IR p<0.001), of lipid profile (HDL cholesterol
p=0.034, triglycerides p<0.001) and liver function (AST
p=0.010, p=0.010, p=0.009), indicated a significant relationship
with glucagon (Table 2).

Figure 2 presents a scatterplot of all NAFLD patients stratified
by liver fat content quartiles, resulting in the following cut-offs:
25% = 2.91% liver fat content, 50% = 5.11% liver fat content,
75% = 11.73% liver fat content. Looking at the relationship
between glucagon and average liver fat within each quartile, a
clear positive trend can be observed in quartile 4 (Figure 2).

Predictors of fasting glucagon
concentrations in patients with
overweight and obesity

A standardized multivariate regression model was
constructed based on the glucagon predictors BMI-SDS,
average liver fat, fasting insulin, glucose at 120 min, SPISE and
ALT in overweight and patients with overweight/obesity
(Table 3). Significant drivers of this model (R2 = 0.336) were
liver fat content (p=0.044), VAT (p=0.031), fasting insulin levels
(p=0.016) and alanine aminotransferase (p=0.030). By contrast
BMI-SDS (p=1.00), OGTT glucose 120 min (p=1.00) and SPISE
(p=1.00) did not change the significant driving variables.

Predictors of fasting glucagon
concentrations in patients with NAFLD

A multivariate regression model to evaluate predictors of
glucagon in NAFLD adolescents was applied, with average liver
fat being a conditional variable in the models. The model
(Table 4, R* = 0.509) included VAT and HIRI index. VAT
(p=0.017) and the HIRI index (p=0.003) resulted with a
predictive effect for hyperglucagonemia in pediatric NAFLD.
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TABLE 1 Descriptive data of all patient (study population, N = 132) and comparison of baseline characteristic difference between NAFLD (n = 66)
and non- NAFLD (n = 66) patients.

Study population (N = 132) NAFLD (n = 66) non-NAFLD (n = 66) p-value
CLINICAL FEATURES
Age (Years) 14.09 + 2.34 1438 + 233 14.03 + 2.40 0.49
Tanner stage* I: 10 (7.6%) 1: 7 (10.1%) 1: 3 (4.5%) 0.34

II-1V: 83 (62.9%)
V: 30 (22.7%)
n.a.: 9 (6.8%)

II-IV: 42 (63.6%)
V: 13 (19.6%)
n.a.: 4 (6.1%)

II-IV: 41 (62.1%)
V: 173(25.6%)
n.a.: 5 (7.8%)

BMI (mg/m2)# 31.53 + 6.86 32.28 + 4.81 32.05 + 4.96 0.74
BMI-SDS# 2.57 £ 1.12 2.84 £ 0.51 2.77 £ 0.49 0.38
SBMI (kg/m2) 3398 +5.83 34.93 + 3.52 34.63 + 3.51 0.57
Waist circumference (cm)#1 101.95 + 17.45 105.35 + 13.25 103.85 + 12.65 0.77
Hip circumference (cm) 107.81 + 14.89 107.88 + 11.57 110.45 + 12.76 0.16
Waist-to-hip-ratio 0.94 = 0.09 0.98 + 0.08 0.94 £ 0.08 0.02
RR systolic (mmHg)#3 120.53 £ 11.57 121.51 £ 12.18 121.28 £ 10.55 0.99
BODY FAT COMPOSITION

Total body fat (%) 42.50 + 5.87 41.70 + 6.42 41.54 + 4.89 0.87
MRI VAT volume (cm3)#2 1463.46 + 703.24 1753.07 £ 662.31 1302.27 + 433.52 0.00
MRI SAT volume (cm3)#2 6332.09 + 2789.08 6687.25 + 2060.33 6625.70 + 2127.87 0.99
MRI liver fat content (%)# 9.38 + 10.26 15.58 + 10.95 3.17 £ 0.97 0.00
GLUCOSE METABOLISM

Fasting glucose (mmol/L) 515+ 1.27 5.25 +2.01 5.01 + 0.60 0.54
OGTT 120 min. glucose (mmol/L)# 6.72 +2.10 7.16 + 2.99 6.41 + 1.39 0.22
Fasting insulin (pmol/L)#5 111.85 + 66.79 129.46 + 66.40 104.00 + 46.58 0.08
HbA1lc (mmol/mol) 35.81 + 7.08 3747 + 11.85 34.77 £ 2.33 0.15
Fasting glucagon (pmol/L) 11.94 + 6.69 14.20 + 8.54 10.36 + 3.99 0.01
METABOLIC INDICES

SPISE#1 547 243 4.80 + 1.24 5.12 £ 1.34 0.22
WBISI#7 547 +4.33 4.14 + 2.60 4.89 +2.25 0.10
HIRI#8 47861.88 + 30367.22 52950.30 + 26984.56 45451.40 + 21248.58 0.46
HOMA-IR#6 3.75 £ 2.51 441 +2.62 332+ 154 0.06
LIPID PROFILE

Total cholesterol (mmol/L) 4,12 + 0.76 430 + 0.87 4.13 + 0.66 0.24
LDL cholesterol (mmol/L) 2.40 + 0.69 2.58 £0.79 2.40 + 0.61 0.08
HDL cholesterol (mmol/L)#1 1.25 £ 0.32 1.19 £ 0.24 1.28 £ 0.37 0.32
Triglyceride (mmol/L)# 1.17 + 0.69 1.37 £ 0.73 1.06 + 0.51 0.01
LIVER FUNCTION

AST (ukat/L)#4 0.53 £ 0.31 0.64 + 0.44 0.45 £ 0.25 0.00
ALT (ukat/L)# 0.55 £ 0.54 0.80 + 0.79 0.37 £ 0.20 0.00
GGT (pkat/L)# 0.37 £ 0.28 0.48 = 0.42 0.29 £ 0.11 0.00

Data are expressed a mean + standard deviation (SD).

p < 0.05.

n = 104 for BMI, BMI-SDS, liver fat content, OGTT 120 min. glucose, triglycerides, ALT, GGT; #1n = 103 for waist circumference, HDL-cholesterol, SPISE; #2n= 102 for VAT and SAT
volume; #3n = 101 for systolic blood pressure; #4n = 98 for AST; #5n = 75 for fasting insulin; #6n = 73 for HOMA-IR; #7n = 63 for WBISI; #8n = 60 for HIRIL.

NAFLD, non-alcoholic fatty liver disease; n.a., not available; BMI, body mass index; BMI-SDS, body mass index standard deviation score; SBMI, smart BMI; RR, blood pressure; HbAlc,
hemoglobin Alc; LDL, low density lipoprotein; HDL, high density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; OGTT,
oral glucose tolerance test; MRI, magnetic resonance imaging; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; DSAT, deep subcutaneous adipose tissue; SSAT, superficial
subcutaneous adipose tissue; SPISE, single point insulin sensitivity estimator; WBISI, whole-body insulin sensitivity index; HOMA-IR, homeostatic model assessment for insulin resistance;
HIRI, hepatic insulin resistance index.

*Tanner staging I-V: I, prepubertal; II-IV, pubertal; V = post-pubertal.
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FIGURE 1
Fasting glucagon concentration pmol/L of participant without NAFLD (0, n = 66) and with NAFLD (1, n = 66) are shown a box plot in quartile
and outliers. Wilcoxon test yielded a highly significant result p=0.0079 a **p < 0.01.

TABLE 2 Univariate analysi for fasting glucagon (pmol/L) in patient with overweight/obesity (n = 104#) matched for BMI-SDS.

coefficient p-value R2
CLINICAL FEATURES
BMI (mg/m2) 0.25 0.073 0.022
BMI-SDS 3.50 0.010** 0.054
Waist circumference (cm) 0.09 0.083 0.020
RR systolic (mmHg) 0.05 0.359 -0.002
BODY FAT COMPOSITION
MRI VAT volume (cm3) 0.01 <0.001** 0.194
MRI SAT volume (cm3) 0.00 0.341 -0.001
MRI liver fat content (%) 0.28 <0.001%%* 0.144
GLUCOSE METABOLISM
OGTT 120 min. glucose (mmol/L) 0.54 0.044* 0.030
Fasting insulin (uWIU/mL) 0.07 <0.001%%* 0.248
SPISE -1.61 0.002** 0.079
WBISI -1.28 0.001*** 0.152
HIRI 0.00 <0.001*** 0.234
HOMA-IR 1.72 <0.001*** 0.211
LIPID PROFILE
HDL cholesterol (mmol/L) -4.51 0.034* 0.034
Triglyceride (mmol/L) 4.34 <0.001*** 0.160
LIVER FUNCTION
AST (ukat/L) 455 0.010%* 0.057
ALT (ukat/L) 2.61 0.010** 0.055
GGT (ukat/L) 5.45 0.009** 0.056

*p < 0.05, **p < 0.01, **p < 0.001.

n =104 for BMI, BMI-SDS, liver fat content, OGTT 120 min. glucose, triglycerides, ALT, GGT; n = 103 for waist circumference, HDL-cholesterol, SPISE; n = 102 for VAT and SAT volume,
hsCRP; n = 101 for systolic blood pressure; n = 98 for AST; n = 78 for Il-6, TNF alpha; n = 75 for fasting insulin; n = 73 for HOMA-IR; n = 63 for WBISL; n = 60 for HIRIL.

BMI, body mas index; BMI-SDS, body mas index standard deviation score; SBMI, smart BMI; RR, blood pressure; HbAlc, hemoglobin Alc; LDL, low density lipoprotein; HDL, high density
lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; OGTT, oral glucose tolerance test; MRI, magnetic resonance imaging;
VAT, visceral adipose tissue; SAT, subcutaneou adipose tissue; DSAT, deep subcutaneou adipose tissue; SSAT, superficial subcutaneou adipose tissue; SPISE, single point insulin sensitivity
estimator; WBISI, whole-body insulin sensitivity index; HOMA-IR, homeostatic model assessment for insulin resistance; HIRI, hepatic insulin resistance index.
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FIGURE 2
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Scatter plot showing relationship between average liver fat (%) and fasting glucagon (pmol/L) grouped by MRI quartile (1-4).

TABLE 3 Multivariate regression analysi with standardized coefficients: predictor of glucagon in a pediatric cohort with overweight/obesity
(n = 73) matched for BMI-SDS (R2 = 0.336), correct by Bonferroni-Holm algorithm.

Anthropometric data

BMI-SDS

MRI VAT volume (cm3)

MRI liver fat content (%)
Metabolic data

OGTT 120 min. glucose (mmol/L)
Fasting insulin (uIU/mL)

SPISE

ALT (ukat/L)

*p < 0.05, tested for multicollinearity.

Coefficient p-value
-0.10 1.000
045 0.031*
0.47 0.044*
-0.04 1.000
0.40 0.016*
0.04 1.000
-0.46 0.030*

BMI-SDS, body mas index standard deviation score; MRI, magnetic resonance imaging; VAT, visceral adipose tissue; ALT, alanine aminotransferase; OGTT, oral glucose tolerance test;

SPISE, single point insulin sensitivity estimator.

Discussion

This is the first study to examine predictors of
hyperglucagonemia in a pediatric NAFLD population. Our
data identify visceral adipose tissue and the HIRI index as
surrogate for hepatic insulin resistance as determinants of

hyperglucagonemia in pediatric NAFLD.

Frontiers in Endocrinology

Obesity significantly increases the risk of NAFLD, effecting
the pediatric population with obesity in large numbers (24).
VAT and WHR, but not BMI, predicted increased levels of
glucagon in our cohort. This implies that the accumulation of
visceral fat rather than adiposity associates with deranged
glucagon metabolism. This is in accordance with the findings
of Manell et al., who concluded that high levels of glucagon are
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TABLE 4 Multivariate regression analysi with standardized coefficients: determinant of hyperglucagonemia in NAFLD (n = 66) matched for

BMI-SDS (Model R? = 0.509).

Model

Average liver fat, %
VAT, cm?
HIRI

*p < 0.05, tested for multicollinearity.
VAT, visceral adipose tissue; HIRI, Hepatic Insulin Resistance Index.

related to VAT, rather than liver fat content, pancreas fat
content and subcutaneous adipose tissue (SAT) (3). A positive
relation between fasting hyperglucagonemia and increased
WHR could also be observed in an adult cohort where WHR
turned out to be the best anthropometric predictor of NAFLD
(25, 26). This indicates that VAT and central adiposity are
closely related to NAFLD occurrence (27). Analyzing data
from a different pediatric cohort, our group previously showed
that increased WHR is related to increased VAT and fasting
insulin levels in children with obesity and increased hepatic liver
fat content (28). This is in keeping with a plethora of studies
reporting that WHR and VAT can be identified as indirect
parameters of insulin resistance (29, 30).

In our study, univariate analysis not only indicated a
significant relationship of fasting insulin, VAT, MRI liver fat
content with glucagon in our cohort of children and adolescents
with overweight and obesity, but also with the liver enzyme
alanine transaminase (ALT). Alanine transaminase levels are
accepted as surrogates of NAFLD in clinical practice (30, 31),
although liver enzymes are known to be limited in sensitivity and
specificity in the diagnosis of pediatric NAFLD (31, 32). It is
worth mentioning in this context, that children with overweight/
obesity and elevated ALT values had a more than 2-fold
increased risk for future dysglycemia independent of age, sex
and BMI-SDS in a survival analysis of up to 11 years of follow-up
of 510 children with overweight and obesity from the Leipzig
Childhood Cohort. Hence, elevated transaminases were
suggested as an early predictor for glycemic deterioration (31).

The multiple regression model identified VAT and the HIRI
index as the best predictive variables for hyperglucagonemia in our
pediatric NAFLD cohort. The HIRI index is a dynamic surrogate
index derived from the OGTT. Recent studies have evaluated the
predictive accuracy of surrogate indices for hepatic insulin
resistance derived from dynamic tests, such as the HIRI,
suggesting that these are suitable alternatives to describe 3-cell
function (20, 22, 33). Similar to our pediatric cohort, D’Adamo and
Deivanayagam concluded that an increase in intrahepatic fat is
associated with an increase in the HIRI index (34, 35). Additionally,
when considering surrogates of insulin sensitivity (HOMA IR,
HIRI), adult studies showed that increased circulating levels of
fasting glucagon, together with increased insulin levels, are tightly
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Coefficient p-value
0.097620 0.477
0.006884 0.017+
0.000187 0.003*

coupled to a reduction of insulin sensitivity in individuals with
normal and disturbed glucose metabolism (36-38). In our study
cohort a similar relationship could be observed in children with
NAFLD. This is an interesting aspect as direct glucagon suppression
is caused by insulin stimulation as seen in non-diabetic subjects
(39). Recently, evidence of a liver-alpha cell axis in humans was
introduced (40, 41). The concept claims that fat accumulation in the
liver attenuates the sensitivity of hepatocytes towards glucagon
causing impaired hepatic glucagon signaling and consequently
results in hyperglucagonemia (41, 42). Our data are in line with
previous adult studies (41-43) supporting the existence of such a
liver-alpha cell feedback loop as early as during childhood. Faerch
et al. showed that glucose regulation during development of insulin
resistance was linked not merely with hypersecretion of insulin, but
also with a reduced capability to acutely suppress glucagon after
glucose intake in adults (37). Hypersecretion of glucagon from
pancreatic alpha cells has hence been suggested to be due to an
impairment of hepatic glucagon signaling, which then, due to
decreased glucagon-induced amino acid turnover, would result in
hyperaminoacedemia (14). Lischka et al. recently reported higher
levels of plasma branched-chain amino acids in children with
NAFLD, suggesting that BCAAs could be an important link
between obesity and other metabolic pathways (43). However, the
association between amino acid and glucagon metabolism in
pediatric NAFLD has yet to be studied.

There are some strengths and limitations that need to be
acknowledged. The primary strength of the study was a relatively
large study cohort of children with MRI diagnosed NAFLD.
Although the gold standard of diagnosis of different stages of
NAFLD - steatosis to fibrosis/cirrhosis - would be liver biopsy,
MRI scans are well suited to quantify liver fat content which was
the aim of this study (16). A limitation of the current study is
that the conclusions cannot be translated to other ethnic groups
other than Caucasian. Further, a more detailed characterization
according to pubertal stages matched by age and BMI-SDS was
not feasible due to statistical limitations related to sample size.

In summary, our results identify that average liver fat
content is predictive in pediatric overweight and obesity.
Visceral adipose tissue (VAT) and the HIRI index were
identified as determinants of hyperglucagonemia in pediatric
NAFLD, but not average liver fat content.
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Background and aims: Transient Elastography is a non-invasive, cost-efficient,
non-ionizing, observer-independent and reliable method to detect liver
fibrosis using Liver Stiffness Measurement (LSM) and the degree of fat
accumulation in the liver using Controlled Attenuation Parameter (CAP). This
study aims to derive reference values for both measures from healthy children
and adolescents. Further, we aim to assess the potential influence of age, sex,
puberty, and BMI-SDS on CAP and LSM.

Methods: Within the LIFE Child study, amongst others, anthropometric data
and pubertal status were assessed. Transient Elastography (TE) was performed
using the FibroScan® device in a population-based cohort at 982 study visits of
482 healthy children aged between 10 and 18 years. Percentiles for LSM and
CAP were estimated, and the effects of age, sex, puberty and weight status
were assessed through hierarchical regression models.

Results: There was a strong age dependency for LSM with higher values for older
children, most pronounced in the upper percentiles in boys. Contrarily, CAP was
relatively stable across the age span without considerable difference between
boys and girls. We found a significant positive correlation between BMI-SDS and
both CAP and LSM for BMI-SDS >1.28. For BMI-SDS < 1.28, the association was
also positive but reached statistical significance only for CAP. Further, the
association between BMI-SDS and CAP was significantly stronger in younger
than in older children. There was no association between pubertal status and
CAP. For LSM, we found that children with a high BMI-SDS but not children with
normal weight had significantly higher LSM values in Tanner stage 4.

Conclusions: Age, sex, pubertal status and weight status should be considered
when interpreting LSM and CAP in pediatric patients to facilitate and improve
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early detection of abnormal liver function, which is associated with common
pathologies, such as NAFLD.

KEYWORDS

non-alcoholic fatty liver disease — NAFLD, fibroscan, liver stiffness, reference values,

obesity, pediatrics

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most
common liver disease in children and adolescents. A recent
systematic review and meta-analysis estimated a global NAFLD
prevalence of 7.6% in children. Moreover, in studies focusing on
children with obesity, the prevalence was as high as 34.2% (1).
Due to its association with obesity, NAFLD has already become a
health issue of pandemic dimensions (2). Considering the
growing number of children and adolescents with obesity
worldwide (3), the impact of NAFLD on public health will
likely increase even further.

NAFLD can lead to liver fibrosis and cirrhosis and increases
the risk of developing hepatocellular carcinoma (HCC) (4, 5).
Moreover, NAFLD is associated with an increased risk of
cardiovascular disease, type 2 diabetes and increased mortality
at adult age (2). Detected at early stages, before the liver is
irreversibly damaged, NAFLD is treatable with lifestyle
modifications, e. g., improved diet, increased physical activity
and weight loss (6). There is a high probability of successful
development of future pharmacological treatment options, since
several drugs for children with NAFLD have been tested in phase
2 trials recently (2). To facilitate successful treatment, detecting
NAFLD in pediatric patients accurately at an early stage
is imperative.

Until today, the gold standard for diagnosing NAFLD is the
histopathological examination of a liver biopsy. However, liver
biopsy in children raises several ethical issues and is therefore
reluctantly performed. Children often need general anesthesia,
which entails a risk for the patient. Additionally, there is the risk
of bleeding or mispuncture. Furthermore, since only a tiny part
of the liver is examined, there is a risk of misdiagnosis due to
sampling bias (7). Hence, reliable non-invasive diagnostic tools
are urgently needed.

Various serum parameters and imaging procedures have
been evaluated in several studies over the last years, but mostly
with rather disappointing results (2, 6, 8-10). Measurement of
alanine transaminase (ALT), for instance, is the most common
serum parameter for screening, but physiological levels are no
reliable predictor for the absence of NAFLD. Moreover, most
imaging procedures bring their own disadvantages. CT detects
fibrosis and steatosis reliably; however, it must not be used
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regularly in pediatric patients because of radiation burden. MRI,
which works without radiation and is also very sensitive, is
expensive and not widely available, rendering it unsuitable to be
the standard procedure for detecting NAFLD. Regular
ultrasound, on the other hand, is non-ionizing, inexpensive
and widely available, but not reliable in detecting NAFLD (2).

Transient Elastography (TE, by FibroScan ® (Echosens,
Paris, France)) has drawn a high amount of academic interest
since it is a cost-efficient, observer-independent and non-
ionizing method to detect fibrosis and steatosis reliably (11-
18). FibroScan ® provides two different methods to examine the
liver: liver stiffness measurement (LSM) and controlled
attenuation parameter (CAP). While LSM is a parameter to
estimate liver fibrosis, CAP quantifies the percentage of liver fat.

However, to use TE in pediatric practice, reliable reference
values of healthy children - including the potential influence of
age, sex, weight and pubertal status - are needed. By drawing
from a large, longitudinal, deeply characterized cohort of healthy
children, this study aims to provide percentiles for both LSM and
CAP measurement. Moreover, we will examine the potential
influence of sex, age, BMI and pubertal status on these two
parameters. Hereby, we hope to facilitate a better interpretation
of test results and, thus, to make a beneficial contribution to
pediatric practice with regard to detecting and, ideally,
treating NAFLD.

Materials and methods

This article is structured according to the STROBE
(Strengthening the Reporting of Observational studies in
Epidemiology) Statement checklist for cohort studies (19).

Study design

The LIFE Child study is a prospective longitudinal
population-based cohort study with a life course approach to
health and disease (20). As a part of LIFE, a research project
conducted at the Leipzig Research Center for Civilization
Diseases, LIFE Child aims to monitor healthy child
development from birth to adulthood and to understand the
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development of non-communicable diseases such as obesity
(21). The study was designed in accordance with the
Declaration of Helsinki (22). The Ethics Committee of the
Medical Faculty of the University of Leipzig approved the
study (Reg. No. 26410-19042010), which is registered with
ClinicalTrials.gov under the clinical trial number NCT02550236.

Setting

Fully informed and written consent was obtained from all
participants (from the age of twelve) and their parents. Each
study visit contained age-customized interviews, medical
examinations, standardized tests, questionnaires and the
collection of biological samples, as well as the implementation
of FibroScan® measurements (20, 21).

Participants

Children from Leipzig or neighboring municipalities in
Germany were recruited via advertisement at different
institutions, by media or by word of mouth. The children were
primarily healthy, without severe disorders like malignancies,
syndromal diseases or diabetes. Accordingly, the acquired test
results are qualified for generating reference values. Height was
measured using a stadiometer (“Prof. Keller”; Lingenmesstechnik
GmbH Limbach, Limbach-Oberfrohna, Germany, measurement
accuracy 0.10 cm). Participants were weighed with the “Seca701”
scale (seca GmbH & Co0.KG, Hamburg, Germany, accurate to 50
g). BMI was calculated and transformed into standard deviation
scores (SDS) according to the guidelines of the German Obesity
Association (23, 24). Overweight and obesity were defined
according to the same guidelines (23, 24) as 1.28 < BMI-SDS <
1.88 and BMI-SDS > 1.88, respectively. Pubertal stage was
assessed according to Tanner (25, 26) by specially trained and
regularly instructed investigators.

Study size

Data from 1491 visits provided by 698 individuals from the
LIFE Child cohort with a complete data set (CAP, LSM, sex, age,
pubertal stage, and BMI) were available. In N=249 cases, we
performed double measurements.

Our exclusion criteria were:

1. Measurements from participants younger than 10 years
and older than 18 years of age were excluded (N=71
visits and 41 children), due to the small number of
measurements below and above that age.

2. Participants with the intake of at least 1 of 92 potentially
hepatotoxic drugs (listed in Supplementary Table 1) at

Frontiers in Endocrinology

61

10.3389/fendo.2022.1030809

the time of measurement were excluded, N= 62 visits
and 10 children.

The remaining visits N=1358 from 647 children were used
for the assessment of influence factors (sex, age, BMI-SDS,
pubertal status).

For the calculation of LSM and CAP percentiles, we
excluded 165 participants (231 visits) with a BMI-SDS < 3™
and >97™ percentile (BMI-SDS < -1.88 and BMI-SDS>1.88),
resulting in data from 982 visits from 482 individuals.

Glucose and insulin measurements were available from 625
visits from 196 individuals.

Transient elastography measurement

The examination was carried out after an overnight fast by
specially trained and regularly re-certified examiners. The
participants were asked to lie on the back, the right arm
maximally abducted, and to stay immobile during the
examination. Those participants who were designated for dual
measurements were asked to stay in the same position after the
first measurement, and the second measurement was performed
by the same examiner immediately afterwards.

LSM and CAP values were measured using the FibroScan®
device with the M probe (25 - 65 mm measurement depth) or XL
probe (35 - 75 mm measurement depth). The FibroScan® device
includes the Automatic Probe Selection (APS) tool, which
indicates which of the two probes should be used for
measurement. LSM measures the propagation of produced
shear waves, and the results are displayed in kilopascals (kPa).
CAP measures the attenuation of the above-mentioned shear
wave propagation, producing results in decibels per meter (dB/
m). The measurement was successful when 10 valid data points
could be measured.

Laboratory parameters

Blood samples were taken from the participants after an
overnight fast. Serum glucose concentrations were measured by
the photometric method (Roche, Basel, Switzerland). Serum
insulin concentrations were measured using a quantitative
electrochemiluminescence method (Roche) (27). Homeostasis
model assessment for insulin resistance (HOMA-IR) was
calculated as described in Matthews et al. (28).

Statistical analyses
Descriptive statistics are given as mean and standard

deviations for continuous and counts and percentages for
categorical variables.
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References for LSM and CAP were estimated as a continuous
function of age, stratified by sex using the LMS method as
implemented in the package gamlss (29). We corrected for
multiple measurements per person by setting weights on the
observations accordingly. Subsequently, CAP and LSM
measurements were transformed to standard deviation scores
applying the new references.

Associations between LSM and CAP as outcome and the
assumed predictors (sex, age, BMI-SDS, and pubertal stage) were
assessed using hierarchical regression analysis. To assess the
effect of puberty, raw measurements of LSM and CAP were used
because of the strong dependency between age and puberty; in
all other models, the age- and sex-adjusted SDS were used as
outcome. All models were adjusted for multiple measurements
per subject by adding the subject as random effect. The nature of
associations was investigated using non-parametrical
generalized additive models. The association between LSM and
BMI-SDS required polynomial modeling (3"¢ degree).
Otherwise, linear approximation yielded a sufficient fit. We
tested for relevant interactions between predictors. Model
terms were only kept if they were necessary. In addition,
models were tested for variance inflation. Results were
reported as (non-standardized) coefficients and the respective
95%-confidence interval.

To assess intraobserver reliability, we calculated the overall
concordance correlation coefficient (OCCC) (30, 31). In
addition, we report the components overall precision
(OPREC) and overall accuracy (OACCU) and present the
respective Bland-Altman plots. The chosen strength-of-
agreement categories are orientated to those of the Pearson
product-moment correlation: CCC > 0.9 (“excellent”); < 0.9 and
> 0.7 (“good”); < 0.7 and = 0.5 (“moderate”); and < 0.5 (“low”).

The mediating effect of hepatic insulin resistance was
assessed by mediation analyses using HOMA-IR implemented
via a structural equation model.

Analyses and visualization were performed using the
packages gamlss (29), Ime4 (32) (version 1.1.30) and ggplot2
(3.3.6) in R (version 4.2.1; R Foundation for Statistical
Computing, Vienna, Austria) (33).

Results
Participants

We used the data of 482 (252 male, 231 female) healthy
individuals, aged between 10 and 18 years with a BMI-SDS
between 3™ and 97™ percentile, who were examined between
December 2013 and June 2022 in the context of the Leipzig
Research Centre for Civilization Diseases (LIFE). Since LIFE
Child is a longitudinal study, some participants were measured
more than once over the period of 8 years, resulting in a total of
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982 (624 male, 587 female) visits for the calculation of the
percentiles. Dual measurements for the evaluation of

FibroScan®

validity were performed in 249 individuals. The
population characteristics for the entire study population

(N=1358) are listed in Table 1.

Reproducibility/FibroScan @ validity

For both LSM and CAP, we could show an “excellent”
OACCU. OCCC and OPREC were “good” for LSM and
“moderate” for CAP. The results are shown in Table 2 and
Figures 1A, B.

Percentiles for LSM and CAP are
influenced by sex and age

The 3rd, IOth, SOth, 90™ and 97" percentile curves for LSM
and CAP are shown for boys and girls in Figures 2A, B. The
respective parameter values are shown in Supplementary
Tables 2 (A)-(D).

LSM percentiles show increasing values for both sexes with,
in general, higher values for boys, which becomes more
pronounced in the upper percentiles (e.g., 16.5 years p50:
girls=4.6kPa boys=5.1kPa; p97: girls=7.2kPa boys=8.5kPa).
Also, the curve shapes differ from each other with regard to
sex: The curves for girls ascend for the first 1.5 years, then
slightly flatten for about 1.5 years, after which they ascend again
until they reach their peak at about 16.5 years (P50 5.95kPa)
which is followed by another slight drop in the 3*, 10™ and 50"
percentile. The curves P50, P90 and P97 for boys, on the other
hand, show continuous slopes until reaching their peaks,
followed by a slight flattening. The age at which boys reach
the highest values is comparable with that of girls (about 16.5
years) in P50, 90 and 97. In the lower percentiles, however, the
highest values were measured at 18 years.

CAP percentiles show similarly shaped curves for boys and
girls. The reference values are comparable as well. Comparing
the reference values at the age of ten and 18 years, the lower
percentiles show a tendency to descend slightly while the higher
percentiles tend to ascend slightly, reaching their peaks at about
14 years. P50 depicts rather stable values during the eight years
(boys: 200dB/m at age 11 and 15 years and 198db/m at age 18
years; girls: 188dB/m at age 11 years and 197dB/m from age 14.5
- 18 years).

The parameter tables are provided as part of the R package
childs (version 0.8.0). The package also contains functions to
transform measurement values into SDS and to create percentile
curves. It is available from CRAN (https://cran.r-project.org/
package=childsds).
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TABLE 1 Baseline characteristics of the study population.

[ALL] N = 1358 male N = 692 female N = 666 p-overall
Sex:
male 692 (51.0%)
female 666 (49.0%)
Age (years) 14.0 (2.81) 13.9 (2.87) 14.1 (2.74) 0.432
Pubertal Stage: <0.001
1 154 (15.3%) 91 (20.5%) 63 (11.2%)
2 146 (14.5%) 77 (17.3%) 69 (12.2%)
3 111 (11.0%) 42 (9.46%) 69 (12.2%)
4 170 (16.8%) 73 (16.4%) 97 (17.2%)
5 428 (42.4%) 161 (36.3%) 267 (47.3%)
Weight status: 0.421
underweight/normal 885 (65.3%) 455 (65.8%) 430 (64.8%)
weight
overweight 129 (9.51%) 71 (10.3%) 58 (8.73%)
obese 342 (25.2%) 166 (24.0%) 176 (26.5%)
BMI-SDS 0.71 (1.39) 0.64 (1.33) 0.78 (1.45) 0.055

Values are given as mean and standard deviations for continuous and counts and percentages for categorical variables.

TABLE 2 Results of the calculation of the OCCC, the OPREC and the OACCU for LSM and CAP of N=249 dual measurements.

OCCC OPREC OACCU
LSM 0.74 0.76 0.97
CAP 0.66 0.66 1.0

OCCC, overall concordance correlation coefficient; OPREC, overall precision; OACCU, overall accuracy; LSM, Liver Stiffness Measurement; CAP, Controlled Attenuation Parameter.
Results were classified as > 0.9 “excellent”; < 0.9 and > 0.7 “good”; < 0.7 and > 0.5 “moderate”; and < 0.5 “low”.

Influence of BMI-SDS on LSM and CAP effect for older adolescents (beta;gyears=0.6, p<0.001). The
effect of weight status on CAP did not differ between sexes.

After establishing percentiles, we assessed the association
between weight status and both LSM and CAP values. In

children with a BMI-SDS <1.28, there was a slightly positive Influence of pubertal status on LSM
association between LSM-SDS and BMI-SDS. However, it did

not reach statistical significance (beta=0.07, p=0.48). In children LSM increased significantly with advancing puberty in boys.
with overweight and obesity, the respective effect size was three The values were significantly higher in Tanner stage (TS) 3
times as high, and the association became significantly positive (beta=1.1, p=0.029), TS 4 (beta=1.2, p=0.004), and TS 5
(beta=0.26, p=0.025) (see Figure 3A). The two slopes were not (beta=1.5, p<0.001) than in TS 1. In girls, there was no such
significantly different from each other (betar,teraction=0.19, distinct pattern. Considering weight status, there was a
p=0.289). The effects of weight status on LSM were not significant interaction between Tanner stage and BMI-SDS:
different, regardless of age and sex. While we found no effect of puberty in children with a BMI-

In children with a BMI-SDS <1.28, we found a significant SDS around or below 0, we found significantly higher LSM
positive association between CAP-SDS and BMI-SDS values for children with BMI-SDS of 1.88 or higher in TS 4 and
(beta=0.15, p<0.001). In children with a BMI-SDS >1.28, the 5. The effects were remarkably stronger in TS 4 (betaspy.

effect size was six times as high (beta=0.95, p<0.001) (see sps=4.3, p<0.001; beta, gpmr-sps=2-6, p<0.001; betapymrsps=1.5,
Figure 3B). The two slopes were significantly different from p=0.005) than in TS 5 (betaspp.sps=1.3, p=0.14; beta, spyr-
each other (beta,ieraction=0.85, p<0.001). In addition, the effect sps=1.5, p=0.004; beta gy sps=1.5, p=0.001) (see Figure 4). The
varied significantly with age, having the strongest effect for association did not differ between sexes. The association of LSM

younger children (betagyears=1.6, p<0.001) and the weakest with Tanner stage 4-5 was partly (approximately 1/3, p = 0.047)
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Dual measurements of (A) LSM and (B) CAP to calculate the overall concordance correlation coefficient (OCCC), the overall precision (OPREC)
and the overall accuracy (OACCU). Delta values are plotted in relationship to mean values (Bland-Altman Plots). N=249 cases.
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Age- and sex-related percentiles of (A) LSM (kPa) and (B) CAP (dB/m) values. Smoothed percentile curves are shown separately for females and
males in relationship to age (10 — 18 years), based on a normal weight reference population from a LIFE Child study sample (N =982 cases (624
male, 587 female) of 482 (252 male, 231 female) healthy individuals). The 3™ (P3), 10'" (P10), 50" (P50, median), 90" (P90) and 97" (P97)

percentile are shown.

explained by hepatic insulin resistance, which we measured as
Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR).

Influence of pubertal status on CAP

There was no significant association between CAP results
and puberty. Moreover, the association between BMI-SDS and
CAP did not differ between Tanner stages. Values were, on
average, 10 kPa higher for males than for females (p=0.012).
There was no interaction between sex and Tanner stage or
BMI-SDS.

Discussion

Considering the rising prevalence of obesity and
concomitant liver diseases, especially NAFLD, in children and
adolescents, non-invasive diagnostic tools to accurately detect
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liver pathologies in pediatric patients are urgently needed.
Transient Elastography has been used extensively to aid the
diagnosis of fatty liver disease and fibrosis in the adult
population for which TE reference values are available (34-
36). Several studies have already postulated the need for reliable
TE reference values for children, respectively the necessity of
further detailed research on TE measurement in the pediatric
context (6, 37).

With the aim to close this knowledge gap, this study
provides pediatric reference values and presents the respective
percentiles for the Transient Elastography measurements LSM
and CAP, based on our investigation of a large and well-
characterized cohort of healthy children and adolescents. We
decided to include children with overweight when estimating
percentiles because our analyses revealed that the influence of
BMI-SDS was similar as in children with normal weight. In
contrast, increasing BMI-SDS had considerably stronger effects
on LSM and CAP for children with obesity (Figure 3).

Furthermore, we analyzed the influence of age, sex, weight
and pubertal status on LSM and CAP. Thereby, we enable
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Effect of weight status on LSM and CAP. Linear regression curves including a 95%-confidence band are shown for the association of (A) LSM-
SDS and BMI-SDS and (B) CAP-SDS and BMI-SDS. N = 1358 from 647 children.
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Effect of pubertal status on LSM. Children with overweight/obesity (BMI-SDS > 2) but not with normal weight had significantly higher LSM values
in Tanner stage 4 and 5. Regression estimates including 95% confidence interval are shown.

examiners and practitioners to interpret LSM and CAP test
results in children more accurately, having appropriate reference
values at hand.

Our research has shown that LSM is age-dependent, and
LSM test results tend to increase with age in the pediatric
context. Our reference values for LSM are generally in line
with findings of other recent studies examining healthy
children (38-43). Likewise, the increase over age was also
observed in other studies (38-42). Contrary to this, Ramirez
et al., who investigated a cohort of 462 healthy children and
provided reference values as well, found no effect of age on LSM
(43). Potential reasons for this inconsistency include a different
age range (12 - 20 years) as well as a different ethnic and
geographic background of the cohort. A recent meta-analysis
with 1702 participants, on the other hand, also found that values
increase with age (40). Zeng et al. (44) provided reference values
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for five-year-olds based on a very large cohort. The reference
values they established were remarkably lower than ours. Since
we included participants starting at age 10 who, from the start,
showed higher values compared to those of five-year-olds (Zeng
2019: LSMsyeqrs median 3.2 kPa vs. Brunnert 2022: LSMgyears
median 3.9 kPa), we regard their study results, taken together
with ours, as strongly supporting the validity of the assumption
that pediatric LSM values increase with age. However, Mjelle
et al. (39) state that there is about the same number of studies
indicating an age-dependency of LSM values as there is for age-
independency. This clearly highlights the need to further
investigate the age-dependency of LSM values in the pediatric
context. In our study, LSM values peak at 14.5 years and stay
more or less stable afterwards. This leads to the assumption that
after age 18 no further increase in LSM values will occur. This
assumption is in line with the so far published studies of the
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adult population stating that LSM results show no age-
dependency (45, 46).

Moreover, our research has shown that LSM test results are
higher for boys. This is also confirmed by results from other
relevant recent studies (38, 39, 42). Tokuhara et al., on the other
hand, could not find any influence of sex on LSM results (41).
Likewise, the above-mentioned study by Ramirez et al. (43) did
not find sex-dependent alterations of LSM. Since our study
clearly shows the sex-dependency of LSM test results, we
expect that future research will further validate this outcome.

We could not identify any correlation between age, sex and
CAP. With regard to pediatric CAP measurements, there are
only a few published studies providing reference values. Ramirez
et al. (43) presented stable, age- and sex-independent CAP
values from the ages 12 to 20. Their findings are in line with
our observation that CAP values are neither age- nor sex-
dependent. This was also shown by a recent study by Ferraioli
et al. (47). However, Zeng et al. (44) identified a median CAP
value of 171db/m for five-year-olds, so there might be a tendency
for lower CAP values at younger ages, if we take into account
that our values for older children and adolescents are remarkably
higher (median LSM at age 15: 197dB/m for girls, 200dB/m for
boys). Since we only analyzed results of children aged 10 years
and older, our study could not add further insights on the
question of whether CAP values increase below age 10.

We found a positive correlation between weight status and
LSM as well as CAP test results, also found by Zeng et al. (44). In
addition, Ferraioli et al. (47) examined CAP values of children
categorized as ‘normal weight’, ‘overweight’ and ‘obese’. They,
too, found a significant positive association between CAP and
weight status (30). Lee et al. evaluated LSM in children with
obesity. Values were remarkably higher (16) than in our
reference population, which further supports our finding of a
considerable impact of weight status on LSM values.

Furthermore, we found that LSM but not CAP values differ
across puberty. To our knowledge, we present the first
examination of the impact of pubertal status on TE
measurements. Partly, the effect might be explained by the
increasing hepatic insulin resistance during puberty (48) as
our results suggest. Another reason for increased hepatic
insulin resistance is obesity (49). Accordingly, we found that
adolescents with obesity had significantly higher LSM, especially
in Tanner stage 4 and 5. The underlying mechanisms of this
phenomenon are unclear and should be subject to
future research.

Evaluating dual measurements, we could show that TE is a
method with medium reproducibility. Our findings are in line
with results of other studies investigating the reproducibility of
TE measurements: Ferraioli et al. reported a concordance
correlation coefficient (CCC) for CAP of 0.82 for children
with normal weight and 0.6 for children with obesity (17).
Rowland et al. reported a CCC for LSM of 0.85 (50). We
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would, therefore, suggest the implementation of a second
measurement in case of borderline TE results, to improve the
reliability of the results.

There are some limitations to our study. We only used data
from a single study center with limited access to subjects with
diverse ethnic background. Thus, our results are not necessarily
representative of pediatric patients worldwide. Furthermore,
families participating in the LIFE Child research project
generally have a socio-economic status above average (51)
which could also render our findings less representative with
regard to both the global pediatric population as well as the
general pediatric population of a particular state or region. In
addition, the HOMA-IR was only available for a subpopulation
(n = 196) which led to less power in the related analyses.
Moreover, for evident ethical reasons, we did not perform liver
biopsies to validate our test results.

Nevertheless, our study has several strengths. To our
knowledge, this paper is the first to provide reference values
for both LSM and CAP based on a large pediatric cohort from 10
to 18 years. Additionally, we established that age, sex, BMI-SDS
and pubertal status have an impact on TE test results and, thus,
should be considered when evaluating LSM and CAP values.
Accordingly, we suggest our sex- and age-adapted reference
values to interpret TE results in pediatric practice. There are
numerous studies evaluating the usefulness and feasibility of TE
for pediatric subjects, but most of them only examine patients
with NAFLD or obesity. However, in pediatric practice, we need
reference values guiding us in our endeavor to identify potential
risks or existing diseases in patients. Thus, the reference values
and percentiles we present in this paper can help us to red-flag
conspicuous test results.

Given the already high and, most likely, further increasing
prevalence of liver diseases such as NAFLD, it is paramount to
detect potential diseases at an early stage. Our paper attempts to
make a valuable contribution to this endeavor in terms of
research as well as practice.
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Background: Information on the influence of insulin treatment using advanced
hybrid closed loop systems (AHCL) on body weight of young patients with type 1
diabetes (T1D) is scarce. The aim of this study was to observe whether there were
any changes in body mass index (BMI) of children and adolescents with T1D
treated using the Medtronic Minimed 780G AHCL after 1 year of follow up and to
analyze potential associations between these changes and the insulin doses.

Materials and methods: For 50 children and adolescents (age 5.4-16.8 years,
24 (48%) boys, T1D for 3.9 + 2.56 years) using an AHCL system anthropometric
and AHCL data were collected prospectively. BMI Z-scores and two-week
AHCL records obtained after AHCL enrollment were compared with data after
6 months and also 1 year after starting AHCL.

Results: The BMI Z-score of the patients at 1 year follow-up did not change
from time of AHCL initiation (0.51 + 2.79 vs 0.57 + 2.85, p>0.05). There was a
slight increase in total daily insulin per kg of body weight (0.67 + 0.21 U/kg vs
0.80 + 0.21 U/kg, p <0.001), but the percent of basal insulin was unchanged
(34.88 + 6.91% vs 35.08 + 6.30%, p>0.05). We observed also no change (AHCL
start vs after 1 year) in glycemic control parameters: average sensor glucose
(131.364 11.04 mg/dL vs 132.45 + 13.42 mg/dL, p>0.05), coefficient of variation
(34.99+ 5.17% vs 34.06 + 5.38%, p>0.05), glucose management indicator (6.45
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+ 0.26% vs 6.48 + 0.32%, p>0.05), and time spent in the range of 70—-180 mg/dL
(79.28 + 8.12% vs 80.40 + 8.25%, p>0.05).

Conclusion: During the 1 year of follow-up the BMI of children and adolescents
with T1D treated with an AHCL system remained stable. Although there was a
slight increase in the total daily insulin dose, the percent of basal insulin was
unchanged. The patients maintained recommended glycemic control.

KEYWORDS

advanced hybrid closed-loop system, type 1 diabetes, children, body mass index, BMI,
basal insulin, total daily insulin dose, time in range

Introduction

The prevalence of overweight and obesity among youth with
type 1 diabetes (T1D) is steadily increasing and reached even
35% in recent reports (1-4). Excessive body weight complicates
attainment of recommended glucose control targets and is often
tied with use of higher daily and basal insulin doses (5, 6).
Obesity is also an independent, additional risk factor of macro-
and microvascular complications, non-alcoholic fatty liver
disease and polycystic ovary syndrome in individuals with
T1D (7-13). Moreover youth with T1D and obesity are at
higher risk of developing peripheral and cardiac autonomic
neuropathy (14-16).

Evidence from the Diabetes Control and Complications Trial
suggested that using high doses of insulin was related to weight gain
in patients with diabetes (17). Although a later 10-year observation
did not reach an identical conclusion (18) it seems that the relation
between insulin treatment and excessive body weight or weight gain
has not been fully explained (4, 8, 19-22).

Worth emphasizing is that children with T1D and obesity
face many difficulties when attempting to treat both conditions.
For example dieting and exercise, well known methods to
decrease body weight, require additional education, selfcare
and awareness due to the risk of hypoglycaemia (8, 23-25).

New technologies in the treatment of T1D, including the
advanced hybrid closed loop (AHCL) system may perhaps be a
good tool to make weight maintenance easier for children and
adolescents with T1D (26). On the other hand these new
technologies bring more flexibility in daily consumption.
Knowing the action of insulin and that the mainstay of
treatment for obesity are diet and exercise, one of the
necessary approaches is developing treatment strategies with
lowest possible daily insulin dose that would at the same not
impair the glycemic control (8, 24, 25, 27).

Because of the increasing problem of overweight and obesity
among children and adolescents with T1D it seems vital to
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further investigate this topic and increase the knowledge on how
to prevent or treat excessive body weight in these patients. A
recent meta-analysis showed no differences in weight gain in
children treated with either insulin pumps or multiple daily
injections (28, 29). However another study, that analyzed weight
in children who switched from MDI to insulin pump,
demonstrated different trends in weight gain. The results
indicated a positive association between the basal insulin dose
and rate of weight gain, while there was no association with the
total daily insulin dose (30). Insulin pump treatment using
recommended settings might help in reducing the basal insulin
dose (31).

Considering the above aspects, our study aimed to observe if
there were changes in weight of children and adolescents with
T1D using an AHCL system after 1 year of follow up and to
analyze potential associations with the daily and basal
insulin doses.

Materials and methods
Patients

We enrolled for the study and followed prospectively 50
children and adolescents with T1D, treated with the AHCL
system MiniMed 780G in automatic mode, at two regional
pediatric diabetes centers (Department of Children’s
Diabetology, University Clinical Hospital of the Medical
University of Silesia in Katowice and Department of
Pediatrics, University Clinical Hospital of the University of
Opole, Poland), both Centers of Reference of the SWEET
(Better control in Pediatric and Adolescent diabeteS: Working
to crEate CEnTers of Reference) network. Diabetes care for
children in Poland is centralized and carried out in regional
centers belonging mostly to academic institutions. Inclusion
criteria for the study were: age £ 18 years, as well as more
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than 70% of the sensor usage time, and more than 70% spent in
automatic mode - to obtain reliable continuous glucose
monitoring (CGM) and AHCL data.

Methods

The study group was characterized by biometric parameters
- age, sex, duration of T1D. Data from the AHCL system was
automatically sent to the CareLink server and retrieved using
CareLink Professional software (Medtronic MiniMed, USA).
Two-week AHCL records as well as anthropometric
parameters - body mass and height - were collected
prospectively: right after AHCL enrollment, 6 months, and 1
year after starting AHCL. For each time point the body mass
index (BMI) z-score was calculated using the individual’s weight
and height and the World Health Organization (WHO)
reference values (32). CGM readings were analyzed using
GlyCulator 3.0 software (Medical University of Lodz,
Poland) (33).

Statistical analysis

The statistical analyses were performed using the Statistica 13.3
software (StatSoft, Inc., Tulsa, OK, USA). Descriptive statistics
(mean, standard deviation, median, interquartile range, minimum
and maximum values, coefficient of variation, and their 95%
confidence intervals were calculated for each parameter. Data

10.3389/fendo.2022.1036808

distribution was tested using the Shapiro-Wilk test. The
differences between baseline and at 6 months follow-up as well as
between baseline and at 1 year follow-up, were established, using
Student’s t-test for dependent samples or the Wilcoxon signed rank
test, whichever was appropriate according to the data distribution.
Results were considered significant at p value lower than 0.05.
The study protocol was approved by the Local Bioethics
Committee of the Medical University of Silesia in Katowice
(Decision no. PCN/0022/KBI/83/2 of March 30, 2021).

Results

The study included 50 children and adolescents with an
average age of 9.9 + 2.4 years (median: 9.7, range: 5.4-16.8), 24
(48%) of them were male. The average onset of T1D was 6.0 +
2.9 (median: 5.7, range: 0.8-13.0) years and mean T1D duration
was 3.9 + 2.6 years (median: 3.63, range: 0.3-10.7).

BMI z-scores of the studied children and adolescents did not
change significantly neither after 6 nor after 12 months of
follow-up (Table 1 and Figure 1). There was a slight increase
in total daily insulin (TDI) dose from baseline (by 0.1 U/kg at 6
months and by 0.13 U/kg after 1 year of follow-up, p<0.001),
however the percent of basal and bolus insulin remained stable.
The amount of insulin in auto-corrective boluses increased
significantly at 6 and 12 months (respectively by 0.82 U and
1.24 U, p<0.05) (Table 1 and Figure 1).

In general we did not observe changes after 6 or after 12
months of follow-up in glycemic control parameters: average

TABLE 1 Body mass index, daily insulin doses and sensor data of children and adolescents with type 1 diabetes using the advanced hybrid closed-

loop system at initiation of the system, at 6 months and 1 year of follow-up.

AHCL
First two weeks

BMI z-score 0.57 £2.85
Total daily insulin [U/kg] 0.67 + 0.21
Basal insulin [%] 34.88 £ 691
Bolus insulin [%)] 65.02 + 6.9
Autocorrection [U] 2.85 +2.42
Sensor use [%] 95.1 + 3.94
Smartguard [%] 92.32 + 14.72

Average sensor glucose [mg/dl] 131.36+ 11.04
CV [%] 34.99+ 5.17

GMI [%] 6.45 £ 0.26

>250 mg/dl [%] 2.33 +2.52
180 - 250 mg/dl [%] 13.13 + 5.74
70 - 180 mg/dl [%] 79.28 + 8.12
54 - 70 mg/dl [%] 4.15 + 2.70
<54 mg/dl [%] 1.11 + 1,07

Two weeks after six months

AHCL AHCL

Two weeks after 1 year

0.55 +2.90 0.51 £2.79

0.77 £0.21 * 0,80 £ 0.21 **
33.16 + 5.09 35.08 + 6.36
66.84 + 5.09 64.92 + 6.36

3.67 £2.64 % 4.09 + 2.60 **
94.04 + 4.69 93.8 +4.52
96.62 + 5.70 97.56 + 2.79 **

132.46 + 11.73 132.45 + 13.42

33.75 £ 5.02 34.06 + 5.38
6.48 +0.28 6.48 + 0.32
Percent of sensor glucose values in range
234 + 231 2.68 +3.48
12.83 £ 5.88 12.59 £ 5.78
81.16 + 7.83 80.40 + 8.25
295+ 1.75* 34+234
0.73 £0.77 * 0.93 £ 0.92

AHCL, Advanced Hybrid Closed-Loop System; U, unit; CV, Coefficient of variation; GMI, Glucose Management Indicator; *, significant difference (p<0.05) between baseline 2 weeks using
AHCL and the 2 weeks after 6 months, ** significant difference (p<0.05) between baseline 2 weeks using AHCL and the 2 weeks after 1 year follow-up.
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FIGURE 1

Body mass index, daily insulin doses, basal percentage and TIR of children and adolescents with type 1 diabetes using the advanced hybrid
closed-loop system at initiation of the system, at 6 months and 1 year of follow-up.

sensor glucose, coefficient of variation, glucose management
indicator, and percent of sensor glucose values in different
ranges. Only the percent of time spent in range 54-70 mg/dl
and <54 mg/dl was significantly reduced after 6 months
(p<0.05), but did not differ from baseline after one year of
treatment (Table 1). After one year, the use of the AHCL auto
mode (% of time using Smartguard) increased significantly
(p<0.05), while maintaining similar time of sensor use (Table 1).

Discussion

We describe stable BMI z-scores of children and adolescents
with T1D using the AHCL system during a 1-year follow up
which is the first such long observation (34-45). Similar results,
also for a pediatric cohort of individuals with T1D, were
obtained by Tornese et al., who reported no change in BMI z-
score after 6 months of insulin treatment using either the hybrid
closed-loop (Minimed 670G) or AHCL (Minimed 780G)
systems. Noteworthy, our patients were characterized by more
optimal glycemic control (lower GMI 6.48% vs 7.1% and higher
TIR 81.16% vs 72%) after 6 months of AHCL use with a similar
time spent in auto-mode (96.62% vs 96) and percent of sensor
use (94.04% vs 92%) (36). Among the growing number of studies
evaluating the AHCL Minimed 780G system these are to our
knowledge the only two investigating the associations with BMI
z-score (34-45). Former studies that observed BMI in children
with T1D using insulin pumps other than AHCL showed not
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unequivocal results although the latest metaanalysis suggested
no change in body mass (28, 29).

Weight gain was linked to the basal insulin dose and seemed
to be independent from the TDI dose (30). Our observations
from this study stay in line with the previous findings - no
change in BMI z-score was accompanied by a slight increase in
TDI. The percentage of basal insulin was 34.88% and did not
change after 6 or 12 months of AHCL use. Also the largest
pediatric AHCL study during which 790 patients 15 years of age
were followed for 6 months (time in auto mode at 6 months
94.9%) revealed an increase in TDI (44). In two other
investigations the transition from sensor augmented pump
with low glucose suspend system (SAP-LGS) or predictive low
glucose suspend system (SAP-PLGS) to AHCL - contrary to our
findings - was associated with a decrease in basal insulin with a
simultaneous increase in bolus insulin, which is most likely due
to self-correction (39, 45). This small but significant increase of
TDI in our cohort may be partially explained by the fact that the
studied population was younger and some of these children
might have entered puberty during the observation time.

Another interesting observation from this study is the
increased use of the AHCL auto mode and no change of time
of sensor use after one year of observation. The high and
unchanged sensor use that was found also in another study may
result from the necessity to use it to operate the Minimed system
in automatic mode (36). The increasing time in auto-mode is
optimistic and would suggest that the patients are not only keen to
use it as a novelty but with time learn to rely on it and use it more.
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The studied cohort showed a high TIR and other sensor
parameters very well fitting the recommendations. This optimal
control was maintained during the 1 year of follow-up. Authors
of shorter, up to 6 months, observations described significant
improvements in glycemic control parameters after switching to
AHCL from SAP-LGS/PLGS. However the cohort presented in
this study as well as the subgroup of patients from Poland that
were included in the publication by Arrieta et al. had the best
baseline glycemic control (44).

The above discussed aspects suggest that the AHCL may
help to sustain good glycemic control without a risk of increasing
body weight. The unchanged percent of time <70 and <54 mg/dl
can be also interpreted as no increase in severe hypoglycaemia
risk. If AHCL could be a beneficial tool for overweight or obese
children with T1D in terms facilitaing weight reduction without
impairment in glycemic control requires further studies.

The novelty of this study is the longest, 1 year follow-up of
the AHCL use in auto-mode in the pediatric population
combined with the assessment of BMI z-score changes.
Another strength of this investigation is the youngest observed
until now (mean age: 9.88 + 2.44) (34-45) cohort characterized
by good glycemic control parameters. Nevertheless we
acknowledge the limitations, which include the lack of the
assessment of the amount of carbohydrates consumed as well
as no detailed dietary evaluation at baseline and follow up that
would allow us to note any changes in eating behaviors.

Conclusion

During the 1 year of follow-up the BMI z-score of children
and adolescents with T1D using an AHCL system remained
stable. Although there was a slight increase in the total daily
insulin dose, the percent of basal insulin was unchanged. The
patients maintained recommended glycemic control.
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Understanding the developmental origins of health and disease is integral to
overcome the global tide of obesity and its metabolic consequences, including
atherosclerotic cardiovascular disease, type 2 diabetes, hyperlipidemia, and
nonalcoholic fatty liver disease. The rising prevalence of obesity has been
attributed, in part, to environmental factors including the globalization of the
western diet and unhealthy lifestyle choices. In this review we argue that how
and when such exposures come into play from conception significantly impact
overall risk of obesity and later health outcomes. While the laws of
thermodynamics dictate that obesity is caused by an imbalance between
caloric intake and energy expenditure, the drivers of each of these may be
laid down before the manifestation of the phenotype. We present evidence
over the last half-century that suggests that the temporospatial evolution of
obesity from intrauterine life and beyond is, in part, due to the conditioning of
physiological processes at critical developmental periods that results in
maladaptive responses to obesogenic exposures later in life. We begin the
review by introducing studies that describe an association between perinatal
factors and later risk of obesity. After a brief discussion of the pathogenesis of
obesity, including the systemic regulation of appetite, adiposity, and basal
metabolic rate, we delve into the mechanics of how intrauterine, postnatal
and early childhood metabolic environments may contribute to adult obesity
risk through the process of metabolic conditioning. Finally, we detail the
specific epigenetic pathways identified both in preclinical and clinical studies
that synergistically “program” obesity.

KEYWORDS

childhood obesity, metabolic programing, epigenetics, in utero environment,
cardiometabolic risk, postnatal conditions
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Key Messages

1. Obesity is the result of a dynamic interplay between
genetics, physiology, behavior, and environment, that
accumulate over time from conception and can
predispose to energy homeostasis perturbations
throughout the lifespan.

2. Developmental plasticity allows for the conditioning or
“programming” of obesity in response to the metabolic
environments of intrauterine, postnatal, and early
childhood, that may be responsible for resistance to
weight loss efforts in later life.

3. The metabolic environments in the prenatal, postnatal,
and early childhood periods, reflective of maternal
nutrition, postnatal feeding, and early childhood
adiposity, respectively, significantly contribute to adult
health outcomes.

4. Emerging evidence suggests that in utero, postnatal and
early childhood metabolic environments affect adult
basal metabolic rate and, in turn, obesity risk through
metabolic programming, that needs further exploration.

5. Altered maternal levels of metabolic substrates and
hormones in obesity contribute to maternal insulin
resistance, oxidative stress and inflammation, resulting
in perturbations in glucose and lipid homeostasis and
feeding circuitry in the perinatal period, contributing to
long-term obesity risk.

6. The in utero environment of maternal obesity, and the
concomitant short-term aberrations in energy
homeostasis during the perinatal period, translate to
long-term obesity risk through both central and
peripheral epigenetic modifications that regulate
energy homeostatic set points.

7. Epigenetic changes are not exclusive to the perinatal
period; these changes may occur during childhood and
beyond in response to behavioral and environmental
factors.

8. Epigenetic pathways that contribute to the conditioning
of obesity are highly dynamic and reversible. Currently
known pathways include variations in methylation
status of obesity-related genes, which occur in
response to maternal, postnatal, and early childhood
nutrition, and have been shown to be associated with
differences in adiposity and body composition in infancy
and beyond.
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Introduction

Early life exposures “program” long-term
obesity risk

The global impact of childhood obesity

Childhood obesity has become one of the most pervasive
global health crises of this century. In 2020, 39 million children
worldwide under the age of 5 years had overweight or obesity.
The prevalence of overweight and obesity in children aged 5-19
years across genders quadrupled from 4% in 1975 to over 18% in
2016. Further, what was once considered to be an epidemic of
the Western world, childhood obesity has infiltrated both low-
and middle-income countries. Since 2000, there has been a 24%
increase in the prevalence of overweight/obesity in children
under 5 years in Africa, while 50% of all children under 5
years with overweight and obesity lived in Asia in 2019 (1).

Obesity impacts growth and development from infancy, and
is associated with increased risk of body dissatisfaction,
depressive symptoms and low self-esteem during childhood
and adolescence (2, 3). Childhood obesity persists into
adulthood and is associated with higher prevalence of
cardiometabolic risks including atherosclerotic cardiovascular
disease (ASCVD), type 2 diabetes (T2D), hyperlipidemia and
nonalcoholic fatty liver disease (NAFLD) (4).

Systemic regulation of adiposity and metabolic
rate

Many genes associated with body mass index (BMI) are
expressed in the hypothalamus, which receives sensory inputs
from peripheral organs including the gastrointestinal (GI) tract,
liver, adipose tissue, pancreas, and skeletal muscle regarding the
overall metabolic status of the organism, to regulate food intake,
appetite, and body weight (5). The “gut-brain-axis” is critical for
some of these inputs due to the presence of mechanosensors and
chemoreceptors in the intestinal epithelial wall that sense both
volume and nutrient content of ingested food. This information
is communicated centrally via two mechanisms: vagal
innervation and endocrine hormones. GI-derived hormones,
such as glucagon like peptide-1 (GLP-1) and ghrelin, not only
behave in a paracrine manner to affect the local absorption and
metabolism of nutrients, but can also act centrally through
signaling pathways to affect feeding behavior and whole-body
energy homeostasis (6). Hormones produced by adipose tissue,
pancreas, skeletal muscle, and liver also serve as sensory inputs
for the hypothalamus, including leptin, cholecystokinin, peptide
YY, insulin, fibroblast growth factor 21 (FGF21) and other
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“adipokines” and “myokines,” which regulate systemic lipid and
carbohydrate homeostasis (7). The level of leptin, produced by
adipose tissue, is directly proportional to its mass. Its functional
roles during early stages of development are diverse (8). In
adults, however, reduction and/or absence of leptin promotes
food intake and decreases energy expenditure (9). Together with
the corticolimbic system and hindbrain, the hypothalamus
integrates peripherally derived inputs to regulate appetite and
food intake.

In addition to food intake, energy expenditure (EE) is an
important component of metabolic homeostasis and is largely a
combination of basal metabolism, thermogenesis, and physical
activity. While central neuronal networks play a role in the
regulation of EE, the critical component of EE, basal metabolic
rate (BMR), is primarily determined by fat-free mass. Fat-free or
“lean” mass is composed of skeletal muscle, which together with
other metabolically active organs including the liver, heart, brain
and kidneys, contribute to BMR (10). Skeletal muscle is a major
player for insulin mediated glucose disposal; and dysregulation
of skeletal muscle metabolism can strongly influence glucose
homeostasis and insulin sensitivity predisposing to obesity
related metabolic diseases (11).

Based on the laws of thermodynamics, obesity is a
consequence of an imbalance of food intake and energy
expenditure. But how and when such perturbations take place,
and in what circumstances and metabolic environments they are
more likely to occur, plays a vital role in determining the overall
risk of obesity which will be discussed in the following sections.

The role of “programming” in the pathogenesis
and treatment of obesity

Obesity is the result of a dynamic interplay between genetics,
physiology, behavior, and environment, that accumulate over
time since conception and can predispose to perturbations in
energy homeostasis throughout life. The most widely studied
and accepted interventions for obesity are lifestyle modifications,

KEY MESSAGE 1

Obesity is the result of a dynamic interplay between genetics, physiology,
behavior, and environment, that accumulate over time since conception
and can predispose to energy homeostasis perturbations through lifespan.

including exercise and dietary changes. However, both the
efficacy and sustainability of such interventions are
questionable, as the majority of individuals with obesity are
unable to maintain reduced weight despite effective weight
loss (12).

Socioeconomic factors, including accessibility to resources,
are important limitations to the overall success of lifestyle
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interventions. As obesity often affects populations of limited
socioeconomic resources, lifestyle modifications are challenging
to initiate and sustain in the populations that would most benefit
from such interventions, often due to a lack of resources and low
health literacy (13, 14).

Further, if obesity was simply driven by an imbalance
between food intake and expenditure at a single time point,
lifestyle interventions would result in more positive and
consistent outcomes. However, despite many public health
measures promoting healthy lifestyle habits and health care
spending on the screening and prevention of obesity and
metabolic syndrome, obesity related ASCVD remains the
leading cause of morbidity and mortality in the US and
worldwide (15, 16).

There are several physiological mechanisms that explain
why sustained weight loss through lifestyle modifications
remains difficult (7, 17). Caloric restriction, both in short- and
long-term, reduces 24-hour EE (18-20). In addition, several
neuroendocrine hormones fluctuate in response to either caloric
restriction or acute weight loss, including reductions in leptin
and cholecystokinin and an increase in ghrelin, which ultimately
function to increase appetite and promote weight regain.
Sumithran et al. found that these hormonal fluctuations and
increased appetite following 10% weight loss over 8 weeks (and
subsequent weight stabilization), persist at 1 year (7). What
causes these acute and chronic fluctuations in neuroendocrine
signaling that ultimately thwart intervention and promote
obesity? While genetic predisposition, socioeconomic factors,
lifestyle habits and environmental exposures all contribute to the
risk of obesity, the metabolic environment during early
development lays the critical foundation for the conditioning
of obesity and long-term ASCVD risk (Figure 1).

Studies discussed in the following sections show a clear
association between perinatal and childhood metabolic
exposures including maternal under- and over-nutrition,
maternal diabetes, breastfeeding, early infancy weight gain,
and later health outcomes, including obesity and T2D. We
hypothesize that developmental plasticity allows for the
conditioning or “programming” of obesity in response to the
metabolic environments of intrauterine, postnatal, and early
childhood life, that play an important role in the resistance to
weight loss efforts in later life. Further, if obesity is, in part, the
result of conditioning or “programming” of certain physiologic
processes established during critical developmental periods of
early life, then lifestyle interventions initiated during adulthood

KEY MESSAGE 2

Developmental plasticity allows for the conditioning or “programming”
of obesity in response to the metabolic environments of intrauterine,
postnatal, and early childhood, that may be responsible for resistance to
weight loss efforts in later life.
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Time

The relative contributions of various exposures to the cumulative risk for obesity over time from conception. Several factors contribute to the
pathogenesis of obesity. We propose that intrauterine and postnatal exposures make relatively large contributions to the cumulative risk for
obesity, in addition to the genetic predisposition. Studies described in this review have shown that postnatal exposures could potentially reverse
the pathological events of intrauterine life in the setting of either maternal undernutrition or obesity, suggesting a more significant role for the
postnatal environment in the “programming” obesity. We hypothesize that obesity risk acquired beyond early life, primarily in adolescence and
adulthood through poor eating and lifestyle habits potentiated by socioeconomic status and other environmental factors, make an even greater
contribution to obesity risk due to the sheer amount of time and opportunities available to accrue risk, although this is largely dependent on

the individual.

will be insufficient to revert the initial “code” (21, 22).
Addressing the risk for obesity in mothers prior to conception
or during these critical developmental periods will likely produce
favorable long-term outcomes.

The “developmental origins of health and
disease” hypothesis and defining the
phenomenon of metabolic programming

Metabolic programming (also called developmental
programming) refers to the contribution of environmental
exposures and nutrient imbalance from conception to early
postnatal life — the critical times of organ development and
maturation — to the risk of obesity and metabolic syndrome in
adulthood, even after the absence or reversal of such exposures
(17, 21-23). This is a more focused topic within a larger field
known as the developmental origins of health and disease, or
simply called “DOHaD.” Barker and other experts coined this
concept as the “fetal origins of disease” in the 1990s (17, 23-26).
Both terms refer to a similar phenomenon in which exposures
during critical developmental periods affect long-term
health outcomes.

Many experts argue that the term “programming” is not
accurate or reflective of the reversible and dynamic nature of
these physiologic yet nonadaptive responses and prefer the term
“conditioning” instead (17). Throughout this review, accepting
both the limitations of the word “programming” as well as its
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prevalent use in scientific literature, we will interchangeably use
these terms referring to the same phenomenon.

Epidemiological studies supporting
the role of metabolic programming
of obesity

Risk factors for obesity acquired during
different periods of development

Prenatal period

The metabolic environments in prenatal, postnatal, and
early childhood, which are, in turn, reflective of maternal
nutrition, postnatal feeding and early childhood adiposity,
respectively, contribute to adult health outcomes. One of the
earliest insights into the effects of the in utero environment on
risk of obesity is from the evaluation of the Dutch “Hunger
Winter:” the tragic food restriction imposed upon much of the
Northern Holland population by Germany during World War IT
(27). Over a 6-month period (October 1944 to April 1945),
caloric intake was markedly decreased from 1500 to 500 kcal,
including that for pregnant women. Exposure to maternal
undernutrition during the first or second trimesters increased
the prevalence of obesity and cardiometabolic risk in the
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KEY MESSAGE 3

The metabolic environments in the prenatal, postnatal, and early
childhood periods, reflective of maternal nutrition, postnatal feeding
and early childhood adiposity, respectively, significantly contribute to
adult health outcomes.

offspring at 18 years of age, when compared to those exposed in
the third trimester.

There is significant controversy on the association of birth
weight and later obesity risk. In a series of studies conducted
since 1989, Barker et al. showed that individuals from the UK
with low birth weight had higher risk of coronary heart disease
and other risk factors associated with metabolic syndrome
including T2D and elevated blood pressure in adulthood (23-
26). Based on these studies, Barker proposed that chronic,
degenerative conditions of adulthood, including heart disease
and T2D, may be triggered by malnutrition during the in utero
period (fetal “programming”), remain latent for many years, and
manifest later in life. Deng et al. found that children from
Guangzhong, China with high birth weight had higher odds of
overweight/obesity compared to infants with normal birth
weight (Odds ratio [OR] 2.42, 95% confidence interval (CI):
1.56; 3.76) (28). Large scale studies have confirmed a U-shaped
relationship between birth weight and long-term outcomes, with
both higher and lower levels associated with increased risk of
different magnitude (29, 30). Further, there is an additive
interaction of high birth weight and insufficient physical
activity, such that children with high birth weight and lack of
physical activity were 3.75 times more likely of being overweight
or obese at age 7-9 years compared to those with normal birth
weight and sufficient activity (OR 3.75, 95% CI: 2.06; 6.83) (28).

But why such discrepancies? Birth weight, although can be
considered a marker of fetal health, is not a holistic reflection of
the dynamics of intrauterine metabolic environment over time.
As shown in the Dutch famine study, the gestational age during
which maternal caloric restriction occurs may affect later obesity
risk differentially, suggesting the presence of critical
developmental windows. Further, there are several paths that
can lead to a low birth weight independent of maternal body
composition, food/caloric intake, or nutritional status. Mild
prematurity, as well as intrauterine growth restriction
secondary to uteroplacental insufficiency in the setting of
chronic or gestational hypertension, smoking exposure, et
cetera may also contribute to low birth weight, although
studies in the UK, USA and Australia have shown that the
associations between low birth weight and cardiovascular disease
risk are not the result of such confounding variables (31-34).
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More importantly though, while Barker’s hypothesis on the
effects of intrauterine life on later health outcomes has been
confirmed, the “fetal origins of disease” hypothesis does not
consider the metabolic environment in the postnatal period, that
is also known to affect future obesity risk. Indeed, considering
the exponential rise in the prevalence of ASCVD since Barker’s
studies, individuals with birth weight across the spectrum are
likely to be impacted.

Other prenatal factors such as maternal diabetes and obesity,
have been shown to contribute to obesity risk in children both
during infancy and later in life. A large population-based
comprehensive cohort study evaluated the association between
diabetes in the mother (diabetes with insulin treatment, non-
insulin treated diabetes and gestational diabetes), stratified by
maternal prepregnancy BMI, and large for gestational age (LGA)
at birth (35). Pregnant mothers with increasing BMI in the
absence of diabetes had increasing odds of having an LGA
offspring (36, 37). The adjusted OR for mothers with
prepregnancy BMI of 25-29, 30-34 and > 35 having LGA
infants were 1.91, 2.45 and 3.38, respectively (95% CI: 1.83-
2.00; 2.29-2.62; 3.08-3.71). Risk for LGA in offspring of mothers
with obesity doubled in the presence of gestational diabetes and
roughly tripled with T2D. Mothers who had insulin-treated
diabetes had the highest risk of having LGA offspring
regardless of BMI (35).

The Hyperglycemia and Adverse Pregnancy Outcome
(HAPO) Study, designed to assess the impact of
hyperglycemia on short- and long-term outcomes on the
offspring, showed higher frequency of birth weight over 90"
percentile, primary Caesarean section, and cord-blood serum C-
peptide over 90" percentile (a marker of fetal hyperinsulinemia)
with increasing hyperglycemia while adjusting for maternal
prepregnancy BMI (38, 39). Further, children of mothers with
hyperglycemia showed higher levels of obesity, glucose
intolerance and insulin resistance at 10-14 years of age (40,
41). These data suggest that maternal hyperglycemia, even if not
clinically considered gestational diabetes, is an important risk
factor for perturbations in energy homeostasis and obesity in
children, independent from maternal hyperinsulinemia, insulin
resistance or obesity, perhaps driven by a hyperglycemic in
utero environment.

The 1996 National Longitudinal Survey of Youth, Child and
Young Adult in the US showed that children at 2-14 years of age
born to mothers with obesity prior to pregnancy were
approximately four times more likely of being obese (95% CI:
2.6; 6.4, P < 0.001) (42). Additionally, a meta-analysis of data
acquired from birth cohort studies from Europe, North America
and Australia showed that higher maternal prepregnancy BMI
and gestational weight gain were associated with higher risk of
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childhood overweight/obesity, most significantly in late
childhood (10-18 years) (43).

Postnatal period

In the postnatal period, breastfeeding is found to have a
protective effect against obesity (44). In a systematic review,
Horta et al. showed that children (age 1-9 years), adolescents
(age 10-19 years) and adults (> 20 years) who were breastfed as
infants, have a reduction in the prevalence of overweight or obesity
by 26% (95% CI: 21%; 32%), 37% (95% CIL: 27%; 46%) and 12%
(95% CIL: 6%; 18%) respectively (45). The protective effect was
more substantial in youth compared to adults, likely due to the
accumulation of other environmental factors that may dilute the
impact of breastfeeding over time. Further, while most studies were
from high-income settings, the effect was consistent across income
classifications. Breastfeeding during infancy is also associated with
reduced odds of T2D in subjects aged 10-19 years [pooled OR: 0.46
(95% CI: 0.33; 0.66)]. However, this effect was not statistically
significant in subjects older than 20 years of age, re-emphasizing
the impact of other contributors in adulthood (45).

Early childhood

Weight gain during the first two years of life, is often used as
a surrogate marker for overall metabolic status and has been
shown to affect persistent risk for obesity (46, 47). Rapid weight
gain during early infancy, especially during the first 4-6 months
of life, is associated with higher risk of obesity both in childhood
(at 6-8 years of age) and in adulthood (at 20 years). Eid et al.
showed that the prevalence of obesity was greater in infants with
rapid weight gain (9.4%) in the first 6 months of life compared to
those with slower weight gain (1.9%) as early as 1970 (48). In
2002, in a large-scale prospective cohort study, Stettler et al.
demonstrated a 38% (95% CI: 32%-44%) increased risk of
overweight status in children aged 7 years for each 100 gram
per month increase in weight gain during the first 4 months of
life, independent of birth weight (49). Over two dozen studies
have since shown a similar association between rapid early
childhood weight gain and later obesity risk (50-54).

Accelerated weight gain during infancy also increases the
long-term risk of insulin resistance (55). Singhal et al. measured
32-33 split proinsulin, a serum marker of insulin resistance, in
adolescent populations (age 13-16 years) with a history of
prematurity who received either nutrient-enriched or lower-
nutrient diet during infancy. Premature infants fed nutrient-
enriched formula had greater levels of fasting 32-33 split
proinsulin (7.2 pmol/L, 95% CI 6.4-8.1) in adolescence
compared to those fed lower-nutrient diet (5.9 pmol/L, 95%
CI 5.2-6.4), with a mean difference of 20.6% (p = 0.01).
Furthermore, fasting 32-33 split proinsulin concentration was
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associated with greater weight gain in the first two weeks of life
(13.2% [5.4-20.9] change per 100 g weight increase; p = 0.001).
These data indicate that relative undernutrition during the
postnatal period in premature infants may be protective
against development of insulin resistance later in life.

The UK-based Avon longitudinal study of parents and
children (ALSPAC), found a significant association between
weight gain in infancy and seven other independently
associated factors with the risk of obesity in 7-year-old
children: birth weight, parental obesity, sleep duration,
television viewing, size in early life, catch-up growth and early
adiposity or BMI rebound (before 43 months) (56, 57). Children
in the highest quartile for weight at age 8 months and 18 months
were more likely to have obesity at age 7 years with an OR of 3.13
(95% CI: 1.43; 6.85, p = 0.004) and 2.65 (95% CI: 1.25; 5.59, p =
0.011), respectively. Children with a history of rapid catch-up
growth between 0-2 years were approximately 2.6 times more
likely to be obese at 7 years of age (OR 2.60, 95% CI: 1.09:6.16, p
= 0.002). Adiposity rebound, which corresponds to the second
rise in BMI that typically occurs between 5-7 years of age, was
associated with later obesity risk. Specifically, early adiposity
rebound (by 61 months) and very early adiposity rebound (by 43
months) were both associated with risk of obesity at 7 years, with
ORs of 2.01 (95% CI: 0.81; 5.20, p < 0.001) and 15.00 (95% CI:
5.32; 42.30, p < 0.001) respectively.

Collectively, these studies describe associations between in
utero, postnatal, and early infancy factors that affect one’s
metabolic environment, predisposing not only to childhood
obesity but also metabolic syndrome. Before taking a deeper
dive into why such associations may exist, we will first define
obesity and briefly summarize the factors that affect whole-body
adiposity and metabolic rate, both of which contribute to the
pathogenesis of obesity.

A word on BMI and other measures
of obesity

In studies discussed throughout this review, various markers
of obesity were used as proxy measures of fat accumulation. BMI
(weight [in kg]/height2 [in m]) is often used as a marker of
excessive fat accumulation and is the most common measure of
obesity in epidemiological studies over the age of 2 years. The
World Health Organization (WHO) defines obesity in adults as
BMI > 30 kg/m> In children under 5 years, BMI-for-age, and
weight-for-height measurements according to specific growth
standards are frequently used (47). The WHO defines obesity as
weight-for-height > 3 standard deviations above the median
WHO Child Growth standards, while the Centers for Disease
Control (CDC) defines childhood obesity as BMI > 95th
percentile for sex and age as per the CDC 2000 growth charts.

There are several limitations to the use of BMI as a marker of
fat accumulation. The calculation of BMI includes both body
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weight and height. However, body weight reflects both fat mass
and fat-free mass. Thus, BMI is not an accurate depiction of
one’s fat mass. Furthermore, several factors have been shown to
affect BMI including age, race, physical training, et cetera. For
example, BMI may not be an accurate measure of fat mass in
various South Asian populations where the “thin yet fat”
phenotype is prevalent (58), or in athletes where BMI
overestimates adiposity (59).

Body mass and body composition are more accurate measures
of adiposity. However, these are not easily accessible and
expensive for large-scale studies. Nonetheless, various
instrumentations have been used to measure lean and fat mass
in humans and animals including dual energy X-ray
absorptiometry (DEXA), bioelectrical impedance analysis (BIA),
nuclear magnetic resonance (NMR), air displacement
plethysmography, and doubly labeled isotope water, many of
which are becoming more easily accessible in academic centers
(47). Other methods to study adiposity include measuring waist
and/or hip circumference, as markers of central obesity, and
skinfold thickness, as a marker of subcutaneous or visceral
adiposity (triceps, subscapular biceps, abdomen). However, the
lack of accuracy and reproducibility of such measurements limits
their use (47, 58). More accurate, cost-effective, and easily
attainable and reproducible measures of adiposity should
continue to be developed to improve the validity of these
studies and should be considered an important limitation of
studies of obesity in children and adults conducted thus far.

While the WHO and CDC have a clear definition of obesity
from a macroscopic standpoint, on a cellular and physiologic level,
obesity is an interplay of complex factors involving several organ
systems. Importantly, although fat accumulation is reflective of
the obese phenotype, a relative decrease in lean mass, which
contributes to BMR, plays an important contribution to the
development of obesity.

KEY MESSAGE 4

Emerging evidence suggests that in utero, postnatal, and early childhood
metabolic environments affect adult basal metabolic rate and, in turn,
later obesity risk through the process of metabolic programming, that
needs further exploration.

The role of fat free mass in the
conditioning of obesity

While measures of body weight and adiposity in childhood
and adulthood are associated with one’s perinatal metabolic
environment, the role of fat-free mass and BMR in the
conditioning and pathogenesis of obesity remains unclear.
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It was initially hypothesized that birth weight, which
contributes to obesity in adulthood, would be negatively
associated with fat-free mass and adult BMR. However, several
studies have shown contrary results (60-62). Weyer et al.
showed that while birth weight is positively associated with
both fat-free mass as well as 24-hour adult EE, it is negatively
associated with sleeping metabolic rate (62). While the clinical
significance of this finding with regards to the pathogenesis of
obesity is unclear, more thorough investigation may be needed
to assess the effects of intrauterine metabolic milieu on adult fat-
free mass and BMR. Further, the use of birth weight itself as a
proxy measure for intrauterine nutritional status, is highly
contentious. Perhaps more appropriate, future studies will
determine the association between postnatal factors such as
breastfeeding and early infancy weight gain, and adult fat-free
mass to gain a better understanding of the role of BMR in the
pathogenesis of obesity.

Thus far we have (1) discussed the global impact of
childhood obesity, (2) defined obesity and factors which
contribute to its pathogenesis including central and peripheral
regulation of appetite, adiposity and BMR, (3) introduced the
concept of metabolic conditioning and its role in the
pathogenesis of obesity, and (4) presented data that supports
the phenomenon of programming, which show an association
between in utero, postnatal and early infancy metabolic factors
and long-term obesity risk. In the next section, we will discuss
how early developmental metabolic conditioning contributes to
adult obesity risk.

Mechanisms of metabolic
conditioning of obesity and
cardiovascular disease risk

The conditioning of obesity in response
to maternal undernutrition vs
maternal obesity

The concept of metabolic programming for obesity was first
demonstrated preclinically in the 1960s, although the term
“metabolic programming” would be coined a few decades later
(46). Robert A. McCance, an English scientist, found that
overfeeding rats during the early postnatal period increased
their body size in adult life. A similar outcome was
demonstrated in male infant baboons by Lewis et al, where
feeding a nutrient-enriched formula, with 30% excess calories,
resulted in increased mesenteric and omental fat depots at 5
years (46, 63).

The Dutch famine study linked the metabolic environment
of the fetus and later obesity risk with the specific gestational
period of maternal undernutrition. While human fetal adipose
depots develop between 14-24 weeks of gestation, they undergo

frontiersin.org


https://doi.org/10.3389/fendo.2022.1032491
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Rajamoorthi et al.

significant expansion only in the third trimester, which is
dependent on fat cell replication (64, 65). On the other hand,
hypothalamic neurons develop by 15-18 weeks’ gestation and
hormone activity in the hypothalamic-pituitary-adrenal axis can
be seen as early as 8-12 weeks’ gestation and continues to mature
in subsequent weeks (66). In the cohort exposed to poor
nutrition in the third trimester, it is possible that the lack of
maternal caloric intake restricted expansion of fetal adipose
tissue, resulting in the programming of adipocytes with
decreased propensity for replication, even in the presence of
sufficient caloric intake. On the other hand, children exposed to
nutrient deprivation in the first two trimesters, were
programmed for increased responsiveness to caloric cues,
cravings, or appetite due to insufficient energy substrate
availability during the critical development period of
the hypothalamus.

Malnutrition during the first two trimesters results in a
“thrifty” phenotype, commonly known as the “predictive
adaptive response”. Such conditioning becomes maladaptive in
the presence of sufficient or excess nutrition later in childhood,
adolescence, or adulthood. It is this mismatch between
developmental conditioning and paradoxical exposures later
that ultimately lead to adverse health outcomes and the risk
for non-communicable disease. When the environment changes,
the conditioning becomes nonadaptive. We hypothesize that a
more thorough understanding of the temporo-spatial
progression of obesity from early development will aide in the
discovery of therapeutic interventions to prevent or reverse these
maladaptive processes.

The concept of mismatch has been studied more
comprehensively in preclinical models (21, 67-69). Using a rat
model, Vickers et al. showed that maternal undernutrition
during pregnancy promotes obesity and metabolic syndrome
in male and female offspring, that is worsened by high-fat diet
(HFD) feeding in the postnatal period (68). Administering leptin
in the early neonatal period of 3-13 days, a critical period
characterized by a high degree of developmental plasticity,
reversed this phenotype (68). Gluckman et al. showed that
leptin treatment in this critical postnatal period modified the
transcription and methylation of genes expressed in the liver that
regulate whole-body energy homeostasis including peroxisomal
proliferator-activated receptor alpha (PPAR); however, the
metabolic “program” and direction of these changes depended
on the initial perinatal environment (21). Using the same rat
model of maternal undernutrition with postnatal hypercaloric
nutrition, Vickers et al. also showed that IGF-1 treatment
alleviated hyperphagia, obesity, hyperinsulinemia and
hyperleptinemia in offspring from malnourished dams (69).

This concept of developmental mismatch, however, does not
apply when the exposure remains consistent. While maternal
undernutrition may condition a “thrifty phenotype” resulting in
offspring who develop obesity with exposure to high caloric diet
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later in life, how does maternal obesity result in obese offspring?
One could hypothesize that like the evolutionary anticipation of
possible future undernutrition in oftspring born to malnourished
mothers, offspring born to obese mothers should also develop a
“predictive adaptive response” for future overnutrition and thus
have reduced propensity for adipocyte replication and increased
levels of satiety with feeding. However, several epidemiological
studies, discussed previously, have shown the contrary: maternal
obesity increases adiposity in offspring and programs later
obesity possibly through obesogenic modifications in appetite
regulation and energy metabolism (35-37, 42, 43). Preclinical
studies have demonstrated the effects of maternal obesity on
offspring adiposity phenotype (70-73). For example, Chen et al.
noted that HFD feeding in female rats resulted in increased body
weight and adiposity, hyperlipidemia and glucose intolerance in
male pups at postnatal day 20 (71). White et al. showed that rat
offspring at 18 weeks of age from dams fed a HFD prior to
pregnancy, weighed significantly more than offspring from dams
fed a normal diet (74).

Hanson and Gluckman in their comprehensive review of the
DOHaD hypothesis, argue that maternal undernutrition (an
integral thread throughout human history) has been
recognized, evolutionarily, as harmful for normal development
thus requiring a predictive adaptive response in order to produce
fertile, viable offspring (17). Maternal obesity, on the other hand,
is a relatively newer “stress” which is not yet recognized in our
collective epigenetic or genetic code as maladaptive to
development, since it was vanishingly rare only 10 generations
ago, and the majority of offspring from mothers with obesity are
viable into adulthood and capable of reproduction (17). In
contrast to maternal undernutrition, maternal obesity likely
plays a pathophysiological role in the development of obesity
in offspring by altering the metabolic milieu of intrauterine life

KEY MESSAGE 5

Altered maternal levels of metabolic substrates and hormones in obesity,
which contribute to maternal insulin resistance, oxidative stress, and
inflammation, resulting in perturbations in glucose and lipid homeostasis
and feeding circuitry in the perinatal period, contributing to long-term
obesity risk.

(Figure 2). We submit that altered maternal levels of metabolic
substrates and hormones in the setting of obesity, which
contribute to maternal insulin resistance, oxidative stress and
inflammation, cause perturbations in glucose and lipid
homeostasis and feeding circuitry in the perinatal period,
ultimately contributing to long-term obesity risk. These
pathophysiological factors will be discussed in detail in the
next section.
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FIGURE 2

Differential pathways to obesity in response to maternal undernutrition vs overnutrition. Maternal undernutrition is hypothesized to condition
obesity through a “predictive adaptive response,” in which the fetus programs its homeostatic set points in anticipation of persistent caloric
deficit. However, the adaptive response becomes maladaptive in the setting of a mismatch between the anticipated environment and
paradoxical exposures later in life. On the other hand, maternal overnutrition activates a pathological response in the fetus characterized by

dysregulation in hormonal pathways involved in energy homeostasis.

Maternal obesogenic factors that
mediate the conditioning of obesity

Circulating metabolic substrates

Maternal obesity is associated with elevated levels of
metabolic substrates including free fatty acids (FFAs), glucose
and altered lipoprotein profile. FFAs and glucose can
independently contribute to fetal overgrowth due to increased
availability of substrates (75). Development of maternal insulin
resistance and a proinflammatory state in the setting of
hyperglycemia and hyperlipidemia may also contribute to an
abnormal metabolic transition in early postnatal life (75).
Further, exposure to elevated metabolic substrates may cause
direct glucotoxic and lipotoxic effects on placental proteins,
which in turn have been shown to contribute to oxidative
stress, endoplasmic reticulum (ER) stress and proinflammatory
pathways affecting overall placental function (76). In response to
increased placental transport of glucose to the fetus, fetal
hyperinsulinemia develops which is hypothesized to contribute
to obesity conditioning in the offspring (77). Intrahypothalamic
administration of insulin to rat pups during early development
of central feeding circuitry increases body weight, impairs
glucose tolerance, and promotes development of obesity and
diabetes later in life (78), emphasizing its role in body weight
regulation in addition to being a potent growth factor (79).
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Circulating hormones
Insulin and leptin

Maternal obesity is associated with hyperinsulinemia,
however maternal insulin does not cross the placenta (75, 80).
While the pregnant state is naturally associated with peripheral
insulin resistance to maximize glucose availability for the
developing fetus, pregnant women with obesity have 50-60%
higher postprandial insulin levels and are more glucose
intolerant than those without obesity. Regardless, the placenta
remains normosensitive to insulin in women with obesity, thus,
increased placental insulin activation, along with leptin, has been
shown to promote mTOR signaling leading to increased glucose
and amino acid transport across the placental barrier and fetal
overgrowth (81).

It is unclear which components of abnormal glucose
homeostasis associated with maternal obesity - maternal
hyperglycemia, hyperinsulinemia, or insulin resistance -
contribute to the dysregulation of metabolic homeostasis in
offspring and future obesity risk. As discussed before, the
HAPO study showed that maternal hyperglycemia, in the
absence of overt diabetes, increases frequency of LGA and fetal
hyperinsulinemia (38), aligning with the concept that increased
glucose availability and placental uptake contributes to fetal
overgrowth (75). Although insulin does not cross the placental
barrier, maternal hyperinsulinemia may exert effects on the
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placenta allowing for increased fetal nutrient uptake. While
difficult to isolate the effects of maternal insulin resistance
without overt diabetes on outcomes in humans, using a
heterozygous knockout mouse model for insulin receptor,
Carmody et al. studied the effects of maternal insulin
resistance with or without maternal HFD on progeny.
Maternal insulin resistance alone did not affect body weight,
body composition, glucose homeostasis or expression of
hypothalamic neuropeptides that regulate feeding behavior,
suggesting that the intersection of maternal insulin resistance
with HFD feeding is required for the metabolic programming of
obesity (80). Future clinical and preclinical studies are required
to isolate the individual contributions of maternal
hyperglycemia, hyperinsulinemia, and insulin resistance on
perturbations in energy homeostasis and offspring obesity risk.

Leptin is produced by adipose tissue, and circulating levels in
weight stable adults correspond to the degree of adiposity (82).
At the placental level, leptin has been shown to increase system
A amino acid transport activity and stimulates the release of
proinflammatory cytokine IL-6, possibly contributing to
abnormal placental function (75). In the hypothalamus, insulin
and leptin modify expression of neuropeptides that regulate
appetite and feeding behavior. Specifically, they increase
expression of anorexigenic (appetite-suppressing) precursor of
alpha melanocyte stimulating hormone (0.—-MSH) pro-opio
melanocortin (POMC) and decrease expression of orexigenic
(appetite-promoting) neuropeptide Y (NPY), overall
functioning to suppress appetite (82). Thus, with worsening
adiposity and hyperglycemia, increasing circulating levels of
leptin and insulin aid to maintain the homeostatic set point by
suppressing appetite. Ensuing central and peripheral resistance
to these anorexigenic hormones both characterizes and
contributes to obesity and metabolic syndrome. Although not
extensively studied in models of metabolic programming, insulin
and leptin resistance in offspring exposed to maternal HFD in
utero may also contribute to deregulation in energy homeostasis
(73, 83-85). In a rat model, Gupta et al. showed that maternal
HED feeding in utero increased expression of leptin long
receptor (ObRb) and insulin receptor b-subunit (Ir-f) in the
offspring. The downstream leptin and insulin signaling
components including signal transducers and activators of
transcription-3 (STAT3) and insulin receptor substrate-2
(Irs2), respectively, were decreased (73). Morris et al. found
that maternal overnutrition during gestation in Sprague-Dawley
rats significantly decreased expression of ObRb, without
significant alteration in STAT3 expression (85). Isolated
elevated developmental leptin exposure can alter adult weight
homeostasis in mice. Using an inducible leptin mouse model,
Skowronski et al. expressed leptin untethered to obesity and
demonstrated that leptin overexpression during the weaning
period (corresponding to the third trimester in human brain
development) caused the mice to be overly suspectable to obesity
when subsequently presented a highly palatable diet (86).
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Preclinical studies have shown that HFD feeding in rats and
mice promotes maternal obesity as well as maternal
hyperinsulinemia and hyperleptinemia. Offspring of HFD-fed
rats have elevated levels of insulin and leptin that alters
expression of neuropeptide hormones Npy and Pomc and may
exert long-term impact on the structure and function of
hypothalamic feeding circuits (71-74, 85). Chen et al, for
example, found that offspring of HFD-fed have increased
mRNA expression of appetite-promoting Npy but lower
expression of appetite-suppressing Pomc at 20 days of life,
which may represent an adaptive response to obesity (71).

The contrasting role of leptin in maternal models of
undernutrition vs HFD feeding may be perplexing at first
glance. We previously discussed that leptin administration in
pups exposed to undernutrition in utero reversed the obese
phenotype. However, in offspring exposed to a HFD in utero,
both leptin and insulin are initially elevated in early life. The
leptin surge in the perinatal period is critical for the normal
development of hypothalamic circuitry regulating energy
homeostasis, appetite and feeding behaviors (87). Both the
timing and magnitude of that surge appears to be critical and
if either absent (as in states of maternal undernutrition) or
inappropriately elevated over a prolonged period of time (as in
states of maternal overnutrition), an obese, hyperphagic
phenotype ensues (77, 88).

These studies suggest that insulin and leptin play critical
roles in maintaining whole body energy homeostasis and
perturbations in their expression during critical time periods
of development may impair long-term regulation of appetite and
feeding behaviors, ultimately contributing to an obese
phenotype later in life.

Insulin-like growth factor

IGF-1 and IGF-2, which are predominantly synthesized in
the liver, regulate fetal growth and development, as well as
carbohydrate metabolism (75). Both IGF-1 and IGF-2
deficiency in mice demonstrate prenatal and postnatal growth
failure (89, 90). In a human choriocarcinoma cell line, IGF-1 was
shown to promote trophoblast proliferation and stimulate
glucose and amino acid transport, and IGF-2 deletion reduced
mouse placental growth and passive nutrient delivery, suggesting
key roles for IGFs in promoting fetal overgrowth (75, 90, 91).

Adiponectin

Adiponectin inhibits insulin signaling in trophoblasts.
Maternal obesity is associated with low levels of adiponectin,
which is thought to promote placental insulin signaling, fetal
nutrient transport and in turn fetal overgrowth (75). Adiponectin
supplementation in pregnant mice normalizes maternal insulin
sensitivity, placental insulin/mTORCI signaling, nutrient transport
and fetal growth, despite minimal changes in maternal visceral
adiposity (92). A long-term study in the same mouse model
showed in utero adiponectin treatment ameliorated the
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obesogenic phenotype in 14-week-old adult male offspring, with
significant reductions in body weight, fat mass and normalization
of insulin sensitivity and hepatic steatosis (93).

Placental signaling contributes to the effects of
maternal obesity on offspring

Maternal circulating levels of metabolic substrates and
hormones, as discussed above, significantly impact placental
function, likely mediated by mTOR signaling on the placenta
by activating amino acid and glucose transport as well as
mitochondrial biogenesis and protein synthesis, ultimately
contributing to excess fetal nutrient delivery with increased
risk for fetal overgrowth in obese women (75, 76).

Maternal obesogenic factors could be
conveyed into long-term obesity risk in
offspring via epigenetic modifications

Several maternal obesogenic factors contribute to obesity in
offspring, including glucose, FFAs, insulin, leptin, IGF-1 and

10.3389/fendo.2022.1032491

adiponectin. Together, they promote maternal insulin resistance,
hyperglycemia, hyperleptinemia, oxidative stress and
inflammation in utero which perturb the development of
central feeding circuitry and energy homeostasis during the

KEY MESSAGE 6

The in utero environment of maternal obesity, and the concomitant short-
term aberrations in energy homeostasis during the perinatal period,
translate to long-term obesity risk through both central and peripheral
epigenetic modifications that regulate energy homeostatic set points.

perinatal transition. The ensuing fetal hyperleptinemia,
insulinemia and transient neonatal hypoglycemia increase the
risk for fetal overgrowth and LGA (Figure 3). But how does this
short-term dysregulation in energy homeostasis during the
perinatal period affect long-term risk for obesity? We posit
that the in utero environment caused by maternal obesity, and
the concomitant short-term perinatal aberrations in energy
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FIGURE 3

Pathways to obesity in children in response to maternal overnutrition The pathways of maternal obesogenic factors towards long-term obesity risk
include: (1) dysregulation of placental function in which excess nutrients promote placental protein synthesis, mitochondrial dysfunction and increased
nutrient transport, (2) increased nutrient availability, that may have a direct effect on fetal growth and development independent of changes in placental
function, and (3) altered maternal sensitivity to hormones leptin and insulin. However, the roles of maternal insulin and leptin resistance, independent of
maternal hyper-insulinemia or -leptinemia, are unclear and further investigation is required to determine their impact on the perinatal metabolic
transition to life and outcomes in offspring. Finally, we propose that increased risk for obesity, metabolic syndrome, and atherosclerotic cardiovascular
disease, depends on an abnormal metabolic status during the perinatal period in response to maternal factors. CVD; cardiovascular disease, ER;

endoplasmic reticulum, FFAs; free fatty acids, IGF-1; insulin-like growth factor-1.

Frontiers in Endocrinology

86

frontiersin.org


https://doi.org/10.3389/fendo.2022.1032491
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Rajamoorthi et al.

homeostasis, translate to long-term obesity risk through
epigenetic modifications in both central and peripheral
markers that regulate energy homeostatic set points.

Epigenetics is the study of heritable changes in gene
expression secondary to chromatin modifications such as
DNA methylation, as well as histone and miRNA
modifications, without an actual change in DNA sequence
(94). DNA methylation contributes to gene expression and is
considered one of the primary mechanisms of cellular memory.
Specifically, methylation of the 5’ position of cytosine by DNA
methyltransferases to form 5-methylcytosine (5mC)
impedes binding of transcription factors, which ultimately
represses transcription of the gene. On the other hand,
hypermethylation of CpG islands can promote transcriptional
activation (95). Such epigenetic changes to gene expression are
critical for normal cell differentiation and development and
maturation of organ systems early in life (96, 97). In response
to an abnormal metabolic environment in utero and in the
perinatal period, alterations in epigenetic modifications of
obesity-related genes can have lasting effects on gene
expression, ultimately contributing to obesity risk (21, 98-100).

Many epigenetic modifications have been identified to play a
role in the pathogenesis of obesity. For example, altered
methylation patterns have been seen in genes that regulate
systemic energy homeostasis such as HIF3A (hypoxia-
inducible factor 3A), LEP (leptin) and ADP (adiponectin), as
well as POMC, PPAR¢a, PGCla, IGF-2, IRS-1, IL-6 (other genes
involved in whole-body lipid and carbohydrate metabolism,
insulin signaling and inflammation). Hypermethylation
patterns have also been identified in genes related to the
circadian rhythm -CLOCK, BMALI (in leukocytes and
adipocytes). Histone modifications of genes related to
adipogenesis and adipocyte differentiation include PREF-1, C/
EBPo/f3, PPARyand aP2. Finally, expression of certain miRNAs
are associated with increased fat storage in adipocytes and may
upregulate adipogenesis in obese states. For example, miR-26b
promotes proliferation of preadipocytes and expression of
PPARy (94, 95). Epigenetic changes can be stable in an
organism from one cell to its progeny through cellular division
and mitosis, but also across generations and, are thus, considered
inheritable. For example, the DNA methylation status of the
Agouti focus, responsible in determining fur coloration, is
passed on transgenerationally through maternal inheritance
(94, 95).

An elegant study performed by Masuyama et al. showed that
exposure to a HED in utero results in an obese phenotype in
offspring over three generations through the maternal line along
with elevated plasma and tissue level expression of leptin and
reduction in adiponectin (101). The adiponectin level was driven
by increased acetylation and decreased methylation of H3K9 at
the promoter region of adiponectin gene in offspring of HFD-fed
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mice. In contrast, monomethyl H4K20 levels were increased in
the Lep promoter region of these same offspring. Reversal of the
phenotype and epigenome was only possible by chow fed diet
feeding in three subsequent generations (101).

Obesity conditioning occurs primarily
during critical developmental periods

The critical periods of metabolic programming extend from
fetal, perinatal, as well as early postnatal stages (17, 102). During
the fetal stage and metabolic transition to postnatal life, there is a
high degree of plasticity and epigenetic modifications have been
demonstrated in key regulatory genes which affect the
development of the hypothalamus and its peripheral
connections (66, 94, 95). Further in mammals, significant
structural and functional development of adipose tissue, liver
and gut occurs after birth. Thus, the postnatal period serves as an
important continuation of the fetal phase (102).

For example, in rats and mice, the hypothalamic-pituitary
axis is immature at the time of birth and undergoes maturation
in the first 2 weeks of life (66, 87, 94, 103). Variations in DNA
methylation between hypothalamic and non-neuronal cells are
established in the postnatal period (104). In humans, DNA
methylation of prefrontal cortex involved in appetite control,
satiation, and food craving, increases steadily overtime,
exhibiting prolonged postnatal maturation (94, 102-104).

In rodents, white adipose tissue (WAT) is minimal at the
time of birth and undergoes postnatal maturation (102).
Epididymal WAT is composed of progenitor cells that lack the
capacity to differentiate from postnatal days 1 to 4, following
which dividing cells are observed. In humans, although WAT is
present from the second trimester of gestation, significant
growth occurs from birth to 6 weeks of age, during which time
body fat doubles from approximately 10% to 20%. After birth,
both adipocyte size and number increases accounting for the
large adipose tissue expansion (64, 65, 94, 102).

Finally, the liver acquires its metabolic functions and
undergoes most of its methylation postnatally (102). Indeed,
regulatory regions, including promoters and enhancers of genes
involved in lipid and glucose metabolism in the liver, undergo
programmed active DNA demethylation in a time-dependent
manner after birth. This process has been shown to be partly

KEY MESSAGE 7
Epigenetic changes are not exclusive to the perinatal period; these changes

may occur during childhood and beyond in response to various
behavioral and environmental factors.
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dependent on the activity of ten-eleven translocation
dioxygenases, otherwise known as “TET” enzymes (Tet2 and
Tet3), which promote DNA demethylation (105).

Despite the high degree of plasticity during the perinatal period,
several other factors may result in epigenetic modifications that alter
the long-term ability to mobilize fat beyond these critical
developmental periods. These include environmental toxins
known as “obesogens,” changes in gut microbiota and excess
dietary intake during early childhood (94, 102). We argue that
epigenetic changes are not exclusive to the perinatal period and that
these changes may occur along any time in response to various
behavioral and environmental factors.

Epigenetic modifications, in response to early environmental
exposures, are known to persist into adulthood. For example, the
cohort of children from the Dutch Hunger Winter exposed to
maternal caloric restriction in the first trimester of gestation had
less DNA methylation of the IGF2 gene compared with their
unexposed siblings six decades later (94, 106). However,
epigenetic changes are not confined by longevity or
permanence. Indeed, contrary to the initial understanding of
epigenetic mechanisms in the programming of obesity, we now
know that these changes are highly dynamic and reversible.

If one’s metabolic milieu is altered in favor of weight loss, the
epigenetic alterations in DNA methylation may be reversible
(94). As discussed previously, the methylation patterns of the
promoter regions of leptin and adiponectin genes in mice
exposed to a HFD in utero, were reversed in three generations
upon transitioning to a normal chow diet (101). Further, dietary
changes, exercise, and surgical interventions may reverse
epigenetic changes. For example, maternal bariatric surgery
and associated weight loss improved the metabolic profile of
children during their adolescent period compared to their
siblings born prior to weight loss surgery, with decreased birth
weight, obesity incidence, blood pressure and adiposity, as well
as improved insulin sensitivity and lipid profile (107, 108).
Siblings born after weight loss surgery exhibited differences in
epigenetic modifications in genes related to glucose homeostasis,
insulin resistance, inflammation, and vascular disease (99).

The discovery of ten-eleven translocation dioxygenases
enzymes, which reverse DNA methylation, has made the
mechanistic underpinnings of methylation reversal a
possibility (102, 105). “Ten-Eleven Translocation
dioxygenases” or TETs convert 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), that can then undergo serial
oxidation resulting in active DNA demethylation via removal
and substitution with unmethylated cytosine via base excision
repair. Indeed, 5hmC is detected in several different cell types
near regulatory regions (promoters/enhancers) and positively
correlates with gene expression (105).
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KEY MESSAGE 8

The epigenetic pathways that contribute to the conditioning of obesity are
highly dynamic and reversible. Currently known pathways include
variations in methylation status of obesity-related genes, which occur in
response to maternal, postnatal, and early childhood nutrition, and have
been shown to be associated with differences in adiposity and body
composition in infancy and beyond.

Epigenetic modifications during different
time periods of development affect later
obesity risk

Prenatal period

The currently known epigenetic pathways that contribute to
the conditioning of obesity include variations in methylation
status of obesity-related genes associated with differences in
adiposity and body composition in infancy and beyond. An
elegant longitudinal clinical study measured the methylation
status of CpGs in the promoters of candidate genes from
umbilical cord tissue of neonates obtained at birth along with
clinical measures of adiposity at 9 years of age (98). Higher
methylation level of retinoid X receptor-alpha (RXR¢) at birth
was strongly correlated with adiposity in childhood. RXRa is a
transcription factor that regulates expression of genes including
PPARc involved in whole-body lipid and glucose metabolism,
insulin sensitivity and adipogenesis, suggesting an association
between early life epigenetic modifications and later obesity risk.

Maternal weight loss surgery is known to reduce the risk of
offspring obesity without large maternal weight loss (100, 108).
Children born to mothers who underwent biliopancreatic
diversion prior to pregnancy had significantly reduced odds of
developing obesity from 2-18 years of age, even if the mothers
remained overweight after surgery. Altered methylation patterns
and expression of genes involved in glucose metabolism, insulin
sensitivity, immune and inflammatory-related functions was
noted in the cord blood after the surgery (99). We hypothesize
that overall improved nutritional status during gestation with
concomitant decreased maternal insulin resistance,
hyperglycemia, hyperlipidemia, and hyperinsulinemia
contribute to a healthy in utero environment translating to
better offspring outcomes.

Preclinical studies have also shown that variations in the
methylation status of obesity-related genes, in response to
abnormal maternal diet in utero, are associated with weight
gain and obesity in the offspring (109-112). Jousse et al. found
that maternal undernutrition in mice during gestation and
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lactation produces hyperphagic offspring with higher food intake
throughout life (112). Mice exposed to maternal undernutrition
showed persistent changes in serum levels, mRNA expression
and methylation patterns of leptin. Fetal malnutrition results in
lower leptin levels with corresponding decreased adipose-
specific mRNA expression, as well as long-term changes in
methylation of the leptin promoter (112).

Lillycrop et al. found that maternal protein restriction in
female rats during pregnancy decreased methylation of hepatic
glucocorticoid receptor (Gr) and Ppara, and increased
expression of mRNA transcripts in pups at 6 days of life (109).
These epigenetic changes persisted after weaning (while pups
were no longer on decreased protein intake). A follow-up study
showed persistence of changes in methylation of Pparcrat 34 and
80 days, corresponding to the adolescent and adult periods
respectively (113). Further, folic acid supplementation either
during gestation or in adolescence prevented or reversed these
epigenetic modifications respectively (109, 114). As DNA
methylation requires S-adenosylmethionine as a methyl donor,
which is dependent upon serine, glycine, folate, and vitamin B12,
epigenetic modifications may be altered by availability of these
amino acids and micronutrients in utero. These data suggest that
maternal nutritional status alters the fetal epigenome and the
expression of energy homeostasis genes throughout lifespan
(109, 110, 113).

Gluckman et al. showed that maternal protein restriction
and post-weaning hypercaloric nutrition followed by leptin
treatment from days 3 to 10 of life, reversed the obese
phenotype in offspring described previously, and resulted in
stable and long-term changes in the methylation patterns and
expression of various markers later in life (day 170) (21).
Methylation of the Ppara promoter was either (1) decreased
by leptin treatment in offspring exposed to maternal
undernutrition in utero, corresponding to enhanced transcript
expression, or (2) increased by leptin treatment in offspring
without exposure, corresponding to decreased transcript
expression. Offspring transitioned to a HFD post-weaning
obscured the effects of leptin on Pparc expression.
Methylation of the Gr promoter, on the other hand, was
elevated by leptin in maternally well-nourished offspring but
unaffected in offspring exposed to maternal protein restriction in
utero. Finally, leptin also had bidirectional effects on the
expression of hepatic 11B-hydroxysteroid dehydrogenase type
2 (11B-Hsd2), which is an enzyme that inactivates
glucocorticoids. While neonatal leptin treatment decreased
11B-Hsd2 in offspring from undernourished mothers, it
increased 113-Hsd2 in offspring from well-nourished mothers
(21). Using a rat model of overfeeding in which mothers
developed obesity preconception, Borengasser et al. showed
altered methylation patterns and corresponding expression of
adipogenic genes in white adipose tissue of offspring (115).
Offspring of obese dams showed decreased methylation of C/
ebp-PB, Zfp324 and Ppary, which are involved in the development
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of adipose tissue, as well as corresponding increased expression
of their downstream targets, ultimately resulting in enhanced
adipogenic differentiation and greater adiposity in oftspring.
Fernandez-Twinn et al. showed that HFD-feeding during
gestation in a mouse model produced offspring with
unchanged body composition, energy expenditure, activity
levels or glucose tolerance at 8 weeks of age; however, fasting
insulin levels were significantly higher compared to mice from
chow-fed mothers (116). Interestingly, protein expression of Irf3
was downregulated in epididymal fat in offspring from HFD-fed
mothers, in addition to further downstream markers of insulin
signaling including Irs-1, Pi3k, Aktl and Akt2. Further miR-126
was found to regulate the expression of Irs-1, with a potential
role in the epigenetic programming of insulin resistance.

In a genetic mouse model of maternal obesity and diabetes,
offspring at 12 weeks of age displayed elevated liver lipid contents,
as well as elevated serum leptin (117). Offspring exposed to
maternal obesity and diabetes and subsequently challenged with
a western-style diet gained significantly more weight and
demonstrated glucose intolerance and insulin resistance,
compared to offspring from control mice. These phenotypic
changes corresponded to variations in hepatic gene expression,
specifically those regulating mitochondrial activity such as Atpase6
and Cytb. The epigenetic alterations were not restricted to genes
involved in energy homeostasis but were widespread relating to
embryonic and tissue/organ development.

In another mouse model of diet-induced maternal obesity,
significant alterations in histone acetylation and methylation of
hepatic transcripts involved in lipid metabolism were observed
in offspring exposed to maternal overnutrition during gestation,
which persisted into adulthood (5 weeks of age) (118).
Specifically, Sirtl, which encodes a histone deacetylase with
functions in lipid metabolism and obesity (serving as a marker
for cellular energy levels), was significantly reduced in offspring
exposed to maternal obesity and persisted into adulthood.
Further, differential histone modifications were also seen in
Pparc, Ppary, Rora and Rxro in the oftspring from obese
mothers that were not sustained at 5 weeks.

Postnatal period

Several human studies show a differential methylation
pattern of LEP promoter in breast fed infants (102, 119-122).
A cross-sectional study in 120 Dutch children found that longer
breastfeeding duration reduced the average CpG methylation of
LEP promoter in peripheral blood and was negatively associated
with plasma leptin and infant BMI at an average age of 1.4 years
(120). In a prospective cohort study, Pauwels et al. noted that
every extra month of breastfeeding was associated with a 0.217%
increase in RXRa CpG2 methylation (95% CI: 0.103, 0.330; p <
0.001). Similarly, increased levels of CpG3 methylation of LEP
promoter was seen with 7-9 months of breastfeeding (6.1%)
compared to 1-3 months (4.3%; p = 0.007) that did not persist at
10-12 months. However, infant weight and BMI-for-age at 1
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year was significantly lower in children who were breastfed for
10-12 months, suggesting that breastfeeding-mediated
epigenetic modifications in RXRa and LEP may have a role in
childhood obesity. In a longer prospective cohort study,
Sherwood et al. demonstrated that LEP methylation at four
CpG sites at 10 years of age was associated with exclusive
breastfeeding (121).

Rodent models also show an association between postnatal
feeding and differential methylation patterns of obesity-related
genes. Rats overnourished during the breastfeeding period by
reduction in litter size have increased growth rate,
hyperinsulinemia and hyperleptinemia, and overweight
throughout life with central leptin and insulin resistance in
adulthood (123-125). In another rat model of postnatal
overnutrition, Mahmood et al. demonstrated hyperinsulinemia
persistent in the post-weaning period in newborn rats fed a high-
carbohydrate milk formula (126-128). These animals developed
hyperphagic obesity in adult life on a standard chow diet along
with associated epigenetic alterations in Npy and Pomc (128).
While Npy mRNA expression was increased in the hypothalami
of both 16- and 100-day old high-carb fed rats, with increased
methylation of specific CpG positions and histone acetylation,
Pomc expression was reduced, accompanied by a decrease in
histone acetylation.

Postnatal exposures can reverse the
gestational programming of obesity

Several studies suggest that postnatal exposures may have a
greater impact compared to in utero exposures (100, 129). Using
a rat model of diet-induced obesity in which Sprague-Dawley
rats were selectively bred for diet-induced obesity and resistance,
Gorski et al, found that obesity-prone pups fostered to lean dams
at birth remained obese in spite of reduction in food intake and
gradual improvement in insulin sensitivity compared to obesity-
prone pups fostered to obese dams (129). They noted an
upregulation in hypothalamic expression of leptin receptor
(Lepr-b) and insulin receptor (Ir), suggesting improved leptin
sensitivity. On the other hand, lean pups fostered to obese dams
during lactation develop obesity and insulin resistance when fed
high-caloric diet, with a decrease in expression of Lepr-b
and Insr.

Obesity programming may also have a role in the
development of the neuronal projections relevant to energy
homeostasis. In a study of offspring born to dams fed a HFD
during lactation, Vogt et al. observed no differences in the
expression of Pomc, Npy and agouti-related peptide (AgRP).
However, they noted impaired Pomc- and Agrp- neuronal
projections to target sites within the hypothalamus (130).

Finally, as discussed previously, rat models of maternal food
restriction during pregnancy cause intrauterine growth
restriction in offspring who later show rapid catch-up growth
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with adult obesity and metabolic syndrome (21, 109, 111-113).
This phenotype can be prevented through continued maternal
undernutrition during the lactation period, where availability of
nutrients is also limited to the newborn (131, 132). Tosh et al.
showed that maternal food restriction during both pregnancy
and lactation decreased hepatic mRNA and protein expression
of Igfl, that persisted at 9 months of age (132). Transitioning the
dams to a regular diet during the lactation period rescued the
expression of Igfl in the adult offspring, both in transcript
expression and serum levels.

Discussion

Future directions to prevent the
evolution of obesity from conception

Summary and additional remarks

Early exposure to maternal obesogenic factors from
conception “programs” long-term obesity risk through
epigenetic modifications in genes involved in energy
homeostasis. While there are several risk factors for childhood
obesity, maternal overnutrition during pregnancy has
consistently been shown to alter the fetal epigenome. The
effects of epigenetic alterations often persist into adulthood,
contributing to the long-term obesity risk in offspring.
Observational studies suggest that maternal diet, rather than
maternal weight in isolation, may be the driver of the epigenetic
modifications during the perinatal period. Previously described
study of siblings born before and after maternal bariatric surgery
found that significant weight reduction or normalization of BMI
was not necessary to reduce the risk of obesity in offspring,
although the systemic effects of bariatric surgery on
programming of feeding behavior and whole-body metabolism
in offspring remain unclear (108). Further, the Dutch famine
study and studies on rodent models have shown that maternal
undernutrition also predisposes to longer-term obesity in
offspring (21, 82, 106, 109, 111-113). Thus, we hypothesize
that the in utero metabolic environment, which is significantly
influenced by maternal diet, determines the predisposition to
obesity in offspring.

In this review, we have described several markers that have
been shown to be susceptible to epigenetic modifications during
critical developmental periods to promote an obesogenic
phenotype during lifespan. These obesity-related genes are
primarily expressed in the hypothalamus, liver, adipose tissue,
and pancreas and serve as potential therapeutic targets for both
the treatment and prevention of obesity, summarized in Table 1.

A preclinical study on the long-term effects of epigenetic
changes in offspring in response to maternal undernutrition
showed that some epigenetic modifications do not persist into
adulthood (121). While it is unclear why some genes are more
susceptible to reversal of epigenetic modifications compared to
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TABLE 1 Tissue-specific pathways and genes involved in the metabolic programming of obesity.

Tissue Obesogenic pathway
Hypothalamus Central feeding dysregulation NPY
POMC
AgRP
MC4R
Central leptin resistance ODRD,
Stat-3

Target gene(s)

References (preclinical) References (clinical)

(71, 73, 84, 124, 127)
(71, 73, 84, 127, 129)*
(73, 129)*

(84)

(73, 84), 122)**

Central insulin resistance IR-f3, STAT-3 IRS-2 (73, 123)**
Adipose Tissue Adipogenesis C/EBP-3 (114)
PPARy (114)
Peripheral insulin resistance IR-fB, IRS-1, PI3K, AKT1/2 (115)
ADP (100)
Abnormal postnatal leptin surge LEP (21, 67, 68)
Persistent hyperleptinemia LEP (100) (119, 120, 121)
Pancreas Fetal hyperinsulinemia INS (72, 78)
Liver Lipid and glucose metabolic dysregulation PPARx (21, 108, 110, 112, 113, 117)
RXRo (117) (97, 121)
SIRT1 (117)
GR (21, 108, 110, 113)
Abnormal growth and development IGF1 (69)
IGF2 (105)

Several markers that regulate energy homeostasis have been found to contribute to the epigenetic programming of obesity. Here, we have included data primarily from animal models, which
have identified changes in tissue-specific (1) epigenetic regulation and/or (2) mRNA/protein expression of these genes in response to either maternal undernutrition or overnutrition during
the prenatal and/or postnatal periods. We have further stratified these markers into tissue-specific obesogenic pathways. The clinical data referenced, notably, did not investigate tissue-level
changes as the human samples obtained were of blood, buccal swab or placental tissue. Nonetheless, they too were stratified into tissue-specific obesogenic pathways based on the known

functional role of the marker and interpreting the results of the clinical study within the context of preclinical data referenced here investigating the same marker.
*This study did not show changes in expression or methylation patterns of POMC or AgRP but rather observed altered neuronal projections to target hypothalamic sites in response to

postnatal maternal HFD feeding.

**Central leptin or insulin resistance was evaluated in these studies by measuring the firing rate of arcuate neurons in response to exogenous leptin or insulin, respectively, in rats postnatally
overnourished, not by measuring the expression or methylation patterns of downstream signaling molecules.

others, we argue that the effects of those initial epigenetic alterations
likely contribute to the cumulative risk for obesity throughout life.
Epigenetic alterations sustained during early critical developmental
time periods can be considered as the “first-hit” (of many) in the
pathogenesis of obesity. While, in the setting of maternal
overnutrition, hypothalamic circuitry has been re-programmed
towards lower levels of satiety and increased appetite, peripheral
metabolism has been conditioned towards increased lipid storage
and insulin resistance. Thus, we argue that the homeostatic set
points which are established in early life initiate the temporospatial
evolution of obesity and contribute to cumulative risk of metabolic
syndrome, even if some epigenetic modifications which
conditioned those set points may not persist. The mechanisms
behind this hypothesis are unclear, and further investigation is
required to understand the factors mediating the changes caused by
these epigenetic modifications throughout lifespan.

Transgenerational transfer of metabolic risk
We have outlined evidence from human and animal studies on
the metabolic risk caused by intrauterine and maternal exposures

Frontiers in Endocrinology

91

(FO generation) to the offspring (F1 generation). The transmission
of this risk to the subsequent generations resulting in
transgenerational risk of metabolic disease into F2/F3 generation
and beyond is possible. Epidemiological evidence suggests that
exposure to maternal obesity and T2D results in higher
prevalence of obesity, T2D (133, 134) and cardiometabolic risk in
adult children (135), that may potentially remain in subsequent
generation(s). Animal studies, that allow isolation of the gestational
and the postnatal environment have established that the
transmission of the risks conferred by maternal/gestational
exposures may persist for up to 4 generations through both
maternal and paternal germlines (136, 137). Evidence for such
transmission is available in many animal species by environmental
exposures. As an example, sex-specific inheritance of impact of high
fat diet induced changes was demonstrated in females in F3
generation via paternal transmission in mice (138) that could be
abolished by normal diet for three generations (101). Many similar
examples are available in the review by King et al. (136) and
Mohajer et al. (137) emphasizing the need and urgency of
interrupting the cycle of transgenerational transfer of metabolic risk.
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Reversing the epigenetic modifications which
“program” obesity

We previously described both clinical and preclinical studies
that showed a reversal of epigenetic modifications of obesity-
related genes with improvement in metabolic status in utero or
in later life (94, 99, 101). The discovery of TET enzymes made
the mechanistic reversal of DNA methylation a possibility,
however, how this process is activated, and under what
conditions, remains unknown.

Dietary supplementation with folic acid has been shown to
modulate the epigenetic modifications by altering availability of
substrates for methylation of DNA, thus potentially reversing
the epigenetic alterations of obesity-related genes (109). Natural
compounds from dietary sources such as quercetin, curcumin,
genistein, resveratrol and lycopene, may act as epigenetic
modifiers (139). These compounds have been studied
extensively in cancer biology, as they simultaneously possess
anti-inflammatory, antioxidant and anticancer properties and
may have a potential benefit in targeting the conditioning of
obesity (140, 141).

Cancer and immunology research have further provided
data for the use of “epigenetic drugs” (141, 142). Certain
classes of epigenetic modifiers, such as histone deacetylase
inhibitors (HDACI), histone acetyltransferase inhibitors
(HATi), DNA methyltransferase inhibitors (DNMTis), histone
demtheylating inhibitors (HDMis) and sirtuin-activating
compounds (STACs), are currently being used for the
treatment of cancer, urea cycle disorders, epilepsy, and
hypertension. It is possible that these or other similar drugs
may have a potential for the treatment and prevention of
metabolic diseases such as obesity and diabetes. Early studies
of synthetic and natural compounds including resveratrol
(STAC), curcumin (HATI), hydralazine (DNMTi), valproic
acid (HDAIi) and sodium phenylbutyrate (HDAi) in obesity
and diabetes are promising (140).

Limitations of epigenetic studies

Evaluating a cause-and-effect relationship between early life
epigenetic modifications in response to maternal exposures and
later obesity risk in humans is challenging for two primary
reasons. First, most clinical studies investigating the epigenetic
programming of obesity use blood, easy-to-obtain epithelial (i.e.,
buccal swabs) or placental samples (i.e., cord blood or tissue) to
measure epigenetic modifications during the perinatal period
and later in childhood. There is, for obvious reasons, limited
access to central and peripheral tissues including the
hypothalamus, adipose tissue, liver, and skeletal muscle which
would otherwise help to more thoroughly understand the
functional roles of obesity-related genes that undergo
epigenetic alterations during critical time periods of
development and condition obesity. Discovery of circulating
epigenetic markers that more accurately reflect tissue-specific
changes will be important moving forward in this field.
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The second limitation of both preclinical and clinical studies
investigating the role of epigenetics in the conditioning of
obesity is simply the vast number of epigenetic modifications
possible for one gene, which synergistically affect its expression.
In other words, while most studies discussed in this review have
focused on measuring differential methylation patterns of gene
promoters or CpG islands, several other DNA and histone
modifications shape the expression patterns of genes including
histone acetylation and non-coding RNAs (i.e. microRNAs).
While it is time-consuming and challenging to measure multiple
epigenetic modifications, it is also unclear whether long-term
expression of genes can be extrapolated based on single or few
epigenetic changes that can be currently studied.

Lifestyle modifications remain vital in the
prevention and treatment of childhood obesity

This and other prior reviews regarding the epigenetic
conditioning of obesity discuss data on the contribution of in
utero exposures on long-term obesity risk due to the abnormal
“programming” of energy homeostatic set points likely making it
more challenging to initiate and maintain weight loss. We
hypothesize that lifestyle modifications may lead to better
outcomes when applied earlier in life during periods of
developmental plasticity. Preclinical studies suggest that
improved nutrition during lactation can reverse and/or
prevent the consequences of poor maternal diet in utero,
although how maternal diet and exposures during postnatal
feeding affect breastmilk content requires further investigation.
Nevertheless, although lifestyle modifications in adults are not
successful in promoting long-term maintenance of weight loss,
we hypothesize that maternal lifestyle modifications either
before pregnancy, during gestation and/or in the postnatal
period, will improve long-term outcomes in children and
reduce their risk for obesity in later life.

Further, although the perinatal period likely has the highest
degree of central and peripheral plasticity; central feeding
circuitry, peripheral innervations and metabolically active
tissues are still susceptible to epigenetic modifications, and the
consequences of in utero exposures may likely be reversed when
lifestyle modifications are applied during childhood and even the
adolescent period.

Proven to be more efficacious and successful than lifestyle
modifications, maternal bariatric surgery prior to pregnancy has
been shown to reduce long-term obesity risk in children; however,
is typically only performed in patients with significant obesity
(BMI > 40 or BMI > 35 in patients with significant comorbidities)
(108, 143). Although less efficacious than bariatric surgery, several
pharmaceutical interventions have been approved by the Food and
Drug Administration (FDA) for the treatment of obesity (143-
148). Of note, almost all current drug therapies are more efficacious
in weight loss when combined with lifestyle modifications.
Treatments such as GLP-1 receptor agonists, with or without
other peptides, significantly improve overall metabolic status by
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increasing insulin sensitivity and modifying absorption of
carbohydrates (149). As discussed before, improvement in
maternal metabolic status appears to be more important than
reduction of maternal adiposity alone to reduce long-term risk for
obesity in children, although, clinically, adiposity and insulin
resistance are often interdependent especially in the setting of
maternal overnutrition.

We hypothesize that treatments targeting adiposity and
insulin resistance simultaneously, in patients with or without
overt diabetes, may be efficacious in both treating obesity and
reducing offspring risk for obesity and diabetes. Increasing
number of drugs, including GLP-1 receptor analogues, have
been approved for treatment of obesity and diabetes in youth 12

10.3389/fendo.2022.1032491

years and older. Further, targeted drug therapy for specific
genetic variants involved in the leptin melanocortin pathway
are approved for children 6 years and older; ongoing clinical
trials may expand this armamentarium in the future (150).

Clinical practice recommendations to reduce
long-term risk of obesity in children

Based on data presented in this review, we recommend
mothers with obesity to incorporate lifestyle modifications
including consuming a well-balanced diet and physical activity
prior to conception, during gestation (within reasonable limits)
as well as during lactation to reduce long-term obesity risk

in children.

Prepregnancy In Utero Postnatal Childhood
Excess Excess Hyperinsulinemia
Nutrient Nutrient & Abnormal
Availability Transfer Leptin Surge

( Lifestyle Modifications )

T T

N

T

Decrease caloric intake
Physical activity
""" Pharmaceutical |
Interventions
GLP-1R agonists
Naltrexone/Bupropion
Phentermine/Topiramate
Setmelanotide
Orlistat

Epigenetic modifiers*

[ Lifestyle Modifications |
Consume balanced diet
Physical activity

Slow and moderate
weight gain (11-20 Ibs)

Pathways to Target

Placental glucose and
FFA transport

Placental mTOR, IGF
and insulin signaling

Surgical Interventions
Gastric bypass
Sleeve gastrectomy
\Biliopancreatic diversion)

Maternal adiponectin
J

( Lifestyle Modifications |
Decrease caloric intake
Physical activity
Breastfeed (at least 6
months)

Avoid over-
supplementation with
formula

Pathways to Target
Leptin and IGF signaling

Central insulin and

Jeptin resistance

( Lifestyle Modifications |
Decrease caloric intake
Physical activity
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Interventions
GLP-1R agonists**
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Pathways to Target

Selective modulation
of RXRA, PPARA and
PPARG

Systemic insulin and

leptin resistance
|

FIGURE 4

Time-dependent interventions to prevent the temporospatial evolution of obesity from prepregnancy to childhood Maternal lifestyle

modifications, despite lack of effectiveness in long-term weight loss maintenance in adults, remain critical for the prevention of obesity in
children. Excess nutrient availability, which concomitantly leads to an over-nourished in utero environment, is the initial insult in maternal
obesity that predisposes children to obesity. Lifestyle modifications including a reduction in caloric intake and physical activity, as well as
surgical and pharmaceutical interventions are available to ameliorate excess nutrient availability to a potential fetus. Although weight loss is not
recommended while pregnant, methods to target excess nutrient transfer to the fetus include consuming a balanced diet and maintaining a
moderate level of physical activity with slow weight gain (a maximum of 11-20 lbs is recommended by the NIH for pregnant women with
obesity). In addition, research efforts should be focused on targeting pathways that promote nutrient transport to the fetus including energy
substrate transporters, as well as mTOR, IGF and insulin signaling. Maternal adiponectin treatment in rodent models has been shown to improve
metabolic status in offspring and is another possible therapeutic option in humans during this period. After birth, maternal lifestyle modifications
again are critical although how these affect breastmilk content remains unclear. Nonetheless, breastfeeding for at least 6 months has been
shown to reduce risk for obesity in children. Further, avoiding overfeeding and rapid weight gain during infancy is critical in reducing long-term
risk for metabolic syndrome. Finally, in children with obesity, current interventions remain limited. Based on preclinical and clinical data
discussed, we hypothesize that obesity treatments, which may help to reverse the epigenetic programming of obesity, may be more effective
during childhood vs adulthood as obesity-related genes and signaling pathways regulating central feeding circuitry and basal metabolism are
likely more susceptible to reversal of epigenetic alterations during this time. In addition to epigenetic modifiers, other pathways to target include
systemic insulin and leptin, as well as RXRA, PPARA and PPARG signaling which regulate feeding behavior, as well as systemic lipid and glucose
homeostasis, respectively.*Epigenetic modifiers (both natural and synthetic compounds) are not currently approved for the treatment or
prevention of obesity but have excellent therapeutic potential based on data discussed in this review.**Several drugs are approved for use in

youth > 12 years of age and others in clinical trials
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Rapid weight gain during early infancy has been shown to
significantly increase the risk for obesity later in life. We propose
that breastfeeding should be encouraged in all infants, especially
those of mothers with obesity and formula supplementation
should be limited in breastfed infants to reduce risk of
overfeeding. Further, based on the study by Huh et al. (151),
the introduction of solid foods should be withheld prior to 4
months of age to avoid overnutrition in the first few months of
life - a critical window of development during maturation of
energy homeostatic systems setting the course for future feeding
behavior and basal metabolism.

Below is a summary of clinical practices based on both human
and animal studies regarding the metabolic programming of
obesity, to reduce the long-term risk of obesity in children.
Many of these have been recommended by professional
organizations including the International Federation of
Gynecology and Obstetrics (FIGO), American College of

CLINICAL PRACTICE RECOMMENDATIONS FOR MOTHERS
WITH OBESITY TO REDUCE LONG-TERM RISK OF METABOLIC
DISEASE IN CHILDREN

1. Lifestyle modifications, including lower caloric intake and physical
activity, even without significant reduction in fat mass or
normalization of BMI prepregnancy, will improve long-term
outcomes in children.

2. Although weight loss is not recommended during pregnancy,
healthy eating habits, moderate physical activity and slow,
moderate weight gain (specifically 11-20 Ibs for women with
BMI > 30 kg/mz) will improve maternal metabolic status in utero,
likely reducing risk for obesity in children.

3. Lower caloric intake in women with BMI > 30 kg/m® during the
lactation period will likely reduce risk for obesity in children.

4. Breastfeeding for at least 6 months or longer has been shown to
reduce risk for obesity in children later in life.

5. Avoiding (1) over-supplementation with formula in breastfeed
infants and (2) early introduction to solid foods (before 4 months
of age) will reduce long-term risk for obesity in children.

Obstetricians and Gynecologists (ACOG), American Academy
of Pediatrics (AAP) and National Institutes of Health (NIH)
(152). Figure 4 incorporates these recommendations and
reviews current therapeutic strategies to target obesity, as well as
epigenetic modifiers and potential pathways to target based on
preclinical and clinical studies discussed in this review, both for
the prevention and treatment of childhood obesity.

Conclusion

Here, we have summarized the mechanistic underpinnings
of the metabolic programming of obesity, as well as the
epigenetic pathways that “program” obesity, which should be
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considered as potential therapeutic targets both for the
prevention and treatment of childhood obesity. We hope that
this review challenges the commonly held belief that obesity is
the result of a lack of motivation or conviction to practice
healthy lifestyle choices, both in the individual and as a
community. Several factors resist changes in feeding behavior
and adiposity, some of which have been described in this review.
We hope that further understanding of the metabolic
conditioning of obesity both in the clinical and research arenas
will help us collectively address the global epidemic of obesity.
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During the last decades several lines of evidence reported the association of an
adverse intrauterine environment, leading to intrauterine restriction, with future
disease, such as obesity and metabolic syndrome, both leading to increased
cardiovascular and cancer risk. The underlying explanation for this association
has firstly been expressed by the Barker's hypothesis, the “thrifty phenotype
hypothesis”. According to this hypothesis, a fetus facing an adverse intrauterine
environment adapts to this environment through a reprogramming of its
endocrine-metabolic status, during the crucial window of developmental
plasticity to save energy for survival, providing less energy and nutrients to
the organs that are not essential for survival. This theory evolved to the concept
of the developmental origin of health and disease (DOHaD). Thus, in the setting
of an adverse, f. ex. protein restricted intrauterine environment, while the
energy is mainly directed to the brain, the peripheral organs, f.ex. the
muscles and the liver undergo an adaptation that is expressed through
insulin resistance. The adaptation at the hepatic level predisposes to future
dyslipidemia, the modifications at the vascular level to endothelial damage and
future hypertension and, overall, through the insulin resistance to the
development of metabolic syndrome. All these adaptations are suggested to
take place through epigenetic modifications of the expression of genes without
change of their amino-acid sequence. The epigenetic modifications leading to
future obesity and cardiovascular risk are thought to induce appetite
dysregulation, promoting food intake and adipogenesis, facilitating obesity
development. The epigenetic modifications may even persist into the next
generation even though the subsequent generation has not been exposed to
an adverse intrauterine environment, a notion defined as the “transgenerational
transfer of environmental information”. As a consequence, if the increased
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public health burden and costs of non-communicable chronic diseases such as
obesity, hypertension, metabolic syndrome and type 2 diabetes have to be
minimized, special attention should be laid to the healthy lifestyle habits of
women of reproductive age, including healthy diet and physical activity to be
established long before any pregnancy takes place in order to provide the best
conditions for both somatic and mental health of future generations.

KEYWORDS

intrauterine growth restriction, IUGR, metabolic syndrome, obesity, offspring, small
for gestational age, cardiovascular risk

Introduction

The definition of intrauterine
growth restriction

Intrauterine growth restriction (IUGR) is a term attributed
to the state of a fetus that was unable to achieve its growth
potential due to an adverse intrauterine environment, based on
serial fetal ultrasound measurements (1-4). The notion of IUGR
should not be confused with the term “small for gestational age”
(SGA), that is a descriptive term to characterize a neonate that is
born with a birthweight and/or birth length below the -2 SDS for
gestational age and sex. Although many neonates are fulfilling
the criteria for both IUGR and SGA, it is important to
differentiate between these two entities, since the first
delineates an adverse intrauterine environment that forced the
fetus to a re-adaptation of its metabolic and endocrine
determinants, in order to spare energy for survival, that may
affect also future growth and development, while the latter term
of SGA is not obligatorily the result of an adverse intrauterine
environment (2).

According to the expert Consensus of 2016, fetal growth
restriction is defined by impaired biometric parameters as well as
vascular abnormalities of the placenta such as an increased
pulsatile index or an absent end-diastolic flow of the uterine
artery (3). The expert Consensus of 2018 (4) proposed following
variables as the definition of growth restriction in the newborn:
“birth weight under the 3rd percentile or three out of five
following points 1. Birth weight under the 10™ percentile, 2.
Length under the 10™"
the 10™ percentile, 4. Prenatal diagnosis of fetal growth

percentile, 3. Head circumference under

restriction, 5. Maternal pregnancy information such as pre-
eclampsia or hypertension.”

The current narrative review article aims to highlight the
difference between TUGR and SGA, as well as the causes and
consequences of IUGR, with special emphasis on the mechanisms
linking TUGR to future poor cardiometabolic outcome.
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Differences between intrauterine growth
restriction and small for gestational age

It is therefore important to differentiate between the terms
fetal growth restriction (FGR) or Intrauterine growth restriction
(IUGR) and small for gestational age (SGA). The term SGA
defines a fetus whose size is below the 10" percentile for
gestational age. Reasons for this can be ethnicity, parental
height, maternal weight, or age (5). However, the SGA-fetus
may grow along the designated percentiles and there is no
pathological condition. In contrast, the term FGR/IURG refers
to a pathological condition in which the fetus grows below its
expected percentiles. In this case the fetus can also grow over the
10™ percentile but does not reach its expected growth potential
(6). In other words, a fetus exposed to inadequate protein intake
or to increased psychosocial stress of the pregnant woman
during gestation may adapt its endocrine-metabolic pathways
for survival during the window of developmental plasticity,
while a neonate born SGA can merely be born to an otherwise
healthy woman of short stature, without being exposed to an
adverse intrauterine environment.

The determinants of fetal growth

The adequate placental blood supply

A prerequisite for the appropriate growth of a fetus is the
supply of nutrients and oxygen. This is guaranteed via the
placenta. During pregnancy, the uterine vessels dilate to ensure
sufficient blood flow to the placenta. This is regulated by
hormones such as estrogens, progesterone, and human
chorionic gonadotropin (7). In addition, the placenta grows by
the formation of new villi. The number of intraplacental vessels
increases so that the fetus is supplied with enough nutrients and
oxygen (8). This procedure is regulated by growth factors, such
as leukemia-inhibitory factor, epidermal growth factor and
vascular endothelial growth factor, which are secreted by the
uterine glandular cells (9).
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The adequate blood supply through the placenta may
therefore guarantee adequate nutrient supply to the fetus. In
fetuses with FGR/IUGR the placenta is smaller and the number
of villi as well as vessels within these villi are reduced (8). The
decreased size of the placenta and the dysfunction of the
trophoblasts lead to an undersupply of the fetus with oxygen
and nutrients. Moreover, it has been described that both the
velocity of the umbilical blood flow as well as the umbilical
oxygen delivery are reduced in FGR pregnancies compared to
normal pregnancies (10).

Therefore, causes of placental insufficiency may be of
vascular origin, such as stenosis or inadequate vascular
development/angiogenesis, but also the result of pre-existing
chronic disease of the pregnant woman, such as arterial
hypertension, predisposing to pre-eclampsia, poorly controlled
pre-existing diabetes mellitus, or the influence of toxic agents,
such as smoking due to the vasoconstrictive effect of nicotine or
substance abuse, in the form of either excess alcohol
consumption or drug abuse (7, 8, 11-14).

Nutrient supply

Adequate oxygen and nutrient supply through the placenta
are therefore of paramount importance for normal fetal growth.
During pregnancy, the need for energy increases by 69kcal/day
in the first trimester, 266kcal/day in the second trimester and
496kcal/day in the last trimester. The main energy source of the
fetus is glucose. Since the fetus cannot produce glucose during
intrauterine life, it is dependent on the maternal supply (15).
Studies in animals have shown that inappropriate supply of
glucose during pregnancy, leading to fetal hypoglycemia,
predisposes to growth retardation and to congenital
malformations. Intellectual disability due to hypoglycemia has
also been well documented as is the case in poorly controlled
pregnant women with pre-existing type 1 diabetes mellitus or
even gestational diabetes (16). Moreover, an adequate supply of
amino acids and omega-3-fatty acids is particularly important
for the growth of the fetus and the placenta. In addition, a
sufficient intake of iron, iodide, and calcium is essential for
normal fetal growth (17). Vitamin D is also indispensable since
vitamin D deficiency has been shown to be associated with an
increased risk of preeclampsia and the development of
gestational diabetes, circumstances that, in turn, affect fetal
growth (18). Furthermore, folate supplementation can prevent
congenital malformations, especially neural tube defects,
preeclampsia or IUGR, caused by folate deficiency. Vitamin B1
and B6 deficiency are also associated with pre-eclampsia and/or
IUGR (19).

The hormonal determinants of normal
fetal growth

Fetal growth is regulated by hormones mainly secreted by
the placenta and the fetus (20, 21). The most important key
regulator of fetal growth is fetal insulin, while insulin secreted by
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the beta-cells of the maternal pancreas does not cross the
placenta (22). Thus, the passage of the maternal glucose to the
fetal circulation drives the production of insulin by the fetal
pancreas, leading to fetal hyperinsulinemia, which, in turn,
promotes fetal growth.

During pregnancy, a state of inherent insulin resistance of
the pregnant woman, the beta-cells of the maternal pancreas
expand to secrete more insulin. In addition to that, the insulin-
sensitive organs, such as skeletal muscle and adipose tissue, that
in normal circumstances absorb glucose, through the
development of this insulin-resistant state, allow more glucose
to be available through the placenta to the fetus (23). The glucose
of the maternal circulation, therefore, is passively diffused
through the placenta to provide adequate fuel for fetal growth.
Thus, in situations characterized by hyperglycemia of the
mother, such as in case of pre-existing type 1 diabetes or
gestational diabetes, the increased glucose induces hypertrophy
of the fetal pancreatic beta cells and increased insulin
production, leading thus to fetal macrosomia (24, 25). In other
words, the paramount role of insulin during fetal development is
highlighted by the macrosomia of newborns born to mothers
with pre-existing diabetes, where maternal hyperglycemia drives
overproduction of insulin by the fetal pancreatic beta cells. On
the other hand, in cases of inadequate insulin production by the
fetus or inadequate action, such as in the case for example of
pancreatic agenesis of the fetus or leprechaunism, a genetic cause
of extreme insulin resistance, the newborn is characterized by an
extremely reduced birth weight, proving again the paramount
role of fetal insulin on fetal growth (26, 27). Furthermore, fetal
growth as well as placental development is stimulated by the
insulin like growth-factors (IGF), mainly IGF-2 and, to a lesser
degree, IGF-1 (28). The role of IGF-2 in fetal growth has been
demonstrated in the context of the Silver-Russel syndrome,
characterized by extreme intrauterine growth restriction due to
disorders in the methylation pattern of the IGF-2 gene in
affected fetuses. A further key regulator of fetal growth is the
growth hormone variant (GHV) secreted by the placenta. From
the 17th week of pregnancy, GHV replaces GH secreted by the
pituitary gland in the maternal blood circulation. GHV
promotes fetal growth by increasing blood and glucose supply
in favor of the fetus (29). Furthermore, fetal growth is regulated
by thyroid hormones (30). Thyroid hormones are secreted by
both the maternal thyroid gland, especially in the first half of
pregnancy, and the fetal thyroid gland, especially in the second
half of pregnancy. Thyroid hormones are essential for
neurogenesis and osteogenesis of the fetus. During pregnancy,
the demand for thyroid hormones and, therefore, also for iodide
increases by 20-50%. Consequently, the need-based
supplementation of iodide is crucial for pregnant women (31).

All these growth-promoting hormonal factors are counteracted
by the glucocorticoids. Glucocorticoids have mainly an inhibitory
effect on growth, but are essential for the differentiation of fetal
tissues and preparation for extrauterine life (28).
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The causes of impaired fetal growth

Impaired fetal growth may thus be the result either of
maternal, fetal, or placental causes (Table 1).

Maternal causes

The most common cause is preeclampsia in the pregnant
woman (13). Preeclampsia is defined by maternal hypertension
occurring after the 20th week of gestation with proteinuria and/
or maternal organ dysfunction and/or placental insufficiency (5).
Risk factors for preeclampsia are an antiphospholipid syndrome,
history of previous preeclampsia, poorly controlled pre-existing
type 1 diabetes mellitus, hypertension, positive family history for
preeclampsia, multiple pregnancy, nulliparity, obesity and age
over 40y (32). The pathogenesis of preeclampsia is not clearly
understood. The hypothesis, however, is that there is an
impaired development of the uterine spiral arteries. This leads
to an undersupply of the placenta, and consequently, to placental
ischemia. This results to the secretion of anti-angiogenic factors
into the maternal circulation, which, in turn, induce endothelial
damage (33). Preeclampsia is correlated with 5-23% lower birth
weight in comparison to uneventful normal pregnancies (34).

A further placental abnormality, a circumvallate placenta is
also associated with ITUGR (35). In a circumvallate placenta the
chorionic surface is smaller than the basal surface, leading to a
folding of the membrane margin in an annular shape (35).
Circumvallate placenta is associated with persistent vaginal
bleeding in the first trimester and premature rupture of the
membranes (36). In these cases, the fetus is undersupplied with
blood and nutrients, which induces growth restriction.
Furthermore, pregnancies with placenta previa are also
accompanied by an increased risk for IUGR (37).

TABLE 1 Causes of intrauterine growth restriction.
Causes of Intrauterine Growth Restriction

Maternal causes Medical conditions

Lifestyle factors

Placental causes Inadequate placental blood supply

Placental abnormalities

Chromosomal aberrations in the placental tissue

Fetal causes Genetic causes

Congenital malformations
Metabolic causes
Twin/multiple pregnancies

Varia
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Concerning maternal factors leading to impaired fetal
growth, inadequate control of maternal diabetes mellitus, as
mentioned before, is also a risk factor for fetal growth restriction,
as also witnessed by murine studies (38). This is caused by the
vasculopathy existing in diabetes, as also observed in humans
(39, 40). However, too tight glycemic control in pre-existing
diabetes can also lead to growth retardation if the mother has
prolonged hypoglycemia, and the fetus does not receive adequate
glucose supply (41). On the other hand, a poor glycemic control
of maternal diabetes can result to fetal macrosomia due to fetal
insulin overproduction as a response to maternal hyperglycemia.
The resulting glucose oversupply to the fetus during pregnancy
may then be complicated by postnatal hypoglycemia, due to the
interruption of the increased glucose supply from the maternal
circulation after birth, while the insulin production of the
offspring is still stimulated (42, 43). Furthermore, besides
impairment of fetal growth, either in the sense of macrosomia
or fetal growth restriction, preexisting diabetes mellitus of the
pregnant woman correlates with an increased risk of congenital
malformations, mainly congenital heart defects, neuronal,
musculoskeletal and limb malformations (41, 44).

Another maternal cause of growth retardation is maternal
hypertension (45, 46). Fetuses of women presenting gestational
hypertension have an increased risk of JUGR as well as an
increased risk of fetal morbidity and mortality (47). This can be
explained by the vasculopathy and associated ischemia of the
placenta, also leading to an oxygen undersupply of the fetus. In
addition, gestational hypertension is also associated with a
higher cardiovascular risk of the offspring (48).

Furthermore, the lack of micronutrients such as vitamins
and minerals can lead to impaired fetal growth and/or congenital
malformations (49). Therefore, maternal malnutrition but also

A. Arterial hypertension and Pre-eclampsia

B. Poorly controlled Diabetes mellitus

C. Hyperthyroidism

D. Infections during pregnancy such as rubella, Toxoplasma etc.

A. Malnutrition
B. Smoking
C. Substance abuse

A. Circumvallate placenta
B. Placenta previa

A. Chromosomal aberrations
B. Monogenic causes
C. Imprinting disorders
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restrictive diets in the pregnant woman, as is the case in vegan
diets without supplementation of essential micronutrients and
vitamins, such as vitamin B12 supplementation, constitute
further causes of IUGR (45, 50, 51).

Moreover, impaired fetal growth can be the result of thyroid
dysfunction, namely maternal hyperthyroidism (52-54). In
studies, including that of Luewan et al., it has been shown that
hyperthyroidism and thyrotoxicosis of the pregnant woman
increases the risk of growth restriction and low birth weight of
the fetus (55, 56). On the other hand, since thyroid hormones are
vital for an appropriate fetal development, especially fetal brain
development, in a state of thyroid hormone deficiency the fetus
cannot develop properly. Hypothyroidism can therefore also
lead to impaired growth and development of the fetus (57, 58).
Furthermore, it has been observed that maternal
hypothyroidism increases the risk of non-reversible intellectual
disability of the offspring (31, 59-61).

Infections during pregnancy are also further causes of IUGR.
There are numerous causative pathogens such as HIV, Zika
virus, Rubellla virus, cytomegalovirus, Toxoplasma gondii,
etc. (5).

Fetal and genetic causes

Growth retardation can also occur in the context of an
underlying genetic disorder. The genetic causes can be classified
into chromosomal aberrations (incl. aneuploidy and copy
number variants etc.) as well as monogenic causes. Imprinting
defects are also a known cause of growth retardation. The most
common underlying abnormalities are chromosomal
aneuploidies, such as trisomy 13, 18 and 21 (62). The
probability of chromosomal aberration increases with the
severity of fetal growth restriction (FGR) (63). Copy number
variants can also be the cause of FGR (64). In a French
multicenter study, a pathogenic or likely pathogenic copy
number variant was detected in 7.5% of fetuses with isolated
growth retardation diagnosed prenatally (65). Frequent copy
number variants associated with FGR are the 22ql1.2
duplication, the Xp22.3 deletion as well as the 7q11.23 deletion
(66, 67). The 22ql11.2 duplication, also called DiGeorge
syndrome, is a disorder characterized by immunodeficiency,
hypoparathyroidism, and congenital heart disease. Other
features can be developmental delay, hypothyroidism, renal as
well as skeletal abnormalities (68). Patients with a Xp22.3
deletion suffer from ichthyosis and can also have intellectual
disability (69). The 7q11.23 deletion leads to the clinical
phenotype of the Wiliams-Beuren syndrome. Williams-Beuren
syndrome is characterized by a vascular stenosis, cardiac valve
abnormalities, hypercalcemia, renal abnormalities, hypodontia
and developmental delay (70). Monogenic disorders can also
constitute causes of FGR. Examples of monogenic diseases
associated with FGR are Cornelia de Lange syndrome, Smith
Lemli Opitz syndrome, Bloom syndrome, 3M, Seckel syndrome
(62). Furthermore, imprinting defects can be associated with
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FGR. Epigenetic modifications can lead to a silencing of certain
alleles, so that only one allele, the paternal or maternal one, is
expressed in a tissue-specific manner. This process is called
genomic imprinting. Defects of this imprinting procedure can
lead to imprinting disorders resulting in ITUGR, as for example
Silver-Russel syndrome (71). In most patients with Silver-
Russel-syndrome there is a hypomethylation of the imprinting
cluster region on the paternal chromosome 11p15.5, which leads
to biallelic silencing of the IGF2-gene and a biallelic expression
of the noncoding region H19. It can also be caused by maternal
uniparental disomy of chromosome 7 (UPD 7) or other rarer
molecular genetic causes. Silver-Russel syndrome is mainly
characterized by FGR, postnatal growth restriction, body
asymmetry and often developmental delay (72). Further
imprinting disorders associated with IUGR are the Temple
syndrome, the Kagami-Ogata syndrome, the Prader-Willi
syndrome, the pseudohypoparathyroidism 1b and others (73).

In addition, a correlation between FGR and chromosomal
aberrations in placental tissue has been described. A
chromosomal aberration affecting only one cell line of the
placenta, in which the fetus has a regular number of
chromosomes, is called “confined placental mosaicism”
(CPM). As presented in the review of Eggenhuizen et al,
71.7% of CPM cases resulted in FGR (74).

The consequences of being
born IUGR

Short term consequences

There are both short- and long-term consequences of being
born with ITUGR concerning both somatic and mental health as
highlighted below and listed in Table 2.

IUGR can be associated with complications during the
neonatal period. Fetuses born with IUGR have an increased risk
of morbidity and mortality. They are also at increased risk of
developing hypoglycemia shortly after birth due to reduced
glycogen and fat stores and limited ability of gluconeogenesis as
well as fat oxidation (75). Moreover, they are prone to hypothermia
due to lack of subcutaneous brown fat, disproportionate body mass
and increased transdermal temperature loss (76).

Moreover, in the context of placental insufficiency, the
fetuses often grow under chronic hypoxia. This leads to
increased erythropoiesis resulting in high hematocrit values
and subsequent hyperviscosity of the blood. This can result in
acute neonatal adverse events such as necrotizing enterocolitis or
thrombosis (5). Furthermore, neonates born IUGR are at
increased risk for developing respiratory complications (77).

Besides the short-term complications of newborns born
TUGR during the neonatal period, much more attention has
been laid to the long-term consequences of inadequate fetal
growth, in later life, as presented below.
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TABLE 2 Consequences of intrauterine growth restriction.

Consequences of Intrauterine Growth Restriction

Short term consequences
Hypoglycemia
Hypothermia
Hyperviscosity

Respiratory complications

Long term consequences

Growth impairment

Endocrine disorders

Metabolic derangements

Nephrological problems

Cancer risk

Long term consequences

Adverse future outcomes concerning somatic
health and disease
Metabolic derangements — cardiovascular risk

During the last decades numerous epidemiological studies
have reported an association of being born IUGR with future
non-communicable diseases in adolescence or adult life, namely
an increased incidence of insulin resistance expressed as future
obesity and metabolic syndrome with high risk of lipid
abnormalities, endothelial dysfunction leading to arterial
hypertension, fatty liver disease, glucose intolerance or even
type 2 diabetes in adult life, all contributing to higher
cardiovascular risk (75, 78, 79).

Furthermore, it has been reported that the increased risk of
metabolic syndrome and cardiovascular disease exists not only
during adulthood but also during childhood (78, 79). This
phenomenon is accentuated in case of a rapid weight gain
during infancy (80). The redistribution of weight gain in favor of
abdominal fat mass accumulation takes place mainly between the
2nd and 4th year of life. At the age of 4 years, IUGR children show
higher fat mass, insulin resistance and proinflammatory
parameters (81). Furthermore, they present an increased risk of
dyslipidemia and metabolic syndrome (5, 82). For example,
Tenhola et al. studied a group of 55 children with low birth
weight and 55 children with appropriate birth weight and found
that children born with low birth weight were at increased risk of
hypercholesterolemia. Predisposing factors were the female gender,
poor catch up growth in height and early initiation of puberty (83).

Somatic growth- catch-up growth

Infants born with IUGR usually show a fast growth in the first
years of life, called catch-up growth. This is accelerated in the first
months of life and continues with a modest acceleration till the 7™
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Increased risk of morbidity and mortality

Metabolic syndrome

Cardiovascular disease

Precocious adrenarche
Polycystic ovarian syndrome
Renal insufficiency
Hypertension
Hepatoblastoma

Retinoblastoma

year, although most ITUGR born children are expected to present
catch-up growth and enter the normal trajectories of weight and
height until the age of 3-4 years (5, 6, 41). A study by de Ridder
et al. showed that 91% of children born SGA reached a normal
height during the catch-up growth phase (84). Children that
cannot reach the normal height trajectory after their 4"
anniversary are less probable to enter the normal height
trajectories later. Moreover, studies in infants of diabetic mothers
with nephropathy born with TUGR showed that in childhood they
had lower height and weight even after the catch up-period (85).

Reproductive axis

Low birth weight is associated with insulin resistance and
decreased IGF1 levels reminiscent of a state of multi-hormonal
resistance (86). This hormonal constellation correlates with
increased LH levels and reduced SHBG levels in prepubertal
girls pointing to an underlying hormonal setting of PCOS-like
phenotype. This may result to precocious adrenarche and
increased androgen availability. The increased androgen levels
in girls born IUGR predispose thus to the development of
polycystic ovary syndrome (87), while no association has been
described between low birth weight and disorders of adrenarche
or puberty in male subjects (88). This association of former SGA
with reproductive axis disturbance and functional
hyperandrogenism in girls has been extensively studied by
Lourdes Ibanez and Francis de Zegher in previous years (81,
89, 90). However, concerning pubertal initiation, most children
born SGA, enter puberty slightly earlier but still in the normal
range compared to children born with normal weight for
gestational age, so called Adequate for Gestational Age (91).

Nephrological problems
A further complication of IUGR is kidney disease. According
to the review of Ritz et al. IUGR can lead to a reduced number of
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nephrons. A low number of nephrons predisposes to glomerular
hypertrophy as well as tubular dysfunction, increasing the risk of
developing hypertension in later life (92). This is also supported
by the Brenner’s hypothesis, according to which a low nephron
number is associated with hypertension (93). Furthermore,
IUGR is associated with an increased risk of impaired renal
function and later development of end-stage renal disease
(94-96).

Cancer risk

TUGR also appears to be a risk factor for the development of
pediatric tumors. According to Spector et al. low birth weight
strongly correlates with the risk of developing hepatoblastoma
(97). Furthermore, low birth weight is associated with gliomas,
with an odds ratio of 2.13 (95% CI: 0.71-6.39 for birth weight
<1500g) as well as retinoblastomas with an odds ratio of 2.43
(95% CI: 1.00-5.89 for birth weight <1500g) (98). However,
O’Neill et al. postulated that there is no correlation between birth
weight and the risk of developing retinoblastoma (99). In
addition, it is worth mentioning that high birth weight is also
associated with higher tumor risk, namely with an increased risk
of leukemia (99).

The etiological pathway highlighting the link
between IUGR and impaired somatic
future outcomes

The initial observations that intrauterine growth restriction
can adversely influence health in adult life came from
Hertfordshire in the UK, where former IUGR-born babies
have been reported to have a significantly increased risk to
develop Metabolic syndrome in later life in comparison to those
born adequate for gestational age or even large for gestational
age (LGA). These initial observations have been reported by
David Barker in the late 80ies and early 90ies, who supported the
notion of ‘fetal origin of adult disease” and explained the
reported association through the “Thrifty phenotype
hypothesis” (100, 101).

The thrifty phenotype hypothesis

According to the thrifty phenotype hypothesis of Hales and
Barker, the fetus in a nutrient-restricted environment
redistributes energy for survival mainly directing nutrients
supply to the vital organs such as the brain, which leads to an
undersupply of other organs such as the pancreas. This brain-
sparing effect prioritizes the energy supply to the brain and
ensures fetal survival. However, it inevitably leads to a
disturbance of insulin homeostasis by provoking insulin
resistance of the peripheral organs such as the liver and the
muscles. This insulin resistant state predisposes the individual to
the development of metabolic syndrome and all its parameters
such as dyslipidemia, fatty liver, arterial hypertension and type 2
diabetes mellitus later in life (102).
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These initial observations from Hertfordshire, UK, have also
been confirmed from data originated from the Dutch famine,
where it became clear that children, whose mothers have been
undernourished during pregnancy due to the famine developed
arterial hypertension in later life, data also confirmed in other
parts of the world (103).

The notion of developmental mismatches

In other words, in case of impaired intrauterine milieu, for
example in the context of protein-restricted maternal nutrition
during pregnancy, exaggerated stress of the pregnant woman,
inadequate placental nutrient supply or blood underperfusion, the
endocrine-metabolic modifications that took place during the
important window of developmental plasticity ascertain
offspring’s survival on the short term, a notion that is known as
Immediate adaptive response (IAR) (104). This also persist into
the extrauterine life and confer an increased cardiometabolic risk
to the offspring, especially when the restricted intrauterine milieu
does not match to the nutrient-abundant extrauterine milieu, as
Gluckman supported in his notion of the match-mismatch
principle (105, 106) or otherwise reported as predictive adaptive
response (PAR) (107).

The predictive-adaptive response

According to the notion of predictive adaptive response
(PAR) as formulated by Gluckman et al, if the fetus has been
exposed to an adverse intrauterine environment, that has
induced an immediate adaptive response for survival, during
the window of developmental plasticity, this adaptation has
prepared the fetus to face the extrauterine environment
through a prediction of an also nutrient restricted extrauterine
environment. However, if the intrauterine nutrient-restricted
environment does not really match to the extrauterine
environment, since the nutrient-restricted intrauterine
environment is followed by a nutrient- or calories abundant
extrauterine environment, then this predictive adaptive response
may have long-lasting consequences for future health and
disease, supporting the notion of Developmental Origin of
health and disease (DOHaD) (108, 109).

Developmental origin of health and disease -
epigenetic modifications

According to the Developmental Origin of Health and
Disease (DOHaD) concept, this increased future
cardiometabolic risk of offspring born as IUGR is attributed to
epigenetic modifications taking place during the crucial window
of developmental plasticity in intrauterine life (109-111).

The probability of the occurrence of metabolic diseases
during life can be therefore influenced by prenatal events.
Adversaries in the prenatal environment can influence the
metabolism of the fetus. These processes can be mainly caused
by epigenetic modifications. Epigenetic modifications include
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DNA methylation and histone modifications (111) that take
place already prenatally. During early embryogenesis, the
methylation patterns of the fetus are programmed and can be
influenced by various factors, such as maternal nutrition (112).
As Waterland et al. have shown in a murine model, maternal
nutrition affects the phenotype of the fetus by modifying
methylation pattern in the offspring (113). These methylation
modifications induced by the maternal diet can thus increase the
risk of developing metabolic diseases in the offspring (114),
which may explain the increased incidence of metabolic
syndrome and type 2 diabetes mellitus in TUGR born
individuals. Moreover, factors such as maternal nutrition,
hypoxia or other pathologies can alter the expression profile of
amino acid transporters. This adaptive change in the expression
of amino acid transporters in the trophoblast also regulates fetal
growth (115, 116).

The transgenerational transfer of environmental clues

According to Gluckman et al., these epigenetic modifications
that took place in the first generation that has been exposed to an
adverse intrauterine environment may even be transferred and
expressed in the offspring of the next generation, although this
offspring has not been exposed to an adverse intrauterine milieu,
suggesting the notion of transgenerational transfer of epigenetic
modifications and highlighting the impact of avoiding
intrauterine adversaries in one generation to ascertain a
healthy outcome of future generations (104).

It is also worth mentioning that this transgenerational effect
that has been reported for the female line of inheritance has also
an impact from the paternal side affecting not only the
immediate subsequent generation, but also the generation after
that. Moreover, epigenetic modifications can take place not only
during intrauterine life but also during adolescence. Therefore,
not only the mother’s nutrition and lifestyle are relevant for the
health of the child, but also the grandparents’ nutrition and
lifestyle choices (117). In other words, the epigenetic changes
apply not only to the maternal epigenome but also to the
paternal (118). In this context it is important mentioning that
the Avon Longitudinal Study of Parents and Children
(ALSPAC), after appropriate adjustment, has demonstrated
that early paternal smoking is associated with greater body
mass index (BMI) at 9 years in sons, but not in daughters.
Sex-specific effects have also been shown in the Overkalix data
reporting that paternal grandfather’s food supply was only
linked to the mortality relative risk (RR) of grandsons, while
paternal grandmother’s food supply was only associated with the
granddaughters’ mortality RR. These transgenerational effects
were observed with exposure during the slow growth period
(concerning both grandparents) of fetal/infant life
(grandmothers) but not during either grandparent’s puberty.
The authors concluded that sex-specific, male-line
transgenerational responses exist in humans and have
hypothesized that these transmissions are mediated by the sex
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chromosomes, X and Y. Such responses add an entirely new
dimension to the study of gene-environment interactions in
development and health and provide more data concerning the
impact of healthy lifestyle choices through the lifespan for future
generations (119-121).

Molecular mechanisms linking IUGR to insulin
resistance and future obesity/disturbed appetite

As mentioned above, children born IUGR are prone to
develop insulin resistance in later life (122). This was also
demonstrated in a murine IUGR model (123). Long et al
proposed that this observation could be explained by an
impaired LRP6-Wnt-signaling pathway, which regulates the
expression of insulin -receptors, leading to insulin resistance
(124). A further possible underlying mechanism for the insulin
resistance in individuals born with TUGR is the upregulation of
ACSL1 expression. ACSL1 is a gene which regulates lipid
metabolism. The authors claim that the upregulation of
ACSL1 could facilitate the catch-up growth. However, this
could also lead to increased secretion of esterified fatty acids,
which promote insulin resistance and dyslipidemia (125).

Animal studies investigating the link between IUGR and
adipogenesis have demonstrated that the underlying
mechanisms predisposing to future obesity include a
dysregulation of appetite/satiety signals and abnormal
adipogenesis (126). According to Ross and Desai (126) there is
a developmental origin of adipogenesis and disturbed appetite
signals in intra-uterine-restricted newborns. As observed in
animal models of ITUGR, maternal calorie restriction or
ligation of the uterine artery led to increased adult
adipogenesis, accentuated when the IUGR status has been
followed by a rapid extrauterine catch-up growth. It has been
demonstrated that gestational nutrient restriction led to a
dysregulation of orexigenic neuronal circuits at the
hypothalamic level. The predominant appetite regulatory site,
the hypothalamic Arcuate nucleus (ARC) receive signals from
peripheral circuits, such as the gastrointestinal tract, pancreas,
and the adipocytes but also from central inputs such as the brain.
The ARC contains the medial orexigenic neurons (NPY and
Agouti-related peptide neurons) and the lateral anorexigenic
neurons, the Pro-opiomelanocortin (POMC) and the Cocaine
and amphetamine regulated transcripts (CART). During fetal
development the hypothalamic neuronal stem cells (NSC)
proliferate and ultimately differentiate into neurons. Among
those, the ones destined to the ARC appetite center further
differentiate to express either orexigenic or anorexigenic
peptides. In their experimental animal setting the researchers
have demonstrated that intrauterine growth restricted animals
resulted in significantly increased food intake with resulting
hyperphagia due to dysregulated satiety signals, as evidenced by
reduced satiety signals to leptin or, on the contrary, increased
responses to appetite stimulatory signals from ghrelin.
Moreover, laboratory studies from the same research group

frontiersin.org


https://doi.org/10.3389/fendo.2022.1041718
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Gantenbein and Kanaka-Gantenbein

have demonstrated that IUGR male offspring have upregulated
adipogenic signaling cascade evidenced by an increased
expression of enzymes promoting adipocyte lipid storage and
synthesis. IUGR adipocytes in culture retained this adipogenetic
characteristics even when deprived from the hormonal milieu in
which the ITUGR offspring has been exposed in utero (126). It has
therefore been postulated that the mechanisms that result in
offspring obesity include the programming of the hypothalamic
appetite pathway and adipogenic signals regulating lipogenesis.
Processes include nutrient sensors, epigenetic modifications, and
alterations in stem cell precursors of both appetite/satiety
neurons and adipocytes which are modulated to potentiate
offspring obesity.

Furthermore, in a more recent experimental study Gong
et al. investigated the Bone marrow mesenchymal stem cells
(BMSC) of the intrauterine growth-restricted rat offspring and
demonstrated that they exhibited an enhanced adipogenic
molecular profile at miRNA, mRNA and protein levels, with
an overall up-regulated PPARY (miR-30d, miR-103, PPARY, C/
EPBa, ADRP, LPL, SREBP1), but down-regulated Wnt (LRP5,
LEF-1, B-catenin, ZNF521 and RUNX2) signaling profile (127).

Further experimental data point towards a sex-dimorphic
impact of IUGR on future adipogenesis with male offspring
exhibiting stronger adipogenic propensity than females,
especially with advancing age, also highlighting both the sex
dimorphism of such an effect but also the permissive effect of
postnatal caloric intake on future obesity development (128).

The disturbance of the hypothalamic-pituitary axis could
also predispose to an increased cardiovascular risk. Individuals
born SGA show GH resistance, witnessed by increased GH and
reduced IGF1 and IGFBP3 levels. Since reduced IGF1 levels are
associated with increased cardiovascular risk, this could
constitute a further underlying mechanism linking ITUGR with
increased future obesity and cardiovascular risk (129).

Adverse future outcomes concerning
neurocognitive health and disease

According to the meta-analysis by Sacchi et al. (2), IUGR is
also associated with cognitive impairment. Children born TUGR
or SGA have lower cognitive scores than those born AGA. This
is the case for both preterm and term babies (2). These cognitive
abnormalities can also be verified by functional MRI (fMRI)
studies, that have shown reduced para-hippocampal activity in
SGA children compared to AGA children (130). Furthermore,
children born preterm with TUGR show impaired fine and gross
motor function and an increased risk of developing autistic traits
in comparison to preterm children born AGA (131). Cognitive
impairments are also described in children born with TUGR
during their school years, namely presenting learning difficulties
with reduced memory and concentration skills. The risk of
developing cerebral palsy is also increased in children born
IUGR (1). These observations could be explained by the
reduced brain volume, observed in children born TUGR (132).
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In addition, thyroid dysfunction in IUGR children could also
contribute to the cognitive impairment (5).

The etiological pathway highlighting the link
between IUGR and impaired neurocognitive
future outcomes
The notion of developmental plasticity

Children with low birth weight show neurocognitive
abnormalities as described above. This could be explained by
disturbed prenatal neuronal development. St. Pierre et al. were
able to demonstrate in a murine IUGR model that IUGR is
associated with impaired synaptic plasticity in the hippocampus
(133). In addition, Brown et al. described that [UGR mice show a
reduced number of neural stem cells in the hippocampus as well
as a disturbed induction of neuronal differentiation. These
processes could be caused by a downregulation of the Wnt
pathway (134). Other parameters such as neuroinflammation, a
disturbed blood-brain barrier and oxidative stress can also
contribute to the pathogenesis of neuronal dysfunction (135).

Therefore, although future neurocognitive outcome is
besides the scope of the current review article, these
observations of impaired neurocognitive development in case
of intrauterine restriction further highlight the importance of an
optimal intrauterine milieu to ascertain all aspects of
future health.

Treatment modalities
The role of breast feeding

Breastfeeding has beneficiary effects on the health of the child.
Studies have shown that breastfed children showed a slower
weight gain during the catch-up period and a reduced risk of
obesity and hypertonia (17, 136, 137). According to the meta-
analysis of Qiao et al. breast feeding is associated with decreased
risk of childhood obesity. This positive effect also increases with
increasing duration of breastfeeding (138). A positive effect of
breastfeeding has also been described for children’s cognitive
performance (139). Belfort et al. studied 1224 3-years-old and
1037 7-years-old children and found that children with a longer
breastfeeding duration showed higher language comprehension
scores at age 3 and higher verbal and nonverbal IQ scores at age 7
(140). Furthermore, breastfeeding can have protective effects
against necrotizing enterocolitis, an inflammatory disorder
common in premature and IUGR neonates (141).

Appropriate nutrition during infancy,
childhood, and adolescence

Optimal maternal nutrition not only during pregnancy but
also before pregnancy is of paramount importance for adequate
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nutrient supply to the fetus, as already presented in the previous
sections of this review. During the last years it became moreover
clear that the first 1000 days of life starting from conception until
the end of the second year of life are critical for both future health
and neurodevelopment. In other words, these 1000 days spanning
the period of the 270 days of pregnancy plus the 365 days of the
first year of life plus the next 365 days of the second year of life
play a major role in future health outcome of the offspring (142).
A lot of evidence has been accumulated for the importance of the
270 days of pregnancy in terms of healthy nutrition (micro- and
macronutrient composition) and avoidance of noxious agents
such as tobacco or alcohol abuse in the lifestyle pattern of the
pregnant woman. Since special dietetic preferences have also been
adopted by young women of reproductive age in modern
societies, such as vegan or vegetarian diets that cannot cover
micronutrients requirements of the pregnant woman, and several
deficiencies emerge as a consequence of such diets like iron, folate
of vitamin B12 deficiency, special attention should be laid to
supplementation with micronutrients and vitamins, especially
vitamin B12 in women following vegan diets (50, 143). Also, the
change in lifestyle in modern societies with increasing indoor
activities and decreasing sun exposure leads to higher rates of
vitamin D deficiency among women. Supplementation of vitamin
D3 during pregnancy leads to a decreased risk of preeclampsia
and TUGR (144). Furthermore, since deficiency of maternal iron,
calcium, magnesium, and selenium is associated with low birth
weight/IUGR, the supplementation of these micronutrients in the
pregnant woman can be beneficial for the proper development of
the fetus (19).

Moreover, moving into the early extrauterine feeding
environment, exclusive breastfeeding for the first 6 months of
extrauterine life, as already mentioned, should be advocated to
diminish the rates of future obesity and other negative health
issues. After the first 6 months of extrauterine life, when
exclusive breastfeeding can no more completely cover the
nutritional needs of the infant, then complementary food
should be introduced. It has been demonstrated that initiation
of solid foods before the age of 4 months is associated with an
increased risk for future obesity. Thus, promoting exclusive
breastfeeding during the first 6 months of extrauterine life and
avoiding the early introduction of solid foods before the age of 4
months during infancy are important components in the combat
against obesity. The time until the completion of the second year
of life is important for being exposed to new tasty, low fat, rich in
fruits and vegetables nutrition, the so-called Mediterranean diet
(145). Thus, promoting healthy food choices not only during
infancy but also during childhood are main determinants of the
strategy to prevent future obesity, as already reported by the
importance of the first 1000 days for future metabolic health,
especially when combined with physical activity and avoidance
of sleep deprivation (142, 146, 147).

Nutrition also plays an important role during the rest of life,
which can be partly explained by epigenetic modifications taking
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place also at later stages of life, mainly during adolescence.
Therefore, epigenetic modifications are important during the
lifespan both pre- and postnatally as well as during adolescence.
According to Han et al. BMI and smoking during adolescence
can influence the DNA methylation (148). Furthermore, studies
have shown that exercise and weight loss can also change the
methylation of certain genes and thus their expression (149-
151). Besides nutrition, further environmental factors such as
exposure to chemicals or metals can induce epigenetic
modifications (152). Taken together, a balanced diet and a
healthy lifestyle during adolescence are of paramount
importance for preventing future non-communicable diseases
of the current as well as the next generation (17).

Growth hormone treatment

Children born with SGA who do not show catch up growth
up to the chronological age of 4 years are often treated with
growth hormone (GH) therapy. The GH administration may
start at 2 years of age according to the US Food and Drug
Administration (FDA) and at 4 years of age according to
the European Medicines Agency (EMA). Beginning the
therapy at a young age has beneficial effects on the growth
gain (153). For example, Al Shaikh et al. studied retrospectively
the growth parameters of 26 patients with SGA. The patients
received growth hormone replacement therapy at a dose of
0.025-0.05 mg/kg/day. After 3.5 years of therapy, they
observed an increase in height of 1.46 SDS (154). Besides the
improvement of growth parameters, GH administration has a
favorable effect on metabolism as it reduces the risk of
hypertension (155) and leads to a reduction in adipose tissue
and lipids at the beginning of the treatment (156). At the end of
therapy, individuals after GH treatment have similar amounts of
adipose tissue and lower lipid levels compared to untreated ones
(87, 157). SGA individuals who have received GH therapy
exhibit bone-mineral density deficiencies shortly after
cessation of therapy, but these normalize 5 years after
cessation of therapy (158). Furthermore, GH treatment has
positive effects on the kidney development since it leads to an
increased renal length and volume. Moreover, after cessation of
GH treatment the renal function has been shown to be
comparable between SGA patients who received GH and
healthy controls (159).

Metformin

Another therapeutic target is the dysfunctional metabolism
in low-birth-weight children. As described above, IUGR children
tend to be overweight and develop metabolic syndrome and type
2 diabetes mellitus. Besides healthy lifestyle habits and healthy
nutrition there are not many therapeutic possibilities.
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Therapeutically, metformin could be considered as a therapeutic
option in children born with IUGR, although metformin is
neither FDA- nor EMA approved for use in children. A
randomized controlled trial by Diaz et al. showed that children
treated with metformin had a lower weight and BMI than the
control group. There was also an improvement in biochemical
variables, with a reduction in glucose and triglyceride levels as
well as fat mass (160). Furthermore, studies performed by Ibaniez
et al. showed that treatment of low-birth-weight pubertal girls
led to reduced fat gain, delayed pubertal development, and
improved biochemical parameters (161-163).

Moreover, according to Garcia-Conteras et al., based on
animal studies, maternal therapy with metformin could
theoretically also be beneficial for fetal growth (164). In the
study by Garcia-Conteras et al. [IUGR pregnancies modelled by
malnourished pigs were investigated. They were able to
demonstrate that the weight of the internal organs and the
brain was higher in the metformin-treated group than in the
control group. Therefore, the authors claimed that metformin
therapy of the pregnant woman could contribute to the
prevention of IUGR (165). However, the results of such
animal studies cannot safely be extrapolated to humans yet.

Preventive measures

In order to eliminate some of the risk factors for IUGR
development, a healthy lifestyle of the woman before and during
pregnancy is mandatory. Preeclampsia and gestational
hypertension are associated with a higher BMI of the woman.
Therefore, healthy diet and regular moderate exercise are
recommended (166). According to Crovetto et al., in
pregnancies with an increased risk of SGA, following a
Mediterranean diet can lead to a risk reduction of SGA births
(167). Furthermore, an adequate supply of micronutrients can
also reduce the risk of growth restriction. If sufficient coverage is
not provided by adequate food intake, such as is the case in
restrictive diets, like vegan or vegetarian diets, then
supplementation with iron, magnesium, folate, and iodine
could be considered (166, 168). In the case of gestational
hypertension which cannot be regulated by lifestyle
modification, drug therapy is recommended. Methyldopa,
calcium channel inhibitors and beta-blockers are allowed for
pregnant women, while ACE inhibitors or AT1 antagonists are
contraindicated during pregnancy (169). In addition, in
pregnant women with increased risk of preeclampsia a low-
dose aspirin treatment is indicated. A Doppler velocimetry
screening of the uterine artery in the second trimester is also
recommended in women with an increased risk of preeclampsia
(170). As already reported, smoking, alcohol, and substance
abuse are also associated with an intrauterine growth restriction
(171-173). Therefore, education of young women of
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reproductive age to avoid such noxious agents is of paramount
importance. However, if the young women used to adopt such
unhealthy habits, then their consumption should be ceased long
before pregnancy planning and conception.

Conclusion

There is accumulated evidence during the last decades
pointing to the importance of an optimal intrauterine
environment to provide the best chances for future health.

On the contrary, according to the developmental origin of
health and disease, the susceptibility for future disease greatly
depends on the developmental window, during which an adverse
environmental cue, leading to intrauterine growth restriction, took
place, making an individual more vulnerable to adverse future
outcomes such as obesity, metabolic syndrome, hypertension,
non-alcoholic fatty liver disease and type 2 diabetes mellitus. All
these non-communicable diseases are interconnected ultimately
leading to increased cardiovascular risk and mortality.

Moreover, it has been proven that intrauterine growth
restriction may generally impair future health, increasing the
risk for nephrological problems or even cancer risk.
Furthermore, an adverse intrauterine environment leading to
IUGR is further associated with future neurocognitive
impairments of the offspring.

As a consequence, if the increased public health burden and
costs of non-communicable chronic diseases but also mental and
neurocognitive impairments have to be minimized, special
attention should be laid to the healthy lifestyle habits of young
people, especially women of reproductive age, including both
avoidance of noxious agents, such as smoking or alcohol
consumption, healthy diet and physical activity to be established
long before any pregnancy is programmed or takes place and
these healthy lifestyle patterns should be sustained through the
whole duration of pregnancy in order to provide the best basis for
both somatic and mental health of future generations.
Furthermore, promotion of breastfeeding and healthy eating
habits in infancy, childhood, and adolescence along with
physical activity may further minimize the risk of future disease.
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Introduction: Food selection among adults and mostly children depends
mainly on the taste of a dish. Poor taste sensitivity as well as strong
preferences for sweet and fat taste may be the factors predisposing children
to become overweight and/or develop obesity. Family environment, including
mothers’ eating habits and preferences, may affect children’s taste perception
and preferences. The aim of the study was to assess taste perception and
preferences in children and their mothers in relation to their weight status.

Methods: Sensory tests were carried out using puddings with different sugar
and fat content. In all study participants anthropometric measurements (weight
and height with BMI calculation) were performed.

Results: The study results did not reveal any differences in the taste sensitivity
of overweight/obese and normative body weight children. Similarity was found
in the perception of different levels of sweet/fat flavors among children and
parents. Overweight/obese children were two times more likely to choose a
very fat and very sweet taste compared to normal weight children. The results
showed that children prefer a sweet taste more often than their mothers.
Mothers' fat taste preferences were important - the fatter the taste they
selected, the greater the percentage of children with obesity.

Discussion: Mothers’ taste sensitivity may affect children’s perception of the
quality (intensity) of flavors. Normal-weight children chose a low fat and low
sweet taste more frequently than those with excess of body weight. The role of
parents in shaping taste preferences is of utmost importance and should be
based on limiting the consumption of products rich in sugar and/or fat.
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Introduction

Human food intake is regulated by a complex physiological
mechanism associated not only with the feeling of hunger and
satiety, but also with the perception of sensory stimuli. Food
assessment is largely based on sensory impressions such as look,
smell and finally taste. All basic flavors, i.e. sweet, bitter, salty,
sour, umami, as well as fat play the role of food quality markers
(1-3). Studies clearly show that sensory performance of the taste
recognition apparatus is an individual feature that can affect the
perception of food products and daily choices of food consumed
(4, 5). The reasons for different sensitivity are complex and are
the result of numerous factors including genetic, physiological
and environmental ones. Factors that affect sensory perception
can also be associated with age, sleep, body mass index, anxiety
level and neurotransmitters, hormonal factors, and habitual diet
(6). It is hypothesized that those less able to detect fatty acids
(hyposensitive) appear to have, a higher body mass index (BMI)
(7, 8). There are no clear data to confirm this, but several testable
theory may be proposed. A frequently investigated hypothesis is
that overweight and obese individuals are less sensitive to
palatable fatty texture (mouthfeel) and therefore need a greater
concentration to detect fatty mouthfeel (9).

Given that food preferences are an extremely important
factor influencing diet quality, understanding how they change
and how they can be modified can help to promote a healthy diet
for both children and adults. Taste preferences can therefore be
defined as making a food selection based on one’s own
subjective, hedonic (“pleasant”, “unpleasant”) perceptions. In
practice, due to the strong relationship between taste preferences
and food selection, the term food preferences is often used,
which means that we like some food products more or less, and
we have an aversion towards others (10). Current research
results indicate that children perceive some flavors differently
than adults. Preferences of the youngest for higher levels of salty
and sweet taste can be justified by evolutionary factors (11). The
first reports describing the relationship between taste
preferences, food consumption and obesity suggested that a
greater intensity of taste contributes to the improvement of the
palatability of food products, and thus to over-consumption and
possible obesity (12). Lack of conclusive evidence in a few
subsequent studies is associated with the heterogeneity of
methods for measuring taste preferences and food
consumption. Doubts also relate to the use of flavors in the
form of laboratory samples in sensory tests due to their
insufficient relation to consumption in real conditions (13).

Parents play a significant role in shaping the taste preferences
of their children and adolescents. Their participation in
developing sensory experiences is not limited to “setting an
example,” but can have a much broader context. Parents can
consciously or unconsciously control the availability of food
products, and thus affect the exposure of different flavors (14).
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Several reports are available in the literature analyzing the
impact of children’s taste perception preferences in the context
of overweight and/or obesity as well as adult taste preferences
and perceptions separately (15-17). So far, there are no reports
in the literature comparing the taste preferences and taste
sensitivity of children and their parents with the state of
body weight.

Materials and methods
Subject

The study is a preliminary assessment of the relationship
between the taste perception and taste preferences of mothers
and their children in relation to the BMI of mothers and
children. 239 children aged 8-15 years were recruited for the
study from two schools selected via an randomized algorithm,
one in an urban (Stanistaw Wyspianski Secondary School
Complex No. 3. in Rzeszow, Poland) and one in a rural area
(Complex of Schools in Kosina, Poland). The study group
consisted of 75 children with overweight or obesity aged from
8 to 15 years. The control group consisted of 75 children with
normal weight aged from 8 to 15 years, strictly matched to the
study group regarding sex and age (the nearest date of birth for
each comparator from the study group, in 1:1 ratio). The
remaining 89 children not strictly matching to the study group
regarding sex and age were excluded. All mothers (n=150) of the
pediatric subjects wereincluded in the study. Mothers were
chosen because of their impact on the development of
childhood eating habits. 69 of them were overweight and/or
obesity (BMI 225 kg/ m?) (18). The inclusion criteria for children
were age 8-15, the attendance of one of two selected schools, and
parents’ acceptance to participate in the study. The requirement
for the child’s participation in the study was the simultaneous
participation of his/her mother. The exclusion criteria for
children included suffering from chronic diseases affecting
body weight, being underweight (<5th percentile), inability to
consume food samples used in the study, implanted pacemaker
and pregnancy (contraindications for bioimpedance testing).
The children participating in the study were a representative
sample of the population. The inclusion and exclusion criteria
for mothers were the same, except for the age and body weight.
During the parents meeting with teachers at schools, the main
goals of the study were presented. Attending mothers were asked
to participate in the study by themselves and to permit their
children to participate. It was noted that the research is
voluntary and has only a scientific purpose. The study was
conducted after obtaining written consent from the
participating children’s parents and the children themselves.
All participants and parents were fully informed in writing and
verbally about the nature of the study.
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Assessments of preferences and
sensitivity

The study was conducted according to the protocol used to
assess sweet and fat taste perception in the “I Family” study
(funded by the EC FP7 project No 266044) using puddings with
different sugar content and with different fat content (SOP -
Carrying out a taste intensity test with children, adolescents and
their parents to assess sweet and fat taste perception of different
puddings) (19). The subjects task was to assess the intensity of
three pudding samples with different fat content and three
pudding samples with different sugar content. The evaluators
were to rank three samples according to increasing fat content
and another three according to increasing sugar content. In
addition, the evaluators had to indicate which of the samples
with different fat content and samples with different sugar
content they like best. Between each test sequence the
participants rinsed their mouth with demineralised water to
avoid adaptation and took a two to three minutes break. The test
continued with the second block (taste) following the same
procedure. The pudding samples were presented under a red
light in order to mask colour differences. Cold whipped vanilla
pudding (RUF Schlemmer Créme, vanilla flavour) was a carrier
of taste with different concentrations of sugar and fat. Base
samples for both flavors were identical and contained 14.5%
sugar and 3.1% fat. Modified samples to examine the perception
of fat taste contained sugar base amount and increased fat
concentration, i.e. 6.8% and 14.1%. In case of samples for the
assessment of sweet taste, the base amount of fat was retained,
and the amount of sugar was modified to 24.1% and 36.2%. All
participants were given a template on which they had to
complete a scale of taste perception intensity rating for each
taste and concentration. The scale consisted of 3 intensity values
(from 1 to 3), 1 meaning “low fat/sweet” and 3 “high fat/sweet”.

The interpretation of the results consisted in assessing the
accuracy of ordering the intensity of the fat/sweet taste from the
least fat/sweet to the high fat/sweet. In the case when all (three)
samples were correctly ranked by participant, the test result was
marked as maximum accuracy. When one or two errors were
made, the test result was classified as average accuracy, while in
the case when all the samples were incorrectly ranked, the test
result was rated as lack of accuracy. For the fat taste the term
“creamy” was used to avoid negative associations with the
word fat.

Anthropometric measurements of the
studied group

Height measurements were made three times with the SECA

213 portable stadiometer, with an accuracy of 5 mm, in a
standing position, upright, without footwear. The average
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figure of the three measurements was used in the analyzes.
Body weight was assessed with an accuracy of 0.1 kg using a
body composition analyzer (BC-420, Tanita, Tokyo, Japan).
According to the instructions for the Tanita BC 420 device for
accurate measurements, the machine was positioned as
horizontally as possible. Participants stood on the platform
barefoot, upright, on straight legs and made sure that the front
of the feet touched the front electrodes and rear parts of the rear
electrodes. The height and weight of all participants (children,
mothers) were measured in fasting status wearing underwear.
Body mass index (BMI) was calculated as weight (kg)/height
(m)? Based on BMI values, the BMI percentile of individual
childrens was calculated. BMI percentile charts specific for age,
sex, and body height were used. Percentile charts which were
developed within the framework of the Polish project entitled
“Developing standards of blood pressure in children and
adolescents in Poland, OLAF” were used (20). Based on the
BMI percentile values, underweight (<5th percentile), normal
weight (between 5th and 85th percentile), overweight (BMI
>85th percentile and < 95th percentile), or obesity (=95th
percentile) were determined. BMI classification for mothers’
was carried out according to the WHO guidelines:
underweight (<18.5kg/m?), normal weight (between 18.5-
24.99kg/m?), overweight (between 25-29.99kg/m*), and obesity
(=30kg/m?) (18).

Statistical analysis

The statistical analysis was performed using the Statistica
v.12.0 Software (StatSoftPolska Sp. z 0.0., Krakow, Poland).
Differences between groups were analyzed using x> test or
McNemar’s test where appropriate, with Yates correction
applied. For associations between taste preferences and body
mass categories odds ratios (OR) with 95% confidence interval
(CI) were calculated. A P value <0.05 was considered
statistically significant.

Results

Perception for fat and sweet taste
among children

Test results provide information on the level of taste
perception for fat and sweet taste (Table 1). The differences in
fat content in puddings were imperceptible for nearly 30% of the
subjects. Another approx. 30% have correctly assessed the
differences in the levels of fat taste. The remaining individuals,
i.e. about 40%, had some problems with the exact ranking of fat
content in the pudding samples tested, which is why they can be
included in the group with average sensitivity to fat taste. The
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TABLE 1 Accuracy of children'’s taste perception according to body mass category.

Accuracy of fat/sweet taste ratings

normal
high (fat) 23 (30,7%)
average (fat) 34 (45,3%)
low (fat) 18 (24,0%)
high (sweet) 48 (64,0%)
average (sweet) 22 (29,3%)
low (sweet) 5 (6,7%)

** data are expressed as n (%).

important information is that the assessments were not
associated with the BMI of the tested children.

Mothers’ taste perception vs. children’
taste perception

Although the accuracy of recognizing the intensity of fat and
sweet taste was roughly similar in both groups, the
disconcordance between the groups reached the statistical
significance level, which was more pronounced with regards to
sweet taste (Table 2).

Children’s taste preferences

Taste preferences are significantly different for children with
normal and excessive body weight (Table 3).The individuals
with normal body weight choose a low fat and low sweet taste
relatively more frequently than those with an overweightand
obesity. High sweet compared to low sweet taste preference was
associated with significantly higher probability of development
of excess body weight, OR 3.77 (1.66-8.55), P=0.002. In case of
high and low fat taste preference, this relationship appeared to be
borderline insignificant, OR 2.42 (1.03-5.69), P=0.067.

Body mass classification ** P value
overweight + obese all
21 (28,0%) 44 (29,3%) p=06573
31 (41,3%) 65 (43,3%)
23 (30,7%) 41 (27,3%)
45 (60,0%) 93 (62,0%) p=07976
23 (30,7%) 45 (30,0%)
7 (9,3%) 12 (8,0%)

Taste preferences of children and
mothers — comparison

There were no significant differences in fat content preferences
between mothers and their children, while children significantly
more frequently preferred sweet or high sweet taste compared to
mothers, OR 2.26 (1.42-3.58), P<0.001 (Table 4).

Mothers’ taste preferences and their
body mass

A sweet taste preferences were significantly different between
normal-weight, overweight and obese mothers, P=0.002.Obesity was
significantly associated with sweet and high sweet taste preferences
compared to normal-weight mothers. These preferences were not
significantly different between normal-weight and overweight mothers
(Table 5). No similar relationship was found for the fat taste, P=0.091.

Parental taste preferences and the
incidence of overweight and obesity
among children

Sensitivity to fat taste among mothers is not associated with
the incidence of weight disorders among children, while fat taste

TABLE 2 Accuracy of recognizing the intensity of fat and sweet taste by mothers and children, and concordance between them.

Mothers Fat Sweet

Children low average high low average high

Fat low 17 (33,3%) 20 (29,4%) 7 (22,6%) - - -
average 28 (54,9%) 25 (36,8%) 12 (38,7%) - - -
high 6 (11,8%) 23 (33,8%) 12 (38,7%) - - -

Sweet low - - - 68 (68,7%) 23 (50,0%) 2 (40,0%)
average - - - 26 (26,3%) 18 (39,1%) 1 (20,0%)
high - - - 5 (5,1%) 5 (10,9%) 2 (40,0%)

P value for concordance p =0,0371* p =0,0171*

** data are expressed as n (%).,* statistically significant.
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TABLE 3 Relationship between taste preferences and body weight category among children.

Taste Preference Test

normal

low (fat) 23 (30,7%)
36 (48,0%)
16 (21,3%)
37 (49,3%)
22 (29,3%)

16 (21,3%)

average (fat)
high (fat)

low (sweet)
average (sweet)

high (sweet)

** data are expressed as n (%).,*statistically significant.

preferences are of great significance - the fatter the taste
preferred by mothers, the greater the percentage of children
with obesity (17% in case of choosing low-fat taste, and 37% and
41% in case of fat or high fat) (Figure 1). No similar relationship
was found for the sweet taste.

Discussion

Sensory sensations have a significant impact on people’s
nutritional behavior (21). In everyday contact with food, the
most pleasant is such stimulus intensity to which the consumer
is accustomed. Sensitivity to each of the flavors varies widely
from person to person (22). Some studies confirm that people
who are sensory insensitive prefer higher concentrations of
specific tastes (sour, bitter, sweet, salty, umami) (23, 24). The
consequence of individual differences in the perception of tastes
may be disproportions in the consumption of some dietary
ingredients, especially sugar or fat, which, as a result, in those
who are less sensory sensitive may lead to an increase in caloric
content of the diet.The diet of people who liked to consume
more sweet products was characterized by a higher energy
supply and a higher consumption of carbohydrates (starch,
fructose, glucose, total sugars) (25). Lim et al. suggests that the
tendency towards higher sweet consumption may be due to
lower sensory sensitivity (26). Most of reliable studies also point
out the positive relationship between acceptance of high fat
content and BMI or body weight (27-29).At the same time,

Body mass classification**

P value

overweight + obese

25,3%) p=00173*
32,0%)
42,7%)
25,3%) p = 0,0046*
33,3%)
31 (41,3%)

19 (
24 (
32 (
19 (
25 (
(

obese people may be less sensitive to some unpleasant sensory
fatty acids, so their appetite in some products or fatty foods is
not diminished (30).Most of the available publications check the
level of sensory sensitivity by comparing thresholds for
individual flavors on standardized aqueous solutions. It is
worth noting, however, that taste sensitivity is not always
associated with preferences for stimuli at the threshold level or
suprathreshold level so the lack of correlation with body weight
is not necessarily surprising (31, 32). The study of such factors as
the intensity of taste, hedonic sensation (“liking”), and not the
threshold of sensation, are more representative for sensory
measurements, because people are in contact with food every
day in which flavors occur at suprathreshold levels (33).

During the experiment it was evident that the evaluators had
a significant problem with the correct assessment of the fat
content of various puddings. The obtained results (Table 1)
confirmed this fact, because over 70% of the respondents rated
the intensity of the fat taste incorrectly, while in the case of sweet
taste as much as 62% of the respondents had no problem with
the proper ranking of the intensity. Low sensitivity to fat taste is
confirmed by some authors, who suggested that fat taste is not
well perceived by humans and this may be a problem in sensory
perception measurements (34). Despite the use of food samples
instead of standardized aqueous solutions, the study did not
confirm differences in the taste perception of children with
proper body weight and obese children. There were also no
significant differences in the perception of fat taste between
parents and their children.

TABLE 4 Fat and sweet taste preferences for children and mother’s — comparison.

fat taste
low average, high
Children 42 (28,0%) 60 (40,0%)
Mothers 35 (23,3%) 49 (32,7%)
P value 0.101

48 (32.0%)
66 (44.0%)

Preference test**

sweet taste

low average, high

56 (37,4%)
86 (57,3%)

47 (31.3%)
36 (24.0%)
0.002%

47 (31.3%)
28 (18.7%)

**data are expressed as n (%).,*statistically significant.
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TABLE 5 Association between mother’s sweet taste preferences and their body mass index category.

BMI classification mother (M)

Sweet taste preference

low sweet sweet high sweet

N % N % OR p N % OR 4
Normal weight 52 64.2 17 21.0 Ref. - 12 14.8 Ref. -
Overweight 29 63.0 7 15.2 0.74 ((0.27-1.99) 0.721 10 21.7 1.49 (0.58-3.88) 0.562
Obese (M) 5 21.7 12 52.2 7.34 (2.26-23.85)* <0.001 6 26.1 5.20 (1.36-19.91)* 0.019*

OR, odds ratio; N, quantity; * statistically significant.

However, the study confirmed strong preferences for sweet taste
in children. Sweet or very sweet puddings were more often chosen by
children and youth (63%) than their mothers (43%) (Table 4)
Mennella et al. (35), who also used puddings in her research
presents the same conclusions regarding sweet taste preferences in
children aged 5-10. Children preferred a higher concentration of
sugar in both puddings and aqueous solutions. According to other
reports, children are predisposed to prefer foods rich in energy, sugar
and salt (36, 37).There was also a significant difference in the ability to
rank samples relative to the intensity of sweet taste. Children more
often did it incorrectly, as in our study, where the difference between
children and mothers in this aspect was not so significant.It might be
due to the higher average age of children involved in the experiment
compared to Mennella’s study. In the same study it was observed that
children were less willing than parents to choose puddings with a
higher fat content. In our study it was noted as some literature sources
suggested that preferences for sweet/fat taste were associated with
overweight and obesity of children (Table 3) (14). Also in the case of
mothers, similarly to the study by Ettinger et al. (38), preferences for
sweet taste were associated with overweight and obesity, and
particularly clearly with obesity (Table 5). Undoubtedly, many facts
prove that taste preferences are related to sensory perception, food
consumption and people’s body weight. However, it is not obvious

how the mechanism works, which causes people with different
sensitivity to flavors, different taste preferences react differently to
consumed food. Ambiguous results regarding the impact of taste
sensitivity on consumer choices of children withdo not help to draw
objective conclusions. Sensitivity to fat taste identified as NEFA (non-
esterified fatty acids) was the subject of a meta-analysis by Tucker
etal. (15). It showed no differences between lean and obese people in
threshold sensitivity and in assessing the suprathreshold intensity.
Other such studies using NEFA provide different results. If a
relationship is already detected, it is usually negative, ie. as the
body mass increases, sensitivity to NEFA decreases (39,40). Available
literature also gives examples of fat sensitivity tests using oleic acid
(41), or linoleic acid as in Marinez - Ruiz et al. study (42) which
confirms the inverse correlation between fat perception and BMI of
the participants. Alternatively, it has been suggested that stimuli of
considerable intensity, especially if they are exposed for a long time,
can cause changes consisting in a permanent increase in the
sensitivity threshold. Changes in stimulus sensitivity may be the
greater, the longer the exposure time and the higher the stimulus
concentration. A high-fat diet can lead to habituation and the need to
increase stimulus levels to the desired quality in the mouth, leading to
an increase in dietary fat intake and weight gain (29, 43). In Di
Patrizio studies, both slim and obese people on a 4-week low-fat diet

Fat taste preference test (mothers)

I 20,0%
overweight + obese | ——— 53, 1%

| 53,0%

— 17,1%

obese  |—— 36,7%

| 40,9%

0% 10% 20% 30%

40% 50% 60% 70% 80% 90%

100%
% children

M low fat sfat u high fat

FIGURE 1

Preferences of the fat taste among mothers and the occurrence of overweight and obesity among children.
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showed a higher taste sensitivity to fatty acids compared to the state at
the beginning of the experiment (44). In the case of using a high-fat
diet, the level of sensitivity in overweight and obese people has not
changed, which may indicate that the subjects easily adapted to the
permanent high-fat diet.

Parents, through their eating habits as well as everyday decisions,
influence the child’s environment and influence the shaping of their
sensory preferences (14, 45). The role of early nutritional experience,
breastfeeding, early exposure to a wide range of products varied in
taste, determine later preferences and dietary habits (46, 47). The
phase of introducing a complementary feeding is the most important
period of learning the taste preferences and the control of appetite in
human life. Infants discover sensory impressions (texture, taste,
smell) and nutritional properties (energy density) of food that is
part of the diet of adults (48). From this perspective, comparing the
results regarding the perception and taste preferences of children and
parents is very interesting. However, in our study, comparing the
results of taste preferences of children and mothers did not show
significant differences. It is obvious that the newborn’s “primary”
taste preferences are significantly modified in childhood by various
environmental factors and may change over time as the child
develops (49). Parents’ taste preferences are the result of their
extensive nutritional experience related to their age and are
determined more strongly by such factors as age, gender, health
status, level of education or income (50). The obtained results showed
the dependence of preferences regarding the taste of fat in mothers
andBMI of children. This relationship may be explained by the
influence of preferences - the parents’ preference for high fat content
in the type and method of preparing meals prepared for the whole
family (including children). Jilani et al. showed that children’s
sensitivity to sweet and salty tastes is related to weight status (51).
The comparison of the results of the taste sensitivity (accuracy of
recognizing the intensity of taste) of children and their mothers
indicates that the level of taste perception of children is correlated
with the level of taste perception of mothers. It can therefore be
argued that taste perception (level of taste sensitivity) can be
genetically determined to a large extent. It has been established that
the taste sensitivity associated with a particular gene variant has an
impact on the feeling of satisfaction with food and certain eating
behaviors (52, 53). It would be valuable for the results of the study to
include also the fathers of participants. Our results were also limited
by the small number of examined children. It should be noted that
other factors like socio-cognitive determinants (e.g., parental diet, the
availability of healthy food at home, income) were not included in the
study. Apart from these limitations our study has several strengths.
The use of a daily product (pudding) with different sugar and fat
content is a strong point of the study. The protocol for testing
preferences and taste perception was simple and understandable for
both children and mothers, which also limited potential errors.

Proper eating patterns are especially important as there are
more and more arguments indicating that impaired fat taste
perception/sensitivity in obesity may result from excessive
activation of the brain’s reward system, leading to an increase
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in the consumption of foods rich in lipids, carbohydrates and
energy, and consequently overweight and obesity (54).

Conclusions

In this study, an attempt was made to compare the preferences
and taste sensitivity of children and their mothers. Puddings with
different sugar and fat content were used in the research. The
obtained results showed that children of mothers who preferred
the more fatty products (puddings) have a higher BMI than other
children. Moreover, children preferred a higher concentration of
sugar in the pudding compared to theirs mothers. The result also
showed that there were no significant differences in the taste
perception of fat between parents and their children, although
parents preferred fatty foods. However, there was no correlation
between sensitivity to sweet and fat tastes and BMI of children. Our
results confirm that mothers, through their eating behavior, can
influence the diet of their children and ultimately their BMI. Children
with normal body weight chose alow fat and low sweet taste relatively
more frequently than those with an overweight. The role of parents in
shaping taste preferences is very important and should be based on
limiting the consumption of products rich in sugar or fat.
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Introduction: Obesity is considered a civilisation disease which increases
mortality and impairs quality of life, also among children and adolescents.
The prevalence of overweight and obesity is steadily increasing in the
developmental age population. Environmental factors are responsible for the
main reason of excessive adipose tissue accumulation. Among these, poor
eating habits and lack of exercise play the largest role. Familial prevalence of
obesity and family dietary patterns also receive significant attention. Many
specialists believe that the treatment of obesity should be multidirectional,
effective and minimally invasive. Therefore, effective and safe methods are
being investigated to effectively reduce body weight and improve eating habits.
Dietary education programmes are an alternative to improve the health status
of obese and overweight children and adolescents. To be fully effective, these
programmes should involve the whole family.

Aim of the study: In the face of constantly increasing prevalence of overweight
and obesity in the developmental age population and the lack of effective
methods to combat its occurrence, it seems appropriate to try to assess the
effectiveness of a one-year-long dietary education of children and adolescents
with excess body weight on their eating habits and the eating habits of their
mothers, as well as selected anthropometric and biochemical parameters in
these children using a simple educational tool, the Healthy Food Pyramid.

Patients and methods: The study group consisted of 68 children with
overweight and obesity, patients of the Department of Paediatrics,
Endocrinology, Diabetology, Metabolic Diseases and Cardiology of the
Developmental Age of the Pomeranian Medical University in Szczecin. The
study used a proprietary questionnaire to assess dietary habits. Patients
participated in six individual educational meetings over a twelve-month
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period. Eating habits were assessed in children and mothers before and after
dietary intervention. Sixty-seven questionnaires before and after the dietary
intervention were used for analysis.

Results: Sixty-eight children completed the study. Those who did not
complete the study came from families living in rural areas and their mothers
mostly had primary or vocational education. One-year dietary education
resulted in significant improvements in body weight, waist and hip
circumference, WHtR and selected measured carbohydrate and lipid
metabolism parameters with the exception of total cholesterol. The one-year
dietary intervention did not have the same effect on the change in dietary habits
in children and in their mothers.

KEYWORDS

childhood obesity, lipid profile, nutrition, behavioral intervention,
glucose metabolism

Introduction

Obesity has accompanied humans since prehistoric times. It
was considered a sign of prosperity, successful social status and
health (1). Nowadays, it is recognised as a civilisation disease
that increases mortality and diminishes quality of life, also
among children and adolescents (2). Among 5-19 year olds,
the prevalence of overweight and obesity has increased
dramatically from 4.0% to 22.0% over the last four decades (3, 4).

Overweight and obesity in childhood carry many health
risks. It is a risk for the development of musculoskeletal
disorders, type 2 diabetes, liver disease, as well as
cardiovascular disease and emotional and psychosocial
problems (5).

environmental factors are responsible for the main reason
for the accumulation of excessive adipose tissue. Among these,
poor dietary habits and lack of exercise play the greatest role (6).
The family prevalence of obesity (7) and family dietary patterns
(8) have also received considerable attention. The parents’ diet
acts as a pattern for the child’s nutrition. Parents shape dietary
habits, especially in the early years of a child’s life. The family
diet determines what habits the child will adopt and how their
diet will be shaped in adulthood (9). One of the most common
incorrect dietary habits in overweight children is not eating
breakfast regularly or skipping it altogether (10).

Additionally, it is worrying that the frequency of eating
decreases with the age of the child (11). Another abnormal
eating habit is snacking between meals, mainly on sweets, the
consumption of which at least once a day was declared by as
many as 60.0% of primary school children (12). Highly
undesirable, and commonly reported among school children,
is the consumption of fast-foods. Consumption of this type of
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food at least once a month was declared by 30.0% of 8-10 year
olds (13). A very worrying trend is the increasing consumption
of this type of food in the youngest age groups. After the age of
12 months, 2.5% of children ate this type of food at least once a
month, and at pre-school age 11.5% at least once a week. In the
same age group, eating two dinners is equally common. This
results in overfeeding and a consequent imbalance in the body’s
energy intake, which, in the absence of sufficient physical
activity, results in increased body weight (14). A major
controversy in terms of child and adolescent health is the
amount of sweetened, carbonated and non-carbonated drinks
consumed. Among 10-17 year olds, coloured fizzy drinks are
listed as the second most consumed liquid of the day (15). It has
also been shown that the incidence of overweight was higher in
children who consumed more than 350 ml of juice per day (16).
The habit of consuming sufficient amounts of fruit and
vegetables is still unsatisfactory (17). Children mainly consume
them in the form of salads with lunch (18) and only 1 in 10
preschool children meet the recommended intake of 4-5
portions of vegetables per day (19). Furthermore, the lack of
acceptance of cereal products containing whole grains is
worrying. Approximately 90.0 per cent of adolescents do not
eat whole grain cereal products, such as whole grain bread, on a
daily basis, and the consumption of groats or rice less than once
a week was declared by almost 50.0 per cent of adolescents. Lack
of the habit of eating fish is still a major problem. Their
occasional consumption is declared by 50.0-70.0% of
schoolchildren (20). The reluctance to consume fish does not
change even in those with unrestricted access to it. Only less than
45.0% of adolescents from schools at the seaside meet WHO
expert recommendations for regular consumption of fish at least
1-2 times a week (21). In addition to poor dietary habits, low
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physical activity is an important factor increasing the risk of
obesity and overweight in children. In recent years, physical
activity patterns of school-aged children, have changed
dramatically. Industrialisation, technical progress and modern
means of transport have created ideal conditions for the
development of obesity. Television, computers, limited access
to playgrounds and additional activities at school have
contributed to a reduction in physical activity (22). On
average, 5-10 hours of physical activity per week were
declared by only about 28.0% 6-10 year olds, and about 27.0%
reported only 3-5 hours of physical activity/week (23).

Many specialists believe that the treatment of obesity should
be multidirectional, effective and, if possible, as minimally
invasive as possible. In addition to the use of restrictive diets,
pharmacotherapy and bariatric surgery, nutrition education
programmes are an alternative to improve the health of obese
and overweight children and adolescents. To be fully effective,
these programmes should involve the whole family, or at least
those most involved in perpetuating healthy eating patterns,
usually the mother. One such model is the “Healthy Food
Pyramid”, created by a group of experts from the Institute of
Food and Nutrition in Warsaw. “The Healthy Food Pyramid” is
a graphic illustration of the principles of proper nutrition, which
forms the basis of dietary recommendations in Poland (24).

Considering the constant increase in the prevalence of
overweight and obesity in the developmental age population
and the lack of effective methods to combat its prevalence, it
seems advisable to attempt to assess the effect of one-year-long
dietary education of children and adolescents with excessive
body weight on their eating habits and the eating habits of their
mothers, as well as selected anthropometric and biochemical
parameters in these children, using a simple educational tool,
which is the Food Pyramid.

Patients and methods
Eligibility

Children aged 3-18 years and their parents, referred to the
Department of Paediatrics were invited to the study for planned
diagnostics of the causes of excessive body weight. Ultimately,
only mothers participated in the study with their children.

Participation in the study was voluntary. Each mother and
child over 13 years of age were given written information about
the purpose of the study. Informed consent to participate in the
study was obtained from each mother, as well as children over 13
years of age.

Approval for the study was obtained from the Bioethics
Committee at the (decision number KB-0012/34/11, dated 16"
May 2011).

Children with underlying conditions were excluded, such as:

Frontiers in Endocrinology

126

10.3389/fendo.2022.1034148

- congenital diseases predisposing to obesity, e.g. Down
syndrome, Prader-Willi syndrome,

- thyroid disorders,

- adrenal gland dysfunction,
- gonadal disorders,

- intellectual disabilities,

- chronically ill children whose treatment may have
influenced weight gain, such as steroid therapy.

Ninety-four children with excess body weight, The study was
completed by 68 (72.3%) children, aged 4-17 years (X=12.4 +
3.7), including 37 (54.4%) girls and 31 (45.6%) boys.

Anthropometric parameters, biochemical test and dietary
habits were assessed in this group. All measurements were made
before and after the dietary intervention.

Methods of anthropometric
measurements and adipose
tissue measurement

The following anthropometric parameters were measured in
the children: body height, with an accuracy of 0.01 cm, using a
stadiometer (type Harpenden 602VR, UK); body weight, with an
accuracy of 0.01 kg, on a medical scale (Radwag WPT 60/150
OW, Poland); waist circumference, with an accuracy of 0.5 cm,
with a centimetre tape.

The obtained results of individual measurements were
related to the norms for the population of Polish children,
developed in the OLA and OLAF project (25, 26). The cut-off
points defining overweight and obesity within this project are
consistent with the criteria of the International Obesity Task
Force (IOTF) (27, 28).

Based on the measurements taken, body mass index (BMI)
was calculated, according to the formula: BMI = body weight (kg)/
body height (m2). Waist-height ratio (WHtR), according to the
formula: WHtR = waist circumference(cm)/body height (cm).
Abdominal obesity was diagnosed when waist circumference was
>90™ percentile for sex and age and WHIR >0.5 (29).

A standard deviation-score (SDS) was calculated to
eliminate the effect of age and sex of the studied children on
the measured anthropometric parameters. To calculate the SDS,
reference values for the population of Polish children from the
OLA and OLAF project were used (25, 26). According to the
adopted criteria, BMI 2+1SDS and <+2 SDS was considered
overweight, and BMI =2 SDS was considered obesity. Body fat
and lean muscle content were measured using an electrical
bioimpedance analyser (Jawon I0I-353, Selvas Healthcare,
South Korea). The test was performed according to the
manufacturer’s instructions. As specified by the manufacturer,
the test was not performed in children under 5 years of age.
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Methods of anthropometric
measurements in mothers of
the studied children

The data collected during the interview and available
medical records were used to calculate the body mass index in
the mothers of the studied children. BMI was calculated from
these data. WHO criteria were used to assess the nutritional
status of the mothers (30).

Methods for biochemical measurements

Carbohydrate metabolism was assessed by measuring
glucose and insulin levels at fasting and 120 min after an oral
glucose tolerance test with load of 1.75 g glucose/kg body weight
(maximum 75 g). Serum glucose and insulin concentrations
were determined using Cobas C501 device (Roche, Germany).

For the assessment of carbohydrate metabolism, the guidelines
of the Polish Diabetes Association (31) were used, assuming the
following values for fasting measurements: normal fasting
glycaemia: 70-99 mg/dl; impaired fasting glucose (IFG): 100-125
mg/dl; fasting glycaemia >126 mg/dl - diabetes mellitus. The
following glycaemic values were assumed at 120 minutes of the
OGTT: normal glucose tolerance (NGT): glycaemia <140 mg/dl;
impaired glucose tolerance (IGT): glycaemia 140-199 mg/dl,
diabetes mellitus: glycaemia >200 mg/dl.

Hyperinsulinaemia at 120 min of the OGTT test was
diagnosed at insulin levels >75 pIU/ml (32).

To assess serum lipid metabolism in the study group, total
cholesterol, LDL-cholesterol, HDL-cholesterol, triglyceride (TG)
concentrations were measured using Cobas C501 device (Roche,
Germany). The National Cholesterol Education Program
(NCEP) expert guidelines (33) were used to assess lipid
metabolism, adopting the following reference values: total
cholesterol - <170 (mg/dl); LDL-cholesterol - <110 (mg/dl);
HDL-cholesterol — >45 (mg/dl); triglycerides: <75 (mg/dl) (0-9
years of age); <90 (mg/dl) (10-19 years of age).

Using the measured biochemical parameters, HOMA insulin
resistance index (HOMA-IR, Homeostasis Model Assessment —
Insulin Resistance) was calculated, using the formula: HOMA-
IR index= fasting glucose concentration (mg/dl) x fasting insulin
concentration (pIU/ml)/405 (34).

The literature shows that there is no established value for
determining insulin resistance in children. It has been shown
that HOMA-IR increases during adolescence (35). Due to the
heterogeneity of the study group in terms of age and sex,
HOMA-IR centiles developed for the Caucasian population
were used, and insulin resistance was diagnosed at HOMA-IR
>97"™ percentile for age and sex [33/39/].
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Diet analysis methods

The study used the dietary survey method and the research
tool of a proprietary questionnaire to assess dietary habits and
frequency of consumption. The nutrition part of the
questionnaire was preceded by questions relating to the socio-
demographic characteristics of the subjects and the
anthropometric parameters of mothers and children. The
dietary questionnaire for mother and child consisted of 30
questions. In the questions concerning frequency of product
intake, a 7-point scale was used to assess it, where the answer,
several times a day scored 6 points, once a day - 5 points, several
times a week - 4 points, once a week - 3 points, several times a
month - 2 points, once a month - 1 point, does not eat - 0
points, and a 3-point scale of answers, where the answers were
scored: eats for every meal - 2 points, eats but not for every
meal — 1 point, does not eat — 0 points. Children under 13 years
of age completed the questionnaire with their mother, whereas
children over 13 years of age completed the questionnaire on
their own or with the mother’s help.

The “Healthy Food Pyramid” and the 10 Principles of
Healthy Eating of Children and Adolescents developed by the
Institute of Food and Nutrition in Warsaw, 2009, were used to
change eating habits and improve nutrition (24). In education,
particular emphasis was placed on: reducing the intake of
saturated fat in the diet, by: eliminating snacks such as crisps,
nuts, salty sticks and fast-foods from the diet, limiting fried
meals in favour of stewed, boiled and steamed ones, increasing
the consumption of fish and lean meat and dairy products;
increasing the amount of fruit and vegetables consumed;
reducing the intake of sugar, sweets and sweetened dairy
products; eliminating sweetened drinks and fruit juices;
introducing whole grain cereal products; drinking water daily
and eating an adequate amount of food regularly; increasing
control over nutritional behaviours and informed decisions
considering choosing the right product - the ability to analyse
the products’ labels; encouraging daily physical activity.

Dietary education

During the study, children and their mothers participated in
6 individual educational meetings during which dietary
education and correction of dietary errors were carried out.
During the first 3 months, follow-ups took place at a frequency
of 1 meeting per month, follow-up 4, 5 and 6 - 1x every 3
months. On the 6" visit, the children and their mothers were
invited back to the Clinic for follow-up examinations and
measurement of anthropometric parameters and evaluation of
the dietary habits acquired during the dietary education.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1034148
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Straczek et al.

Statistical analysis

Quantitative and rank variables were analysed with non-
parametric tests: Mann-Whitney test for comparisons between
groups and Wilcoxon signed-rank test for comparisons between
two time points (before and after dietary intervention) within
one group. Dichotomous variables (yes/no) were compared
between groups with Fisher exact test, and between time
points with McNemar’s %2 test. Differences with p<0.05 were
considered statistically significant. Statistical analysis was
performed with Statistica 13 software.

Results
Study group characteristics

Out of the 94 children who qualified for the study, 26
(27.7%) opted out from further participation in education, at
various stages. Those who did not complete the study came from
families living in rural areas, and their mothers mostly had
primary or vocational education. In terms of comparison of
anthropometric parameters, the children who completed the
dietary intervention did not differ from those who dropped out
of the intervention. Sixty-eight children were further analysed.
Based on BMI SDS, 59 (86.8%) children were found to be obese
and 9 (13.2%) overweight. In 41 children (60,3%) BMI exceeded
+3 SDS and in almost one in 10 subjects +6 SDS. Due to the
relatively small size of the study population, children with
overweight and obesity were combined into one group.

The education levels of the studied children’s mothers
varied. Almost half (47.8%) of them had secondary education,
more than a third (35.8%) had higher education, and primary or
vocational education 8.9% and 7.5% respectively. The vast
majority of mothers (83.6%) were professionally active. In the
study group, 2/3 (64.2%) of the mothers lived in urban areas and

10.3389/fendo.2022.1034148

1/3 (35.8%) in rural areas. Nearly 3/4 (68.7%) of the mothers
were also characterized by excessive body weight.

Before the dietary intervention, the relationship between
mothers’ nutritional status and the prevalence of overweight and
obesity in their children was also analysed. No such relationship
was observed (p=0.08). However, it was found that the
prevalence of overweight decreased and the prevalence of
obesity increased in children following an increase in
maternal BMI.

In addition, the BMI of the mothers of children with
overweight and obesity was assessed before the dietary
intervention. It was found that the BMI of mothers of children
with obesity was significantly higher compared to mothers of
children with overweight (¥=28.28 + 4.98 vs. X=23.46 + 5.71,
respectively; p=0.02).

The effect of one-year dietary
intervention on measured
anthropometric parameters of the
studied children and their mothers

For some measurements, the differences in the number of
measured biochemical parameters were caused by insufficient
material collected for the assay, haemolysis of the blood and
problems related to the consumption of the recommended
amount of glucose in the OGTT by the subjects.

One year of dietary education resulted in a significant
(p<0.00001) improvement in body weight, waist and hip
circumference and WHtR (Table 1). There was also a
significant increase in the amount of lean muscle tissue and a
decrease in the percentage of body fat in the studied children.

After dietary intervention, it was additionally shown that the
children of mothers with normal BMI were significantly more
likely to have reduced body weight than children of mothers
with overweight and obesity (p=0.02). The difference in BMI of

TABLE 1 Changes in measured anthropometric parameters in the studied children before and after the dietary intervention.

Measured parameter n Before the dietary intervention
x+SD Me (min.-max.)
Weight SDS 68 347 +1.57 3.53 (0.05-7.25)
BMI SDS 68 3.70 £ 1.68 3.56 (1.12-9.68)
Waist circumference SDS 68 427 + 1.79 3.91 (1.60-9.76)
Hip circumference SDS 68 2.85 + 1.37 2.74 (0.77-7.14)
WHtR 68 0,60 + 0.06 0.58 ( 0.50-0.82)
Adipose tissue [kg] 66* 24.62 + 12.56 2.22 (6.20-61,60)
Adipose tissue percentage 66% 3227 +5.8 33.3 (18.4-42,20)
Lean muscle tissue [kg] 66* 43.89 + 4.47 44.6 (18.4-76.30)

After the dietary intervention Difference P
x+SD Me (min.-max.) x +SD
2.83 £ 1.62 2.57(-0.19-7.94) ~0.64 £ 082 <0.00001
290 + 1.70 2.76 (0.09-8.57) -0.80 £0.96  <0.00001
3.50 + 1.92 3.15 (0.07-9,22) -0,77£123  <0.00001
207 +1.48 1.83 (-0.32-8.38) -0.78 £0.97  <0.00001
0.56 + 0.07 0.55 (0.43-0.77) -0.04+0.04  <0.00001
22.86 + 12.23 19.55 (4.20-65.20) -1.76 + 4.85 0.03
30.13 + 7.02 30.05 (12.4-42,20) -214+354  <0.00001
4523 £ 14,01 45.85 (19.80-81.10) 1.34 £ 2.83 <0.00001

BMI, body mass index; WHtR, waist-height ratio; SDS, standard deviation score; SD, standard deviation; p, probability; X, mean value; n, sample size; * in 2 children adipose and muscle

tissue were not assessed due to their young age (<5).
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mothers of children with obesity and mothers of children with
overweight after the dietary intervention was further assessed.
On average, the BMI of mothers of children with obesity was
significantly higher compared to the BMI of mothers of children
with overweight (28.9 + 4.8 vs. 25.4 + 5.5, respectively; p=0.01).

Effect of one-year dietary education on
measured parameters of lipid
metabolism in the studied children

After one year of dietary education, significant improvement
in almost all measured parameters of lipid metabolism was
observed in the children who completed the education
programme, with the exception of total cholesterol
concentrations (Table 2). There was a significant increase of
HDL-cholesterol fraction (p<0.00001) and a significant
reduction of LDL-cholesterol and TG fraction (p=0.02).

Effect of one-year dietary education on
selected parameters of carbohydrate
metabolism in the studied children

As shown in Table 2, there was a significant effect of annual
dietary education on the improvement of all measured
carbohydrate parameters in the study group.

Effect of one-year dietary education on
the change in frequency of consumption
of selected food groups in the children
and their mothers included in the study

Sixty-eight questionnaires from children and 67
questionnaires from mothers before and after the one-year
dietary intervention were eligible for detailed analysis. 2

10.3389/fendo.2022.1034148

mothers did not agree to complete their dietary
questionnaire - one before the intervention and the other after
the dietary intervention. Two children did not complete the
questionnaires - one regarding the consumption of sweetened
dairy products and the other regarding the use of
cooking techniques.

The one-year dietary education did not have the same effect
on the change in eating habits of children and their mothers
(Table 3). Mothers significantly increased the number of meals
consumed, from three to four per day (p=0.02). The children, on
the other hand, significantly decreased the frequency of sweets
consumption (p=0.0001). Before the intervention, they
consumed sweets most commonly several times a week, while
after the intervention they consumed sweets once a week
on average.

In contrast, the nutritional intervention had a negative effect
on the frequency of children’s vegetable consumption. After the
intervention, children consumed vegetables significantly less
often (p=0.002). Mothers, on the other hand, significantly
increased the frequency of their consumption (p<0.00001) and
ate them with every meal of the day. The mothers also
significantly improved the frequency of consumption of whole
grain cereal products, up to once per day (p=0.04).

In addition, the dietary intervention resulted in a significant
improvement in children’s and their mothers’ self-assessment of
correct dietary habits (p=0.0008; p=0.01, respectively). However,
there was no effect of the dietary intervention on changing the
frequency of fruit, fish and fast-foods consumption by either the
children or their mothers.

As seen in Table 4, the dietary intervention resulted in a
more frequent change in the assessed eating habits in children
than in their mothers. There was a significant 17.7% reduction in
the frequency of snacking between meals (p=0.009) and a
significant 20.6% reduction in the frequency of after-dinner
snacking in the children studied (p=0.007). The educational
meetings significantly influenced the water drinking habit,
primarily in children. There was a significant 20.6% increase

TABLE 2 Changes in lipid and glucose metabolism parameters before and after the dietary intervention.

Measured parameter n Before the intervention
x + SD
Total cholesterol [mg/dl] 67 166.11 + 27.62
HDL-CH [mg/dl] 67 46.19 + 10.98
TG [mg/dl] 67 114.45 + 60.59
LDL-CH [mg/dl] 66 108.89 + 26.12
Fasting glucose [mg/dl] 67 88.44 + 7.87
Glucose in 120" of OGTT [mg/dl] 65 110.90 + 20.32
Fasting insulin [uIU/ml] 66 21.37 + 10.86
Insulin in 120’ of OGTT [puIU/ml] 64 125.02 + 105.09
HOMA -IR 65 4.74 +2.49

After the intervention Difference P
X%+ SD %+ SD
161.91 + 29.9 ~4.20 +20.39 022
515+ 13.8 531 +7.72 <0.00001
975+ 49.4 ~16.95 + 53.98 0.02
102.6 + 29.4 -6.29 + 19.23 0.02
86.25 + 8.58 ~2.19+ 939 0.04
102.80 + 17.67 -8.10 + 27.43 0.01
16.46 + 8.35 -491+11.56 0.001
86.42 + 68.19 -38.60 + 98.08 0.005
3.53 + 1.87 1121 +2.72 0.002

HDL, CH-HDL-cholesterol; TG, triglycerides; LDL-CH, LDL-cholesterol; OGTT, oral glucose tolerance test; HOMA-IR, insulin resistance index ;SD, standard deviation; p, probability; X,

mean value; n, sample size.
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TABLE 3 Effect of dietary intervention on chosen eating habits in children and their mothers.

Eating habits R Children n = 68 Mothers n = 66
Before intervention After intervention Before intervention After intervention
X+ SD X+ SD X+ SD X+ SD
Number of meals 4.48 £0.90 4.64 £0.76 3.77 +0.89 4.03 £0.78
consumed daily 6 6

5 5
4 4
3 3
p=0.12 p=0.02

2 2
Frequency of sweets several timesaday 6

consumption 3.95+1.25 3.19+1.11 3.54+1.42 3.19+1.08
onceaday 5
several times a week 4
once aweek 3
several times a month 2

onceamonth 1 p=0.0001 p=0.057
doesn'teat 0 ——

Frequency of vegetables eats with every meal
consumption 1.13 £0.59 0.79 +0.56 0.74 +0.88 1.57 £0.49

eats. not with every meal 1
p=0.002 p< 0.00001
1

N

doesn't eat 0
Frequency of whole several times aday 6
greain cereal products 4.2141.35 4.62+1.38
. onceaday 5
consumption
several times a week 4
once aweek 3
several times a month 2
once a month 1
doesn'teat O
yse 2
Self-assesment - do they 0.89+0.58 0.87+0.41 1.04+0.44
consider their nutrition
correct?
puts an effort 1
p=0.01
no O
R, ranks; SD, standard deviation; X, mean value; p, probability; n, sample size.
in the frequency of water consumption in the children studied reduction in the frequency of sweetened beverage consumption
(p=0.003). The nutritional intervention also influenced the was observed in the studied children (p=0.0002) and a 13.6%
resignation from the consumption of sweet drinks, not only by significant reduction in the frequency of sweetened beverage
the children, but also by their mothers. A 26.5% significant consumption (p=0.03) in the studied mothers. The dietary
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TABLE 4 Effect of one-year dietary intervention on changes in dietary habits in studied children and their mothers.

Assesed habit

Children n = 68

Assessed habit - before intervention

Mothers n = 66

No Yes
n (%) n (%)
Assessed habit - after intervention Do they snack between meals

No 0 (0%) 15(22.1%)
Yes 3 (4.4%) 50 (73.5%)
Total 3 (4.4%) 65(95.6%)
Do they snack after dinner

No 29(42.7%) 19(27.9%)
Yes 5 (7.3%) 15 (22.1%)
Total 34(50.0%) 34(50.0%)
Do they like vegetables

No 4 (5.9%) 4 (5.9%)
Yes 52(76.4%) 8 (11.8%)
Total 56(82.3%) 12(17.7%)
Do they drink water

No 4 (5.9%) 3 (4.4%)
Yes 17 (25%) 44 (64.7%)
Total 21(30.9%) 47(69.1%)

Do they drink sweet beverages

No 10 (14.8%) 20(29.4%)
Yes 2 (2.9%) 36 (52.9%)
Total 12 (17.7%) 56(82.3%)

- habit habit declared before intervention, #- habit seen only before intervention,

sample size.

intervention resulted in a positive change in the acceptance of
vegetables by children, but not by mothers. There was a 70.5%
significant increase in the frequency of vegetable acceptance in
children, while there was a 10.6% significant decrease in
mothers. (p=0,02). Unfortunately, acceptance of vegetable
intake did not result in realistically higher vegetable intake.
Furthermore, there was no effect of the dietary intervention on
the other dietary habits assessed, such as first and second
breakfast consumption, and acceptance of fruit. Table 5 shows
the effect of one year of dietary education on the consumption
preferences of selected dairy products. The dietary intervention
significantly increased the consumption of plain dairy products
by the study children, but not by their mothers. A significant
27.9% increase in the frequency of consumption of plain dairy
products (p=0.005) by the studied children was observed.
Moreover, the effect of the one-year intervention was a
significant 26.9% reduction in the frequency of consumption
of sweetened dairy products by the children (p=0.001). The
opposite effect of the dietary intervention was observed in
mothers. There was a 24.3% significant increase in the
frequency of mothers’ consumption of sweetened dairy
products (p=0.001). On the other hand, no significant effect of
the dietary intervention was observed on the consumption of
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Total P No Yes Total P
n (%) n (%) n (%) n (%)
15 (22.1%) 0.009 1(1.5%) 3 (4.5%) 4 (6%) 0.61
53(77.9%) 1 (1.5%) 61 (92.5%) 62 (94%)
68 (100%) 2 (3.0%) 64 (97.0%) 66 (100%)
48 (70.6%) 0.007 25 (37.9%) 14 (21,2%) 39(59.1%) 0.06
20(29.4%) 5 (7.6%) 22 (33,3%) 27(40.9%)
68 (100%) 30 (455%) 36 (54,5%) 66 (100%)
8 (11.8%) <0.00001 1 (1.5%) 7 (10.6%) 8 (12.1%) 0.02
60(88.2%) 0 (0%) 58 (87.9%) 58(87.9%)
68 (100%) 1(1.5%) 65(98.5%) 66 (100%)
7 (10.3%) 0.003 7 (10.6%) 4(6.1%) 11(1.7%) 0.75
61(89.7%) 6 (9.1%) 49 (74.2%) 55(83.3%)
68 (100%) 13 (19.7%) 53 (80.3%) 66 (100%)
30 (44.2%) 0.0002 14 (21.2%) 12(18.2%) 26(39.4%) 0.03
38(55.8%) 3 (4.6%) 37 (56.1%)  40(60.6%)
68 (100%) 17 (25.8%) 49(74.2%) 66 (100%)

- habit declared after intervention,
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milk by the studied children. Half of the children did not
consume milk both before and after the one-year
dietary intervention.

Another diet component assessed was cereal products. As
shown in Table 6, the one-year dietary intervention had a
significant effect of reducing sweetened breakfast cereal by
36.8% in children (p=0.00003). However, no such effect was
observed in mothers.

Dietary education significantly reduced the frequency of
children’s consumption of wheat bread by 26.5% (p=0.001),
but had no effect on increasing the consumption of whole-grain
bread. No effect was observed in mothers. One-year dietary
education significantly influenced the replacement of wheat
pasta with wholemeal pasta in the studied children. There was
a 19.1% significant decrease in the frequency of wheat pasta
consumption (p=0.02) in favour of a 25.0% significant increase
in the frequency of wholemeal pasta consumption (p=0.002).
Additionally, dietary education significantly increased the
frequency of brown rice consumption by 25.0% in children
(p=0.002) and by 16.6% in mothers (p=0.02). No such effect was
observed for white rice and buckwheat kasha consumption.

The effect of the one year dietary intervention on the type of
meat consumed was also analyzed (Table 7). The dietary
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TABLE 5 Effect of one-year dietary intervention on consumption of selected dairy products consumed by studied children and their mothers.

Assesed habit

Children n = 68

Before intervention - dairy products consumed daily

Mothers n = 66

No Yes Total P No Yes Total P
n (%) n (%) n (%) n (%) n (%) n (%)
After intervention- dairy products consumed daily ~ Plain dairy products

No 30 (44.1%)  4(59%) 34 (50.0%) 0005 11(167%) 16 (24.2%) 27 (40.9%) 1.0
Yes 23(33.8%) 11 (16.2%) 34(50.0%) 15(22.7%) 24 (36.4%) 39 (59.1%)

Total 53 (77.9%)  15(22.1%) 68 (100%) 26(39.4%) 40 (60.6%) 66 (100%)

Children n=67 Mothers n=66

Sweetened dairy products

No 19 (28.3%) 23(34.4%) 42 (62.7%) 0,001 44(66.7%) 3 (4.5%) 47 (71.2%) 0.001
Yes 5 (7.5%) 20 (2.8%)  25(37.3%) 19(28.8%) 0 (0%) 19(28.8%)

Total 24 (35.8%) 43(64.2%) 67 (100%) 63(95.5%) 3 (4.5%) 66 (100%)

- habit declared before intervention, - habit seen only before intervention,

sample size.

intervention significantly, by 16.1%, reduced the frequency of
children’s consumption of pork meat (p=0.02). For the other two
assessed meat varieties and for the three assessed types of meat
consumed by the mothers, no such effect was observed.

The last food group analysed was the type of fat and the
preferred cooking techniques used. As shown in Table 8, one
year’s dietary education had a notable effect only on mothers.

There was a 19.7% significant increase in the frequency of
fat-free cooking techniques used (p=0.001) and a 15.2%
significant increase in the frequency of use of plant-based fat
by the mothers surveyed (p=0.01).

Discussion

Overweight and obesity in the developmental age population
remains an unresolved problem that is increasing worldwide
(36). It is necessary to take measures to prevent new and
eliminate existing disorders. One such action is a change in
lifestyle, an important component of which, alongside physical
activity, is a change in eating habits. Sisson et al. (37), in a
systematic review of interventions conducted in children with
obesity, showed that out of 45 dietary interventions, 87.0%
resulted in the desired outcome.

The dietary intervention we conducted was based on the
principles of healthy nutrition and the 2009 ‘Healthy Food
Pyramid’ model developed by experts from the Institute of
Food and Nutrition (24). In addition, it was conducted in the
presence of one of the caregivers — the mother. These efforts
showed a significant effect on improving both somatic
development parameters, biochemical indices and nutritional
habits in the studied children.

One year of dietary education in the studied children
resulted in significant differences in the measured parameters
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of somatic development (respectively: BMI SDS —0.80; waist
circumference SDS —0.77; WHIR —0.04; —1.76 kg body fat; —2.14
body fat percentage and +1.34 kg lean muscle tissue). The effects
obtained in our study may be due to several reasons including
the fact that each educational activity took place in the presence
of one of the parents. In a similar study, called WATCH IT (38),
researchers found smaller differences in reduction of waist
circumference, —0.08 SDS. In contrast, unfavourable results
were observed for BMI SDS and body fat percentage, (by
+0.03 SDS BMI and +1.4% body fat, respectively). The cited
authors explain this result, among other things, by not being able
to involve the child’s caregiver in the study. Conversely, in the
study by Savoye et al. (39), a 4.0% reduction in body fat (-3.7kg)
was achieved. Greater therapeutic success in these studies was
achieved by involving families who attended meetings with a
dietician and physical activity specialist. In a study evaluating
one of the risk factors for cardiovascular disease, expressed as the
ratio of waist circumference to body height in a group of 5-12
and 13-17 year-olds, Ranucci et al. (40) obtained a significant
reduction in WHIR, from 0.63 to 0.61, in a group of 5-12 year-
old children, and from 0.65 to 0.63 in a group of adolescents. In
the above studies, active physical activity was an additional
intervention. It is known from the literature that moderate
exercise alone does not cause weight loss, but when combined
with changes in dietary habits, significant weight loss can be
achieved and maintained. Therefore, one element of education
in our study was to encourage children and their parents to
undertake additional physical activity. However, at the end of the
one-year dietary intervention, no significant increase in time
spent on additional physical activity was observed. In our study,
children with excessive body weight as a result of dietary
education and with maternal involvement achieved
significantly greater differences in measured parameters of
somatic development than in the work presented above. The
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TABLE 6 Effect of one-year dietary intervention on cereal products consumption in studied children and their mothers.

Assessed habit

Children n = 68

Before intervention - cereal product consumed daily

Mothers n = 66

No Yes Total P No Yes Total P
n (%) n (%) n (%) n (%) n (%) n (%)
After intervention — cereal product consumed daily ~ Oat flakes

No  34(50.0%) |7(10.3%) 41 (60.3%) 0.02 33 (50%) 5(75%) 38 (57.5%) 021
Yes 20(29.4%) 7 (10.3%) 27(39.7%) 11 (17%) 17 (25.5%) 28 (42.5%)

Total 54 (79.4%) 14 (20.6%) 68 (100%) 44 (67%) 22 (33%) 66 (100%)
Sweetened breakfast cereal

No 23 (33.8%) 29 (42.7%) 52 (765%)  0.00003  48(72.7%) 5(7.6%) 53 (803%) 1.0
Yes 4 (5.9%) 12 (17.6%) 16(23.5%) 4 (6.1%) 9 (13.6%) 13 (19.7%)

Total 27 (39.7%) 41 (60.3%) 68 (100%) 52 (78.8%) 14 (21.2%) 66 (100%)

Wheat bread

No 25 (36.8%) 23 (33.8%) 48 (70.6%) 0.001 34 (51.5%) 13 (19.7%) 47 (71.2%) 0.26
Yes 5 (7.3%) 15 (22.1%) 20(29.4%) 7 (10,.%) 12 (18.2%) 19 (28.8%)
Total 30 (44.1%) 38 (55.9%) 68 (100%) 41 (62.1%) 25 (37.9%) 66 (100%)
Wheat pasta

No 18 (26.5%) 20 (29.4%) 38 (55.9%) 0.02 19 (28.8%) 16 (24.2%) 35 (53.0%) 0.32
Yes  7(10.3%) 23 (33.8%)  30(44.1%) 10 (152%) 21 (31.8%) 31 (47.0%)
Total 25 (36.8%) 43 (63.2%) 68 (100%) 29 (44.0%) 37 (56.0%) 66 (100%)
Wholemeal pasta

No 38 (55.9%) 5 (7.3%) 43 (63.2%) 0.002 41 (62.1%) 5 (7.6%) 46 (69.7%) 0.06
Yes  22(32.3%) 3 (4.5%) 25(36.8%) 14 (212%)  6(9.1%) 20 (30.3%)
Total 60 (88.2%) 8 (11.8%) 68 (100%) 55 (83.3%) 11 (16.7%) 66 (100%)

Brown rice

No 37 (54.4%) 6 (8.8%) 43 (63.2%) 0.002 40 (60.6%) 4 (6.1%) 44 (66.7%) 0.02
Yes  23(33.8%) 2 (3.0%) 25(36.7%) 15(22.7%) 7 (10.6%)  22(33.3%)
Total 60 (88.2%) 8 (11.7%) 68 (100%) 55 (83.3%) 11(16.7%) 66 (100%)

— habit declared before intervention,
sample size.

- habit seen only before intervention,

available literature shows that parents, especially mothers,
participate in the formation of the child’s eating habits by
providing appropriate products in the diet that they consider
healthy. The mother is also a role model and controls food intake
(41). A Cochrane review of erspectiv clinical trials of children in
two age groups, 6-11 and 12-17 years, on “Interventions for the
treatment of childhood obesity”, found that behavioural
interventions related to lifestyle changes, combined with
parental involvement, are most effective (42). These
interventions have been called the “gold standard for the
management of childhood obesity” (43). Moreover, in our
study, significant improvements were observed in body
composition, not only in terms of fat reduction, but also in the
percentage of muscle mass. The results obtained appear to be
significant, as in some studies a reduction in muscle mass has
also been reported in parallel with a reduction in fat mass (44). A
reduction in lean body mass results in a “reduced metabolic rate”
and consequently “slower weight loss” (45). In addition, it has
been shown that the type of dairy consumed plays an important
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role in the prevention of overweight and abdominal obesity. In a
study by Bradllee et al. (46), evaluating the association between
intake of different foods and abdominal obesity in children and
adolescents, conducted as part of NHANES III, the cited authors
showed that dairy intake presents a negative correlation with
central obesity. An identical association, but only in a group of
girls, was found by Abreu et al. (47) and in a cross-sectional
study by Hirschler et al. (48). This is explained by the protective
role of calcium, which, through its effect on the regulation of
energy metabolism, reduces lipogenesis in adipocytes and
increases both faecal fat excretion and fat oxidation. In
addition, whey proteins contained in dairy products cause a
greater feeling of satiety (49) and are characterized by their high
content of branched-chain amino acids, which are involved in
muscle protein synthesis. Therefore, the energy consumed with
dairy products is used to build muscle mass, at the expense of
body fat (50). In our study, a significant increase in dairy
consumption in the form of plain yoghurt after a one-year
dietary intervention may have contributed to this outcome.
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TABLE 7 Effect of one-year dietary education on the types of meat consumed by studied children and their mothers.

Assessed habit Before intervention - type of meat consumed
Children n = 68 Mothers n = 66
No Yes Total P No Yes Total P
n (%) n (%) n (%) n (%) n (%) n (%)
After intervention - type of meat consumed Pork
No 31 (45.6%)  15(22.0%) 46 (67.6%) 002  25(37.9%)  13(19.7%)  38(57.6%)  0.38
Yes 4 (5.9%) 18 (26.5%) 22 (32.4%) 8 (121%)  20(30.3%)  28(42.4%)
Total  35(515%) 33 (48.5%) 68 (100%) 33(50.0%)  33(50.0%) 66 (100%)
Beef
No 51 (75.0%) 7 (10.4%) 58 (854%) 077 39(59.1%) 8 (12.1%)  47(712%)  0.80
Yes 5 (7.3%) 5 (7.3%) 10 (14.6%) 8 (121%)  11(167%)  19(28.8%)
Total 56 (823%)  12(17.7%) 68 (100%) 47(71.2%)  19(28.8%) 66 (100%)
- habit declared before intervention, - habit seen only before intervention, - habit declared after intervention, — habit seen only after intervention, p — probability, n —
sample size.

The changes in anthropometric parameters found in our that a reduction of 0.25 BMI SDS could be considered clinically
study were accompanied by changes in measured biochemical significant for improving fasting insulin sensitivity and
parameters. The one-year dietary intervention significantly improving the total cholesterol/HDL-cholesterol ratio.
improved the lipid profile and the carbohydrate However, greater benefits were observed with a reduction of
metabolism parameters. 0.5 in BMI SD (53), and reduced markers of insulin resistance

The one-year dietary education applied in our study resulted were indeed found when an even more significant reduction in
in a significant reduction in LDL-cholesterol (by 6.29 mg/dl), BMI (20.5 BMI SDS) was achieved (54). In our study, after a
triglycerides (by 16.95 mg/dl) and a significant increase in HDL- one-year dietary intervention, the change in SDS BMI was —0.80.
cholesterol (by 5.31 mg/dl). There was also a significant effect of This change may therefore have contributed to an improved
the dietary intervention on the reduction of all measured lipid profile and reduced insulin resistance.
parameters of carbohydrate metabolism, i.e.: fasting glucose As mentioned, diet is directly and indirectly related to
and insulin levels (by 2.19 mg/dl and 4.91 pIU/ml, cardiovascular risk factors, so improvements in lipid
respectively) and in the 2h point of OGTT (glucose by 8.10 metabolism parameters depend not only on reducing body
mg/dl and insulin by 38.60 uIU/ml). This effect may be related to weight and body fat percentage, but also on diet composition
both an improvement in anthropometric parameters and a (55). In the current study, the reduction in LDL-cholesterol
change in dietary habits. The link between changes in BMI levels may have been further associated with a reduction in pork
SDS and cardiovascular system and body composition has been consumption during the one-year dietary intervention. In
analysed in several studies (51, 52). These publications noted contrast, the reduction in triglycerides may have been

TABLE 8 Effect of one-year dietary intervention on cooking techniques and type of cooking fats used by studied children and their mothers. .

Assessed habit Children n = 67 Mothers n = 66
No Yes Total p No Yes Total P
n (%) n (%) n (%) n (%) n (%) n (%)

After intervention - cooking technique used and type of fat chosen ~Cooking, steaming, grilling
No 3 (4.5%) 6 (8.9%) 9 (13.4%) 0.60 6 (9.1%) 1 (1.5%) 7 (10.6%)  0.001
Yes 9 (134%) 49 (732%) 58 (86.6%) 14(21.2%) 45 (68.2%)  59(89.4%)
Total 12 (17.9%) 55 (82.1%) 67 (100%) 20 (30.3%)  46(69.7%) 66 (100%)
Plant-based
No 2 (3.0%) 8 (11.9%) 10 (14.9%) 0.38 4 (6.1%) 2 (3.0%) 6 (9.1%) 0.01

Yes 13 (19.4%) 44 (65.7%) 57 (85.1%) 12(18.2%) 48 (72.7%)  60(90.9%)
Total 15 (22.4%) 52 (77.6) 67 (100%) 16 (24.3%)  50(75.7%) 66 (100%)
- habit declared before intervention, - habit seen only before intervention, - habit declared after intervention, - habit seen only after intervention, p - probability, n -
sample size.
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associated with significantly lower sweets intake and more
frequent choice of fat-free cooking techniques. In a study by
Wengle et al. (56), a change in dietary habits through an increase
in the consumption of whole-grain bread and fruit and
vegetables was associated with a reduction in LDL-cholesterol
levels. In our study, children significantly increased their intake
of whole-grain cereal products after a one-year dietary
intervention. In contrast, other researchers attributed the
improvement in lipid and carbohydrate parameters not only to
an increase in intake of whole-grain cereal products, but also to a
reduction in fast-foods consumption. Gingras et al. (57) showed
that consumption of fast food less than 1x per week was
associated with less severe obesity in girls and less insulin
resistance in boys. In our one-year dietary intervention,
children’s fast-food intake did not change much and they
consumed these foods with similar frequency (on average 1
time per month), both before and after the one-year dietary
intervention. Investigating the association of different dietary
patterns with the prevalence of insulin resistance in children,
Karatzi et al. (58) found that increased consumption of
margarine, sweets and salty snacks was positively correlated
with insulin resistance, while breakfast consumption showed a
negative correlation. In our study, the one-year dietary
intervention did not result in a significant change in the habit
of eating the first breakfast. Before the dietary intervention, 60
(88.2%) and after the intervention 66 (97.1%) children
consumed first breakfast. The improvement in measured
parameters of carbohydrate metabolism can therefore be
attributed to a significant improvement in other dietary habits,
particularly the elimination of the consumption of sweets, sugar-
sweetened beverages, sweetened, flavoured dairy products and
sweetened, flavoured cereals, and the inclusion of plain yoghurt,
oatmeal, brown rice and wholemeal pasta into the diet. Due to
their favourable composition, i.e. the predominance of complex
carbohydrates over simple carbohydrates, their consumption is
followed by a gradual increase in blood glucose concentration,
which “slows down” and reduces insulin secretion, preventing
significant glycaemic fluctuations, prolonging the feeling of
satiety and reducing the desire to snack between meals. As a
matter of fact, in the dietary intervention we carried out, the
children significantly reduced snacking between meals and after
dinner. Our results are similar to those obtained by other
authors with a low glycaemic index diet (59, 60). These data
may indicate that proper dietary management, based on healthy
eating principles, is important, and that the use of a dietary
pattern such as the “Healthy Food Pyramid” (24) significantly
improved the metabolic profile of the children studied. Meta-
analyses (61) on dietary treatment of people at increased risk of
cardiovascular disease and the effect of dietary treatment on lipid
and carbohydrate metabolism are mainly concerned with adults.
Few papers are devoted to the developmental age population.
Therefore, the results we obtained can be used to develop dietary
recommendations for this population. In addition, the reduction
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of disease risk factors in children in our study has major clinical
implications. The improvements in lipid and carbohydrate
metabolism in the present study are therefore as significant as
those that can be achieved with pharmacological treatment, but
without the fear of adverse effects from the medications
used (62).

Analysing the dietary habits of children and their mothers in
our studied population after a one-year dietary intervention
showed that dietary education did not affect all children and
their caregivers in the same way. Greater change in abnormal
eating behaviour was observed only in children. An explanation
for this could be sought, for example, in the way the intervention
was conducted. This is because the children were actively
involved in the training, kept food diaries which were analysed
together and any errors were modified on an ongoing basis,
which further enables the children to take control of their eating
habits. In contrast, parental feeding errors and their replication
are most often the result of parents’ reluctance to change their
own personal attitudes. The effectiveness of treatment of a child
with excessive body weight is therefore increased if their parents
also decide to change their diet. In the current study, it appears
that only a small number of mothers’ eating habits was modified
by appropriate health-promoting education. This modification
only addressed the correct number of meals consumed per day,
more frequent consumption of vegetables, whole grain cereal
products including brown rice, drinking sugary drinks, using fat-
free cooking techniques and consuming vegetable fats.

Regardless of how the dietary modification plan is formulated,
what tools are used and how long we plan to intervene, in the case
of children it is important that their parents are also involved in the
programme. This is because a child has limited capacity to make
changes, such as eating habits. Numerous studies also indicate a lack
of understanding on the part of parents on both how to form proper
eating habits in their children and how to implement these
recommendations. Therefore, a reasonable suggestion would be to
provide parents with suitable education programmes, with
opportunities for extended contact with nutrition professionals (63).

The study we conducted had some limitations. The lack of a
control group made it impossible to compare the effect and
strength of the interventions undertaken. On the other hand, all
children, both with overweight and normal weight, and their
families should have the same opportunity to obtain correct
information on proper nutrition and current guidelines.
Another limitation may be the size of the sample population
that was subjected to the intervention. This is because the
intervention was only targeted at the group of children
referred to the Clinic for diagnosis of the causes of obesity.
Therefore, this group may not be fully representative of all
children with obesity, as children seeking treatment were more
motivated to reduce their weight. Furthermore, the size of the
group was limited, due to the time-consuming form of
individual education. Additionally, due to the small number of
children reaching the study’s endpoint, the group was not
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divided by sex and age for statistic analysis. During the 12-
month dietary intervention, 26 (27.7%) participants dropped out
at various stages of the intervention. The manner in which the
questionnaires were completed and the under- or overestimation
of foods that may be relevant to the prevention and treatment of
excess body weight also need to be considered, as
underestimation of food intake is a major problem in
childhood obesity research.

In spite of the above limitations, it has been shown that
educational measures aimed at family-based change in dietary
behaviour have a positive effect on improving measured
biochemical parameters. The plethora of health education methods
means that an optimal model is constantly being pursued that will, in
a meaningful way, help patients to sustainably accept the
information provided. In the presented study, a simple model of
the Healthy Eating Pyramid (24) was used, supported by the
principles of healthy eating. As a result of its application, many
children achieved not only a change in eating habits, but also an
improvement in measured anthropometric and biochemical
parameters without the use of pharmacological intervention.

However, further research is needed to assess the cause and
effect of the nutritional interventions that were carried out.

Conclusions

1. In the studied group of children, the one-year dietary
intervention contributed to a significant reduction in
body weight, waist and hip circumference and body fat
percentage. Moreover, a significant improvement in the
measured parameters of carbohydrate metabolism, lipid
metabolism, with the exception of total cholesterol
concentration, was shown.

2. The applied nutrition pattern, based on the Healthy Food
Pyramid, is an effective tool for eliminating or at least
reducing incorrect eating habits in children with excess
body weight.

As a result of the educational activities carried out, children
significantly reduced their consumption of sweets and
sugary drinks, sweetened dairy products and sugary
breakfast cereals. They also reduced their consumption
of wheat pasta and bread and their consumption of pork
meat. They also significantly reduced “snacking”
between meals and after dinner. However, they
significantly increased their intake of water, natural
dairy products and whole grain cereals.

3. The value of longitudinal dietary education, with
constant monitoring of the effectiveness of the diet
and the full involvement of the family, especially the
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mothers of children with excess body weight, was also
demonstrated.
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Circulating levels of DLK1 and
glucose homeostasis in girls
with obesity: A pilot study

Stefania Palumbo, Giuseppina Rosaria Umano*,
Francesca Aiello, Grazia Cirillo, Emanuele Miraglia del Giudice
and Anna Grandone

Department of the Woman, of the Child, of General and Specialized Surgery, University of
Campania “Luigi Vanvitelli”, Naples, Italy

Introduction: DLK1 gene is considered a molecular gatekeeper of
adipogenesis. DLK1 mutations have been reported as a cause of central
precocious puberty associated with obesity and metabolic syndrome with
undetectable DLK1 serum levels. We investigated the association between
DLK1 circulating levels with clinical and biochemical parameters in obese
adolescents and healthy controls.

Methods: Sixty-five obese adolescents and 40 controls were enrolled and
underwent a complete clinical examination and biochemical assessment for
glucose homeostasis and DLK1 plasma levels.

Results: We observed lower DLK1 levels in cases compared to controls.
Moreover, we found a negative correlation between DLK1 and HOMA-IR and
a direct correlation with insulin-sensitivity index.

Discussion: Our findings suggest that DLK1 might be involved in metabolic
derangement in obese children.

KEYWORDS

Dlk1, insulin-resistance, children and adolescents, obesity, adipose tissue

Introduction

DLKI1 (Delta-like 1 homolog) is a membrane-bound protein that plays an important
role in inhibiting adipocyte differentiation (I, 2). It is part of the Notch signalling
pathway controlling many developmental processes also having neuroendocrine
function, suggested by its postnatal expression in hypothalamic nuclei (3, 4). It is
located on chromosome 14 in the imprinted region 14q32, whose maternal uniparental
disomy causes Temple’s syndrome, a condition characterized by hypotonia, prenatal
growth failure, short postnatal stature, early puberty, and truncal obesity (5). Moreover,
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mutations in DLKI gene have been reported as a cause of central
precocious puberty associated with obesity and metabolic
syndrome with undetectable DLK1 serum levels (6). Animal
model studies have shown that DLKI knockout mice exhibit
growth retardation and obesity (7), while DLKI overexpression
leads to decreased fat mass, diet-induced obesity resistance and
reduced insulin signalling (8-10). In line with these data,
deficiency of DLK1 in humans, both for imprinting defects
such as in Temple syndrome and in cases of mutations in the
gene, is associated with undetectable DLK1 levels and childhood
and adolescent obesity.

The aim of the present preliminary study is to investigate
circulating levels of DLK1 within the context of human
paediatric obesity and its relationship with clinical and
biochemical parameters.

Materials and methods

The study was conducted at paediatric endocrinology clinic
of University of Campania Luigi Vanvitelli of Naples, Italy.
Considering the relationship between DLKI and puberty and
the possible sex dependent nature of this relationship, we
focused only on girls in this pilot study, also as the completion
of pubertal development through registering age at menarche
can be assessed with greater certainty in girls compared to boys.
We enrolled 65 girls with obesity (mean age:12.3 + 5.5; BMI z-
score:2.9 + 0.8) with normal puberty onset time (thelarche >8
years or age at menarche >10 years) and a body mass index
(BMI) above the 95th percentile and 40 pubertal stage-matched
control female patients (mean age:12.1 + 1.2 BMI z-score: -0.6 +
1.2). Clinical examination was performed in all girls, including
weight and height measurement, and BMI z-score calculation
according to the LMS (least mean squares) method. All blood
samples were drawn at 8:00 a.m. from an antecubital vein,
clotted, centrifuged, and serum was stored at —20°C until
analyses were performed.

Fasting samples for glucose, insulin, triglycerides, total
cholesterol, high-density lipoprotein cholesterol (HDLC),
serum aspartate transaminase (AST) and alanine transaminase
(ALT) were obtained. All subjects with obesity underwent a
standard two-hour oral glucose tolerance test administrating
1,75g/kg glucose up to 75gr orally. Blood samples for plasma
glucose and insulin were obtained every 30 minutes. Indexes of
insulin-resistance (homeostasis model assessment of insulin
resistance, HOMA-IR, and whole-body insulin sensitivity
index, WBISI) were calculated as previously described (11).

Serum DIkl concentrations were determined using the
commercially available Human DLK1 ELISA

(MyBioSource, San Diego, CA, USA) with a detection limit
of 0.216 ng/mL. Intra-assay and inter-assay coefficients of
variation (CVs) listed by the manufacturer were of <10
and <12%, respectively.
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Continuous variables were checked for normality according
to the Kolmogorov-Smirnov test. Differences for continuous
variables were investigated with Student t-test for independent
samples and Mann-Whitney U test as appropriate. Chi Square
test was performed to test differences in categorical variables.
Spearman correlation analyses were performed to test the
correlation between DLKI1 levels and insulin-resistance
measures. Data are expressed as mean and standard deviation
or median and interquartile range according to normal or not
normal distribution.

Hepatic steatosis was defined as present or absent according
to abdominal ultrasound. It was assessed according to
abnormally intense echoes arising from the hepatic
parenchyma, and liver-kidney differences in echo amplitude.
Two experienced radiologists performed the ultrasound for
hepatic steatosis detection.

Results

The anthropometric and biochemical characteristics of the
cohort are reported in (Table 1). The two groups did not differ in
age distribution (12.1 * 1.2 in girls with obesity and 12.3 + 2.5 in
control group, p=0.76) and pubertal stage (21% prepubertal
children in control group and 16% in girls with obesity,
p=0.57). As expected, the group with obesity showed
significantly higher z-score BMI compared to controls
(p<0.0001). The results obtained from the serum assay of
circulating protein revealed lower levels in the group of
subjects with obesity with a median of 3.36 ng/ml (IQR 3.10)
compared with the group of healthy patients with a median of
4.58 ng/ml (IQR 1.88, p=0.01). A significant negative correlation
between DLK1 levels and HOMA-IR was also observed (r=-0.28;
p= 0.03) (Figure 1A) while a direct correlation was found with
insulin sensitivity index (WBISI) (r=0.28; p=0.03) (Figure 1B).
Four out 65 (6%) obese girls showed prediabetes (1 IFG and 3
IGT). DLK1 levels were significantly lower in girls with
prediabetes compared to normoglycemic girls (p=0.02).
Abdominal ultrasound was available for 53 out 65 obese girls.
Among them, NAFLD was present in 39.6% of cases. No
difference for DLK1 levels were found between girls with
NAFLD and girls without NAFLD.

Discussion

Our study reported lower serum levels of DLK1 in subjects
with obesity suggesting its role in the regulation of adiposity even
in the absence of syndromic condition or precocious puberty.

The role of DLK1 in obesity is not completely clear but
studies in animal models have shown that DLK1 may play a role
not only in adipogenesis but also in adaptive thermogenesis in
adipose tissue, the phenomenon also called browning (12).

frontiersin.org


https://doi.org/10.3389/fendo.2022.1033179
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Palumbo et al.

TABLE 1 Clinical and laboratory features of the study cohort.

Parameters Ctrl
N 40
Age (y) 121+12
z-score BMI -0.6 £1.2
Age of Menarche (y) 115 + 0.6
LDL-cholesterol (mg/dl) -
HDL-cholesterol (mg/dl) -
Fasting glucose (mg/dl) 77.0 £ 6.1

Fasting Insulin (mcU/ml)
HOMA-IR
WBISI

DLK1 (ng/ml) 4.58 (IQR 1.88)

10.3389/fendo.2022.1033179

OB P
65
123 +25 0.76
29+08 <0.0001
1121 0.50
93.1 %29
444 £99
77.7 £10.8 0.82
23.7 £20.4
44136
4846
3.36 (IQR 3.10) 0.01

All the values are expressed as mean + SD. Significant differences are in bold. Ctrl, controls; HOMA-IR, homeostasis model assessment of insulin resistance; IQR, interquartile range; N,

number; OB, patients with obesity; WBISI, whole-body insulin sensitivity index.

Future studies focusing on the role of DLK1 in this process in
humans would be warranted, as it could represent an interesting
target for the treatment of obesity and its complications.
Moreover, data about correlation between DIkl levels and
both body fat percentage and insulin resistance are conflicting.
In the present study has been observed a weak, albeit statistically
significant, negative correlation between DLK1 serum levels and
insulin-resistance degree in girls with obesity. This data is in line
with those observed by Demir Calteki et al. in a cohort of women
with polycystic ovary syndrome (PCOS) (13) with low DLK1
levels and an inverse correlation between HOMA-IR and DLKI.
In addition, a previous study revealed lower DLK1 serum
concentrations in patients with obesity and Type 2 Diabetes
(T2D) compared to non-T2D subjects (14). A longitudinal study
on a large cohort of adult diabetic patients showed significantly
lower levels of DLK1 in 4 individuals with increased fasting
plasma glucose or whose homeostasis model assessment of B-cell
function (HOMA-B) was decreased at the follow-up compared
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FIGURE 1

to the control group. Notably, these results were significant in
women but not in men (15). Also, studies on animal models
reported how DLK1 can influence fat and glucose metabolism in
the liver. In particular, DLK1 administration in mice promotes
hepatic fatty acid oxidation and inhibits gluconeogenesis (16).
These findings supported the hypothesis that DLK1 plays a role
in glucose/insulin homeostasis. In particular, scientific evidence
indicates that DLK1 inhibits Notch1 function. Notch activation
pathologically affects lipogenesis and gluconeogenesis, finally
increasing insulin-resistance (16). Therefore, the DLK1
inhibitory activity on Notchl signaling might mediate the
modulatory effect of DLK1 on glucose metabolism.

Paternally transmitted foetal DLK1 genotype affected
maternal DLKI1 levels that were positively associated with
insulin-resistance and inversely correlated with insulin
secretion during the third trimester of pregnancy (17). In
contrast, other studies have reported that DLK1 is negatively
associated with insulin sensitivity during pregnancy and in non-
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Spearman correlation analyses between DLK1 levels and insulin resistance measures in girls with obesity. (A) displays the correlation between
DLK1 and HOMA-IR. (B) refers to the correlation between DLK1 and WBISI. Spearman correlation coefficient (rho, r) and significance level of the
test statistic (p-value, p) are reported. Legend: HOMA-IR, homeostasis model assessment of insulin resistance; WBISI, whole-body insulin

sensitivity index.
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diabetic men (18). In diabetic men, DLK1 was shown to reduce
skeletal muscle glucose uptake without affecting hepatic
gluconeogenesis (18). Similarly, in a cohort of pre-pubertal
Spanish children DLK1 serum levels were positively correlated
with plasma insulin, HOMA-IR, and free fatty acids (19). This
effect was dependent on changes in dehydroepiandrosterone-
sulphate (DHEA-S) levels suggesting a reciprocal influence of
adrenal hormones and DLK1 on adrenal gland function and
metabolic control (19). These contradictory findings highlight
the need to further investigate the role of DLKI in glucose
homeostasis. The dynamic expression of DLKI1 and the
controversies in literature findings can be explained by the
heterogeneity of the individuals included in the several studies
in terms of age, pubertal stage, gender, comorbidities (diabetes,
obesity, cardiovascular diseases), or other variables. Some
reports have reported that sexual hormones influence DLK1
levels. The hypothesis of a hormonal influence might partly
explain the different results reported in literature (20, 21).
Therefore, considering the imprinted nature of DLKI gene, a
sexual dimorphism of DLK1 effects might be speculated.

This study presents several limitations that should be
acknowledged, such as the small sample size and the lack of
data on HOMA-IR and WBISI in the non-obese controls.

In conclusion, preliminary data obtained in the present study
show lower DLK1 serum levels in subjects with obesity compared
to lean controls. Although we report a weak correlation with
insulin resistance, this finding would suggest a DLK1-mediated
metabolic effect. Confirmation of this result on a larger population
would allow to add circulating DLK1 level assessment as a new
marker of metabolic alterations in adolescents with obesity. New
studies will be needed to further investigate and confirm these
data and to clarify in humans the role of DLKI in insulin
secretion, adipogenesis and in the browning process.
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Introduction: For the past years, the prevalence of obesity is growing in the
general population of children, as well as among diabetic patients, resulting in
increased risk of cardiovascular complications. Type 1 diabetes mellitus (TLDM)
is one of the most common chronic sdiseases in children and young adults,
leading to decreased life quality and lifespan, with obesity being recognized
recently as a major contributing factor to these health problems. The objective
of this study was to analyze and compare the selected novel markers for
metabolic complications of obesity and vascular risk factors between obese
non-diabetic and obese T1DM children and young adults.

Methods: One hundred four subjects, aged between 10 and 24 years (31 with
T1DM and excessive body weight, 41 with obesity without diabetes, and 32 with
T1DM and normal weight), and 32 matched lean controls were included in the
study. Clinical characteristics, blood pressure measurements, daily
requirement for insulin, HbAlc%, plasma lipids, fetuin-A, E-selectin, and
osteoprotegerin levels were compared with respect to body mass index
(BMI), body mass index standard deviation score (BMI-SDS), and carotid
intima-media thickness (cIMT) of common carotid arteries.

Results: Patients with TIDM and excessive body weight compared to non-
diabetic obese subjects had similar values of systolic blood pressure (125.6 +
8.2vs. 127.3 + 12.9 mmHg, p = 0.515), diastolic blood pressure (78.19 + 7.03 vs.
78.02 + 8.01 mmHg, p = 0.918), cholesterol (175.26 + 34.1 vs. 163.51 + 26.08
mg/dl, p = 0.102), LDL (108.03 + 32.55 vs. 112.22 + 26.36 mg/dl, p = 0.548), and
triglyceride levels (118.19 + 71.20 vs. 117 + 55.80 mg/d|, p = 0.937); all values
were found to be higher compared to hon-obese TIDM and healthy controls.
HbAlc level and insulin resistance indices were significantly worse in TIDM
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obese vs. TIDM non-obese patients. Fetuin-A levels were higher among obese
non-diabetic patients (p = 0.01), and E-selectin and osteoprotegerin levels
were similar in both groups with obesity, but higher than in the reference
group. There were no statistical differences in cIMT with TIDM with normal
weight, excessive weight, and non-diabetic obese children; however, the cIMT
value was higher compared to the reference group.

Discussion: Novel markers of metabolic complications of obesity are similar
between obese T1IDM and non-diabetic subjects. Obesity in patients with TIDM
results in worse metabolic control, insulin resistance, and increased risk for

vascular complications.

KEYWORDS

type 1 diabetes mellitus, obesity, fetuin-A, E-selectin, osteoprotegerin

Introduction

In the last decades, the prevalence of obesity and diabetes
mellitus has been rapidly growing (1). Once considered a
problem in high-income countries, overweight and obesity
are nowadays recognized as an epidemic worldwide, resulting
in metabolic complications such as insulin resistance,
dyslipidemia, hypertension, metabolic syndrome, and non-
alcoholic fatty liver disease. It is also recognized as a risk
factor for cardiovascular diseases.

According to WHO, over 39 million children under 5 years
and 340 million children aged 5-19 are overweight or obese (2-
4). Type 1 diabetes mellitus (TIDM) is one of the most common
chronic diseases leading to decreased life quality and lifespan.
The main cause of death among diabetic patients is
cardiovascular complications. TIDM itself is recognized as a
high-risk factor for cardiovascular disease (5-7). Others include
hypertension, decreased HDL, and increased triglyceride levels.
The prevalence of obesity in patients with T1DM is also rising
and is associated with insulin pump therapy, early onset,
puberty, female sex, and low levels of physical activity.
Excessive body weight in children with TIDM has recently
been recognized as a significant factor contributing to
complications on various stages of the disease. Furthermore,
the prevalence of insulin resistance, associated with being
overweight and/obese, was previously linked to type 2 diabetes
and is increased in children with T1DM (8). It is now recognized
that insulin resistance results in worse glycemic control, higher
HbA1lc, and higher atherogenic lipid profile, and contributes to
earlier development of microangiopathy as well as
macroangiopathy. Measurement of insulin resistance in TIDM
is difficult due to hypoinsulinemia, and methods such as
HOMA-IR (homeostasis model assessment of insulin
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resistance) cannot be used. Therefore, the euglycemic-
hyperinsulinemic clamp has been proposed, but not
commonly used in practice, because it is labor-intensive and
invasive. For clinical purposes, estimated glucose disposal rate
(eGDR) has been developed, which is strongly correlated with
clamp-measured insulin resistance. The formula is based on
clinical measurements, such as hypertension status, waist-to-hip
ratio, and HbA1c%, or especially in children—age, daily insulin
requirement, and HbA1c% (9-12).

Additionally, to estimate the visceral adiposity dysfunction
associated with cardiometabolic risk, a sex-specific index based
on waist circumference, BMI, triglycerides, and HDL—visceral
adiposity index (VAI)—was created (13).

The obesity epidemic caused increased interest in factors
released by adipose tissue, such as inflammatory cytokines, fatty
acids, and adipocytokines. In addition to well-described
adipocytokines and markers of the inflammatory process, new
prognostic indicators of an increased risk of developing
cardiovascular diseases are still being sought.

While recent studies have shown a good correlation between
risk of cardiovascular disease and some novel metabolic markers
[osteoprotegerin (OPG), fetuin-A, and E-selectin] in adults,
limited studies have been conducted in children (14).

Fetuin-A (Alpha-2 Heremans Schmid glycoprotein), which
is a negative acute phase, also causes insulin resistance by
enhancing insulin receptor tyrosine kinase activity and insulin
receptor auto-phosphorylation. The fetuin-A production is
increased by hyperlipidemia and hyperglycemia. The current
studies provide evidence that higher levels of fetuin-A are also
associated with higher risk of cardiovascular complications (15).
In a case—cohort study, Weikert et al. showed that patients with
high fetuin-A concentrations had a fourfold increased risk for
myocardial infarction and ischemic stroke compared to subjects
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with low fetuin-A levels (16). OPG is a cytokine member of the
tumor necrosis factor (TNF) involved in bone metabolism and
vascular calcification and atherogenesis (17). Recent studies
showed that the RANK/RANKL/OPG pathway is important
for the regulation of obesity, as well as associations between
OPG levels and ischemic heart disease and insulin resistance
(18). Alharbi et al. found that serum OPG level was significantly
elevated in obese with insulin resistance patients compared to
control subjects (19).

Moreover, Perez de Ciriza et al. in their study showed that
patients with the metabolic syndrome had higher OPG than
patients without. OPG correlated with carotid intima-media
thickness (cIMT) and patients with atherosclerosis had higher
OPG concentrations (20).

E-selectin is an endothelial adhesion molecule known to be
integrally involved in the development of atherosclerotic plaque
by promoting the adhesion of leukocytes to the endothelial wall.
Levels of E-selectin are also increased in obesity (21). The
MIAMI study that examined the relationship between various
circulating markers of inflammation and CIMT found that E-
selectin was strongly correlated to atherosclerotic burden and
CIMT and inversely correlated to HDL-c (22).

Recent studies have shown that obesity and T1DM in youth
are associated with greater cIMT. It is also influenced by
hypertension, dyslipidemia, and poor glycemic control (23-25).

The objective of the study was to analyze and compare
selected novel markers of metabolic complications of excessive
body weight and classical cardiovascular risk factors between
obese non-diabetic and obese TIDM children. The following
variables were analyzed: daily insulin requirement, insulin
resistance, measurement of the cIMT, and levels of fetuin-A,
E-selectin, and OPG.

Therefore, the aim of this study was to investigate the link
between obesity among type 1 diabetic patients, novel markers,
and risk of cardiovascular complications.

We hypothesized that our results might help to identify the
group of patients with higher risk of macroangiopathy as well as
create the therapeutic goals for these patients, which might delay
the development of chronic complications.

Methods

The study was performed in the Pediatric Endocrinology
and Diabetology Division, Department of Clinical Pediatrics as
well as Outpatient Clinics of Provincial Specialist Children’s
Hospital in Olsztyn between 2019 and 2022. The Ethics
Committee of University of Warmia and Mazury approved
this study (approval number KB/13/2019). Written informed
consent forms were acquired from parents and patients older
than 16 years.
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Patients

One hundred four patients, aged between 10 and 24 years
(31 with TIDM and obesity, 41 with obesity, and 32 with TIDM
and normal weight), were enrolled in the study. The onset of
T1DM must have been at least 2 years prior. The control group
consisted of 32 age-matched healthy peers (BMI < 90 pc and
BMI-SDS < 1).

The following inclusion criteria were used for the
participants: excessive body weight was defined by BMI >
90 pc and BMI-SDS > 1 for children with TIDM and BMI >
97 pc and BMI-SDS > 2 for children with simple obesity based
on BMI-for-age percentile charts of the nationally representative
group. Clinical remission of diabetes, more than one
autoimmune comorbidity, and microvascular complications
were exclusion criteria for children with T1DM. Further
exclusion criteria for all the participants included acute
infection, previous surgery, or trauma 1 month prior.

Physical examination and clinical data

Weight, height, and waist circumference were measured.
Body mass index (BMI kg/mz) was calculated by the following
formula: weight (kg)/height® (m?). Standardized BMI (BMI-
SDS) was calculated by the following formula: (BMI — BMI
50 pc)/0.5x (BMI 50 pc — BMI 3 pc). Waist circumference SDS
was calculated by the following formula: (waist circumference —
waist circumference 50 pc)/0.5x (waist circumference 50 pc —
waist circumference 3 pc). Obtained data were referenced to
polish percentile charts according to age and sex (26). The
average of three measurements was taken to determine
blood pressure.

In patients with T1D, data including diabetes duration and
daily requirement of insulin were collected.

Laboratory methods

Venous blood samples were obtained after 8-12 h of fasting
for laboratory tests. Eight milliliters of blood was collected and
then centrifuged for 10 min at 2,000 turns per minute. Blood
tests, including glycated hemoglobin (HbA1c), total cholesterol
(TC), low-density lipoprotein (LDL), high-density lipoprotein
(HDL), blood glucose (BG), insulin, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), gamma-glutamyl
transferase (GGT), and 25-hydroksyvitamin D, were
performed using standard methods in the Diagnostic
Laboratory of Provincial Specialist Children’s Hospital in
Olsztyn. The remaining material (serum) was stored at a
temperature of —80°C until the determination.
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To analyze novel markers of metabolic complications and
cardiovascular risk factors including fetuin-A, E-selectin, and
OPG, commercially accessible rapid sandwich immunoassay
ELISA kits were used at the Institute of Animal Reproduction
and Food Research of Polish Academy of Science.

In addition, in children with obesity, oral glucose toleration
test (OGTT) was performed (1.75 g/kg, maximum 75 g of
glucose). Insulin sensitivity was estimated by the homeostasis
model assessment of insulin resistance (HOMA-IR) index using
the following formula: fasting insulin X fasting blood glucose
(mg/dl)/405. Interpretation of OGTT and diagnosis of
prediabetes were established according to the criteria of Polish
Society of Diabetes 2022 (27).

The following formulas were used for assessment of insulin
resistance: for non-diabetic patients, HOMA-IR, while for type 1
diabetic patients, eGDR.

Additionally, visceral adipose function was expressed by
the VAL

eGDR was calculated using two indirect methods:

eGDR 1: 2091 + [1.51 x (boy 1, girl 0)] — [0.1 x (age in years)] —
[0.13 x (waist circumference in cm)] — [0.3 x HbA1c%] — [2.11 X
daily insulin requirement], and eGDR2: 21.158 + (-0.09 x waist
circumference in cm) + (—3.407 x 1 for HBP) + (-0.551 x HbAlc
%). Lower values indicate greater insulin resistance (28, 29).

VAI was calculated according to sex using the following
formula: girls: (waist circumference/36.58 + [1.89 x BMI]) x
(TG/0.81) x (1.52/HDL) boys: (waist circumference/39.68 +
[1.88 x BMI]) x (TG/1.03) x (1.31/HDL) (13).

Ultrasound

PHILIPS, Toshiba Apolio 500 ultrasound devices were used
for measuring cIMT based on standard protocol. Covered end-
diastolic (minimum diameter) IMT of the far walls (the distance
between the leading edge of the first echogenic line and the
leading edge of the second echogenic line) within a distance
larger than 1 cm from the bifurcation was measured. The mean
value of six measurements (three from the left and three from
the right carotid artery) was included in the analyses (30, 31).

Statistical analysis

Statistical analysis was performed using STATISTICA v.13.3
software. Quantitative variables were expressed as mean and
standard deviation (SD).

The values of categorized variables were presented in terms
of cardinality (N).

To analyze the differences between the studied parameters in
individual groups, the following parametric tests were used:
Student’s t-test for the comparison of two groups and the
ANOVA test (with the post-hoc NIR test) in the case of a
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larger number of groups for the variables expressed on the
quantitative scale.

The analysis of correlations was performed using the
Pearson correlation coefficient.

Statistically significant results were found at the level of p < 0.05.

Results

Patients with T1DM and excessive body weight compared to
non-diabetic obese subjects had similar values of systolic blood
pressure (125.6 + 8.2 vs. 127.3 £ 12.9 mmHg, p = 0.515), diastolic
blood pressure (78.19 + 7.03 vs. 78.02 + 8.01 mmHg, p = 0.918),
cholesterol (175.26 + 34.1 vs. 163.51 + 26.08 mg/dl, p = 0.102),
LDL (108.03 + 32.55 vs. 112.22 + 26.36 mg/dl, p = 0.548), and
triglyceride levels (118.19 + 71.20 vs. 117 + 55.80 mg/dl, p =
0.937); all values were higher compared to non-obese TIDM and
healthy controls. The general characteristics of the study groups
are shown in Table 1.

We noted a difference in glycemic control among diabetic
patients. Mean HbAlc levels from the year prior to the study
and obtained during the study were higher in obese TIDM patients,
7.99 + 0.93% and 8.1 + 1.21%, than in non-obese T1DM patients,
7.61 +0.89% and 7.780 £ 0.91% (p = 0.099, p = 0.252), although not
significant. Daily dosage of the insulin was similar; however, insulin
resistance indices eGDR1 and eGDR2 were significantly lower in
obese T1IDM patients than in non-obese TIDM patients: eGDRI:
5.16 + 1.33 vs. 6.96 *+ 1.32; eGDR2: 9.37 + 1.21 vs. 10.66 + 0.9
(p =0.0001, p = 0.0001), meaning insulin resistance (Table 2). Daily
dosage of the insulin was similar 0.83+0.16 in T1IDM vs 0.85+0.17
(IU/kg/24hrs] (p=0.593).

Comparing novel markers of metabolic complications and
cardiovascular risk factors revealed that fetuin-A levels were
higher among obese non-diabetic children, 667.18 + 363.12 vs.
388.87 + 253.75 [pg/ml] (p = 0.01); E-selectin, 815.87 + 751.92 vs.
582.01 + 645.75 [ng/ml], and OPG levels, 0.10 + 0.04 vs. 0.10 +
0.03 [ng/ml], were similar in both groups with obesity. However,
there was statistical difference in E-selectin and OPG levels
between the obese non-diabetic group, the obese with T1IDM
group, and the control group: 238.78 + 434.90 [ng/ml] (p < 0.0002;
p < 0.035); 0.08 + 0.03 [ng/ml] (p < 0.012; p < 0.022) (Table 3;
Figures 1A-C).

There were no statistical differences in intima-media thickness
between patients with T1IDM with normal weight, 0.47 + 0.12
[mm], excessive weight, 0.44 + 0.04 [mm], and non-diabetic obese
children, 0.44 + 0.05 [mm]; however, the cIMT value was higher
than the reference group, 0.38 + 0.03 [mm] (p < 0.0001;
p < 0.0001; p < 0.0001) (Figure 2).

A significant positive correlation was found among the obese
non-diabetic patients between BMI, BMI-SDS, and waist
circumference with OPG: r = 0.560 (p < 0.001); r = 0.618
(p < 0.001); r = 0.547 (p < 0.001). Among obese T1D children,
fetuin-A levels were significantly positively correlated with BMI,
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TABLE 1 General characteristics of the study groups.

Gender (M/F)
[n (%)]

Age [years]

Height [cm]

Body weight [kg]

BMI [kg/m?]

BMI-SDS

Waist circumference [cm]

Waist circumference—SDS
Systolic blood pressure [mm/Hg]
Diastolic blood pressure [mm/Hg]
Cholesterol [mg/dl]

TG [mg/dl]

HDL [mg/dl]

LDL [mg/dl]

Obese group
(N =41)

16 (39.0%)/25 (61.0%)

13.82 +2.87 ¢
164.34 + 11.59
92.29 + 23.84 **
33.82 + 632 %
524 + 220 ¢
97.87 + 13.66 **
4.62 + 193
127.32 + 12,93 *
78.01 + 8.01 *
163.51 + 26.08 *
117.00 + 55.80 *
48.22 + 9.25 ¢
112.22 + 26.36 °*

The data are presented as mean + SD; ANOVA test.

p < 0.05, compared to the control group.
°p < 0.05, compared to TIDM obese.

p < 0.05, compared to TIDM in post-hoc tests.

T1DM group
(N =32)

13 (40.6%)/19 (59.4%)

15.19 + 3.29
163.94 + 12.00
54.44 + 13.05°
20.00 + 255 °
0.21 +0.64°
69.00 + 7.27 *°
0.25 + 0.65°
120.16 + 10.02 *°
73.94 + 7.95 %
164.69 + 32.42°
7131 + 18.76 °
62.09 + 12.30
99.75 + 2872 °

r = 0.572 (p < 0.001), BMI-SDS, r = 0.723 (p < 0.0001), HDL
[mg/dl], r = 0.514 (p < 0.01), and daily insulin requirement,
r = 0.577 (p < 0.001), and negatively with eGDR2, r = —0.521

(p < 0.01).

TABLE 2 Glycemic control in type 1 diabetic patients .

Gender M/F(%)

Age [years]

Height [cm]

Body weight [kg]

T1D duration [years]

Mean HbAlc from last year

HbAIc last [%]

Daily insulin requirement [IU/kg/24hrs]

eGDR1

eGDR2

T1DM obese group
(N =31)

10 (32%)/21 (68%)

15.63 +2.59 %
164.72 + 11.42
73.45 + 1298 *
26.85 +2.53 %
249 +0.87
80.42 + 6.98 *
1.83+ 080
125.58 + 8.18 *
78.19 + 7.03 *
175.26 + 34.10 *
118.19 + 712 °
59.97 + 15.76
108.03 + 32.55 °

10.3389/fendo.2022.1036109

Control group P
(N =32)

9 (28.1%)/23 (71.9%)

13.84 £2.70 0.017
160.15 + 13.30 0.395
48.88 + 10.88 0.0001
18.70 + 2.31 0.0001
—-0.05 + 0.59 0.0001
63.86 + 6.27 0.0001
—-0.21 + 0.66 0.0001
110.44 + 7.10 0.0001
69.88 + 7.30 0.0001
149.06 + 26.25 0.007
63.03 £ 27.42 0.0001
58.56 + 14.31 0.0001
85.91 + 20.66 0.001

In non-diabetic obese patients, cIMT was positively correlated

T1DM group

13 (40,6%)/
19 (59.4%)

with BMI, 7 = 0.675 (p = 0.003), BMI-SDS, r = 0.679 (p = 0.003),
waist circumference SDS, r = 0.638 (p = 0.006), SBP, r = 0.6523 (p
=0.036), DBP, r = 0.600 (p = 0.011), TG, r = 0.5069 (p = 0.017),

T1DM obese group

10 (32,3%)/
21 (67,7%)

15.19+3.29 15.63+2.59
163.94+12.00 164.72+11.42
54.44+13.05 73.45+12.98
8.67+4.52 7.09+2.96
7.61+0.89 7.99+0.93
7.78+0.91 8.10+1.21
0.83+0.16 0.85+0.17
6.96+1.32 5.16+1.33
10.66+0.90 9.37+1.21

0.56

0.791

0.0001*

0.107

0.099

0.252

0.593

0.0001*

0.0001*

The data are presented as mean+SD *p<0.05 in t-student test.
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TABLE 3 Comparison of the novel markers between non — diabetic and T1DM obese patients.

Obese group
Mean+SD Med
E-selectin [ng/ml] 815.87+751.92 296.78
Osteoprotegerin [ng/ml] 0.10 + 0.04 0.10
Fetuin A [ug/ml] 667.18 £ 363.12 807.42

The data are presented as mean+SD.
*p < 0.05 in t-student test.

fasting insulin level, r = 0.767 (p = 0.000), HOMA-IR, r = 0.768
(p = 0.000), and OPG level, r = 0.528 (p = 0.029).

In the group of obese children with T1D, cIMT was
positively correlated with TG, r = 0.611 (p = 0.027), and VAL,
r = 0.611 (p = 0.027). Negative correlation was reported with
HDL, r = —0.694 (p = 0.008).

Discussion

The relationship of body weight and adiposity with
cardiovascular risk factors and novel markers for metabolic
complications in children and young adults with TIDM is not
fully understood (32).

In the DCCT/EDIC study, excess weight gain among the
patients with T1IDM was reported to be associated with sustained
increases in central obesity, insulin resistance, dyslipidemia, and
hypertension, as well as more extensive atherosclerosis (33, 34).

It is important to remember that the American Heart
Association classified TIDM as a high cardiovascular risk
factor for pediatric patients who are at risk of obesity (35).

Because children and young adults with TIDM and
excessive body weight have a higher likelihood of having
coexisting hypertension, dyslipidemia, and elevated alanine
aminotransferase, the problem of metabolic syndrome among
them should also be considered.

Merger et al, in their cross-sectional study, suggest that
T1DM with metabolic syndrome is an independent risk factor
for TIDM patients in developing macrovascular and
microvascular comorbidities (36). Moreover, atherogenic lipid
profile is also associated with unsatisfactory diabetes control.
The prospective SEARCH study showed that the frequency of
dyslipidemia with inadequate glycemic control (HbAlc > 9%),
longer T1D duration, obesity, and hypertension correlated with
higher cIMT (37). The results from our study showed the
association of BMI and BMI-SDS with atherogenic lipid profile
and higher blood pressure in obese patients with TIDM, which is
consistent with previous studies. However, no significant
differences in SBP, DBP, total cholesterol, LDL, and TG levels
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T1DM obese group P
Mean+SD Med
582.01 + 645.75 274.13 0.280
0.10 £ 0.03 0.09 0914
388.87 £253.75 300.26 0.01%

were found between obese diabetic and non-diabetic patients,
suggesting that obesity and its complications, such as diabetes
mellitus, might increase the risk of cardiovascular diseases.
Relatively little is known about novel markers such as fetuin-A,
E-selectin, and OPG among young patients with TIDM and their
correlation with body weight, insulin resistance, and risk of
cardiovascular diseases. Siraz et al., in their study, presented that
patients with fetuin-A levels above the cutoff value had poorer
glycemic control and higher TG levels (38). The association
between insulin resistance and higher fetuin-A level among the
male patients with T1IDM was reported in a previous study (39).
Moreover, the connection between serum fetuin-A concentration
and the development of cardiovascular complications in diabetics
has been reported (40).

One of the most intriguing novel findings of our study is that
fetuin-A levels were higher among obese non-diabetic children
than in obese TIDM. It could be explained by the hypothesis
that in patients without diabetes, fetuin-A plays a potentially
protective role against coronary artery disease and acute
cardiovascular events and also prevents spontaneous mineral
precipitation in the vasculature (41-43). This might suggest that
in diabetic patients, the inflammatory process occurs faster
compared to non-diabetic obese patients, regardless of obesity.
Moreover, fetuin-A levels among obese diabetic patients
correlated with obesity, higher daily insulin requirement, and
insulin resistance. These findings indicate that fetuin-A can be
used as a parameter for predicting cardiovascular complications
of T1DM and for monitoring poor glycemic control.

However, further research should be performed to establish
precise cutoff points.

It is now recognized that a higher E-selectin level is a marker
for development of atherosclerosis. Several studies reported
increased levels in patients with obesity, metabolic syndrome,
and TIDM. It was also noted that among the diabetic patients,
there is a positive correlation between HbAlc, diastolic blood
pressure, cholesterol, TG, and E-selectin levels.

In our study, serum E-selectin levels were similar among
obese patients with T1IDM and non-diabetic patients, but higher
than the other groups. In contrast to other groups, no obvious
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FIGURE 1
(A) Comparison of the fetuin-A in the study groups. (B) Comparison of the E-selectin in the study groups. (C) Comparison of the osteoprotegerin in the
study groups.
correlation between classical risk factors and novel markers was are associated with atherosclerosis in the general population and
noted (44, 45). are an independent predictor of cardiovascular complications in
OPG is a bone-related peptide that can be found in different a large cohort of patients with TIDM 1 (46).
tissues, including bone, heart, and vascular endothelial cells. Our investigations show that OPG levels did not differ between
Current data suggest that increased plasma OPG concentrations obese TIDM patients and non-diabetic obese subjects, but were
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Comparison of the cIMT in the study groups.

higher in healthy individuals. Those findings are in line with those
obtained by Gelluzi et al. and Ayina et al. (47). In the study, we also
confirmed a positive correlation between OPG and BMI, BMI-SDS,
and waist circumference in non-diabetic obese patients. The
discrepancy in results may be a consequence of the study
population; patients with TIDM and obesity had statistically
lower BMI. Moreover, obesity is associated with elevated
triglycerides and LDL and low HDL. However, in the present
study, OPG levels did not correlate with TG, HDL, or LDL in both
groups. Gannage-Yared et al. have detected a positive correlation
between OPG and the HOMA index (48). Kim et al. have also
determined an association between serum OPG levels and HOMA-
IR in both normal and diabetic patients (49). In our study, we could
not establish such a correlation between OPG levels and indexes of
insulin sensitivity and insulin resistance. The role of OPG in the
pathogenesis of atherosclerosis is still unclear. There is a discussion
whether OPG synthesis is a compensatory mechanism to
counteract the atherosclerotic process or whether OPG is an
active compound in the atherosclerotic process (50, 51). Our
results suggest that OPG might be involved in metabolic
processes associated with atherosclerosis development. Further
prospective studies are required to establish whether increased
OPG levels in diabetic children in general as well as among those
with obesity can predict later development of endothelial
dysfunction and vascular complications.

In the study, we also reported that both of our obese groups
—the non-diabetic group and the group with TIDM—had
significantly higher cIMT compared to the control group. Even
though there was no statistical difference between them,
differences in cardiovascular risk factors were noticed.

In our non-diabetic obese patients, cIMT was positively
correlated with BMI, BMI-SDS, and waist circumference-SDS.
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These findings are consistent with the data presented by the
International Childhood Vascular Structure Evaluation
Consortium. Abnormal cIMT was described in patients with
cardiovascular complications including hypertension. Even
though none of the study subjects was diagnosed with
hypertension, there was a strong positive correlation between
SBP, DBP, and ¢IMT among the non-diabetic group (23, 52).
Moreover, obesity-related insulin resistance can induce
atherothrombotic mechanisms, reduce fibrinolytic balance, and
impair endothelial function. The possible relationship between
cIMT and insulin resistance/hyperinsulinemia in children and
adolescents remains inconsistent, with some studies reporting an
adverse relation between insulin resistance and vascular
measures while others observed no significant relation at all
(53, 54). Our findings are in agreement with results of recent
investigations where insulin resistance was associated with
carotid wall thickness among non-diabetic children and
adolescents with obesity.

Some publications report that TIDM patients have
significantly increased cIMT levels compared to control
subjects (55, 56). The SEARCH CVD Study clearly stated that
increased BMI was a CV risk factor in young people with T1D
and influenced cIMT (38).

Data obtained from our study were inconsistent. Similar to
other studies, cIMT values were higher among diabetic patients,
regardless of BMI, but strongly correlated with visceral adipose
tissue, whose activity was expressed by VAI and triglyceride
levels. Morisawa et al. indicate that OPG is also significantly
associated with endothelial function and its concentration can be
a useful predictor of early carotid atherosclerosis and higher
cIMT (57). A similar correlation was noted in the group of obese
non-diabetic patients.
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Limitations of the study

We realize that our study has some limitations. First of all,
the sample size was small, and the small number of patients were
included. The age range included children and adults; however,
only 10 subjects were older than 18 years (6 in the group with
T1DM and normal weight and 4 in the group with TIDM and
excessive body weight).

There were differences between the degree of obesity among
diabetic and non-diabetic patients, and the stage of puberty was
not considered. Further studies are necessary to report the
degree of obesity among T1DM children and young adults
and its influence on the levels of novel markers as well as
cardiovascular complications.

Conclusion

Obesity in children and young adults with TIDM results in
worse metabolic control, insulin resistance, and increased risk
for vascular complications. However, novel markers of
metabolic complications of obesity are similar between obese
diabetic and non-diabetic patients.
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Introduction: One of the most important complications of obesity is insulin
resistance, which leads to carbohydrate metabolism disorders such as type 2
diabetes. However, obesity is also associated with development of an
autoimmune response against various organs, including pancreatic beta cells.
The prevalence of such autoimmune processes in children and their possible
contribution to the increased incidence of type 1 diabetes is currently unclear.
Therefore, the present study assessed the prevalence of autoantibodies against
pancreatic islet beta cell's antigens in children and adolescents with simple
obesity.

Material and methods: This prospective observational study included pediatric
patients (up to 18 years of age) with simple obesity hospitalized between 2011
and 2016 at the Department of Pediatrics, Diabetology, Endocrinology and
Nephrology of the Medical University of Lodz. Children with acute or chronic
conditions that might additionally affect insulin resistance or glucose
metabolism were excluded. Collected clinical data included sex, age, sexual
maturity ratings (Tanner's scale), body height and weight, waist and hip
circumference, amount of body fat and lean body mass. Each participant
underwent a 2-hour oral glucose tolerance test with simultaneous
measurements of glycaemia and insulinemia at 0", 60 and 120 . In addition,
glycated hemoglobin HbAlc, fasting and stimulated c-peptide, total
cholesterol, as well as high- and low-density cholesterol and triglycerides
were measured. Insulin resistance was assessed by calculating HOMA-IR index.
The following autoantibodies against pancreatic islet beta cells were
determined in each child: ICA - antibodies against cytoplasmic antigens of
pancreatic islets, GAD - antibodies against glutamic acid decarboxylase, ZnT8 -
antibodies against zinc transporter, IA2 - antibodies against tyrosine
phosphatase, IAA — antibodies against insulin.
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Results: The study group included 161 children (57.4% boys, mean age 13.1 +
2.9 years) with simple obesity (mean BMI z-score +2.2 + 1.6). Among them, 28
(17.4%) were diagnosed with impaired glucose metabolism during OGTT [23
(82.2%) — isolated impaired glucose tolerance (IGT), 3 (10.7%) — isolated
impaired fasting glucose (IFG), 2 (7.1%) — IFG and IGT]. Of the children tested,
28 (17.4%) were tested positive for at least one islet-specific autoantibody [with
similar percentages in boys (15, 17.4%) and girls (13, 17.3%), p=0.9855], with ICA
being the most common (positive in 18, 11.2%), followed by IAA (7, 4.3%), ZnT8
(5, 3.1%), GADA (3, 1.9%) and IA2 (1, 0.6%). There was no association between
the presence of the tested antibodies and age, sex, stage of puberty,
parameters assessing the degree of obesity, HbAlc, lipid levels and basal
metabolic rate. However, autoantibody-positive subjects were more likely to
present IFG or IGT in OGTT compared to those who tested completely
negative (9, 32.1% vs 19, 14.3%, p=0.0280). Their HOMA-IR was also
significantly higher (HOMA-IR: 4.3 + 19 vs 34 + 1.9, p=0.0203) and this
difference remained statistically significant after adjusting for sex and age
(p=0.0340).

Conclusions: Children and adolescents with simple obesity presented a higher
prevalence of markers of autoimmune response against pancreatic beta cells
than the general population. Most often, they had only one type of antibody -
ICA. The presence of autoimmune response indicators against pancreatic islet
antigens is more common in obese patients with impaired carbohydrate
metabolism and is associated with lower insulin sensitivity.
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hypothesized to contribute to the development of type 1 diabetes
(T1D), the most common type of diabetes in childhood.

Excess body weight has become one of the most crucial
challenges for pediatric healthcare. According to the World
Health Organization report, the prevalence of overweight and
obesity among children aged 5-19 has increased 4.5 times since
1975, meaning that in 2016, 340 million children and
adolescents worldwide were overweight or obese and 124
million were obese (1). Excess body weight is associated with
an increased risk of a number of disorders, the most prominent
of which are disorders of carbohydrate metabolism, including
diabetes (2-6). In principle, obesity is known to cause insulin
resistance and secondary insulin secretion abnormalities that
lead to the development of type 2 diabetes (T2D) (7). However,
in children and adolescents, the impact of excess body weight
might be more nuanced.

Primarily, it has been shown that the clinical course of T2D
in children and adolescents differs from that in adults and
exhibit a faster rate of decline in endogenous insulin secretion
(8-10). Moreover, up to 1/3 of patients with T2D can be detected
with the presence of at least one type of antibodies against islet
antigens (11, 12). Moreover, excess body weight has been also
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According to the accelerator hypothesis, in individuals with
HLA-dependent genetic predisposition, excess weight gain
reduces insulin sensitivity, which in turn leads to pancreatic
beta cells apoptosis and activation of an autoimmune response
(13, 14). In addition, adipose tissue generates chronic low-grade
inflammation and adversely affects the immunotolerance
mechanisms (15). However, attempts to clinically verify this
hypothesis have met with mixed success - the observed
associations between excess body weight (birth weight, weight
gain in infants and older children) and the incidence of T1D (5,
16-19) turned out to be inconclusive and largely based on
selected groups of children with an underlying genetic risk
for T1D.

Therefore, it is worth taking a closer look at the group of
obese children who might be at increased risk not only for T2D,
but also for TI1D. The aim of this study was to investigate the
presence of T1D-related autoimmune markers in children and
adolescents with simple obesity and test whether they are
associated with the development of carbohydrate metabolism
disorders in those patients.
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Subjects and methods
Ethics statement

This was a prospective observational study approved by the
local Bioethics Committee of the Medical University of Lodz
(No. RNN/224/15/KE) and conducted in accordance with the
principles set forth in the Declaration of Helsinki

Subjects

Between 2011-2016, we recruited children and adolescents
up to 18 years of age who were routinely admitted to the
Department due to obesity (defined as BMI percentile >95™
percentile) and underwent screening for glucose metabolism
abnormalities. They were invited to take part in an extended
panel of metabolic tests, including screening for TID.
Individuals with acute or chronic conditions that might
predispose to carbohydrate metabolism disorders were
excluded. We also collected data on family history of T1D and
other autoimmune disorders to minimize potential bias in
autoantibody prevalence due to family burden. This step was
done during a follow-up period, so not all participants
were available.

Methods

Each participant underwent a comprehensive medical
examination with nutritional assessment. Anthropometric
parameters were measured by Harpenden stadiometer
(accuracy of 0.1 cm), TANITA MC-980MA (accuracy of
0.1 kg) and non-stretchable tape (accuracy of 0, 1 cm). Body
composition was analyzed by bioelectrical impedance analysis
(BIA-TANITA MC-980MA), and basal metabolic rate (BMR)
was calculated. Sexual maturity ratings were assessed in each
child using the Tanner scale. Glycated hemoglobin (HbA1lc) was
measured with high-performance liquid chromatography (Bio-
Rad Variant, Bio-Rad Laboratories, Hercules, USA). Lipid
profile (total cholesterol, HDL-cholesterol, LDL-cholesterol,
triglycerides) was performed in each child according to
commonly accepted methods in the hospital laboratory.

Each participant underwent a 2-hour oral glucose tolerance
test (OGTT), during which blood glucose and insulin levels were
measured at 0, 60" and 120" - then the presence of glucose
metabolism disorders was determined in accordance to the
ISPAD 2018 Recommendations (20). In addition, c-peptide
levels (ELISA) were measured for each patient in the fasting
state and 6" after stimulation with 1mg of intravenous glucagon.

Each child also underwent a comprehensive screening for
pancreatic islet autoantibodies performed by the Laboratory of
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Immunopathology and Genetics, which is the reference
laboratory for Poland, certified during the Islet AutoAntibody
Standardization Program - IASP 2012-2019 (LAB604). The
following autoantibodies were measured in serum (method,
IASP-certified sensitivity/specificity and cut-off for positivity
reported respectively):

* ICA - antibodies against cytoplasmic antigens of
pancreatic islets (indirect immunofluorescence method
using human pancreatic sections, 72.0% and 94.4%, cut-
off: 5-10 p. JDF depending on the substrate used),

* GAD - antibodies against glutamic acid decarboxylase
(RSR ELISA method, USA, 82% and 98.9%, cut-off >10),

* ZnT8 - antibodies against zinc transporter (RSR ELISA
method, USA, 76% and 97.8%, cut-off >15),

» TA2 - antibodies against tyrosine phosphatase (RSR
ELISA method, USA, 70% and 95.6%, cut-off>20),

» TA/IAA - antibodies against insulin (RIA method, UK,
42% and 100%, cut-off>10).

Statistical analysis

Body mass index (BMI) was calculated according to
standard equation [weigh/(height in m) A2], z-scores and
percentiles were calculated based on national growth charts
(21). Waist-to-height ratio (WHtR) and waist-to-hip ratio
(WHT) were calculated in the standard way. Insulin resistance
was assessed using HOMA-IR index (Homeostatic Model
Assessment — Insulin Resistance), calculated according to the
standard equation (fasting insulinemia (mU/ml) x fasting blood
glucose (mmol/1)/22.5).

Distributions of continuous variables were assessed using
Shapiro-Wilk test. Afterwards, tests between the groups were
performed using t-test [results reported as meant standard
deviation (SD)] or Mann-Whitney's U test (results as medians
and 25-75% ranges). Qualitative variables were analyzed using
the chi/A2 test or fisher's exact test for small groups.

Due to the lack of a control group, the prevalence of
antibodies to pancreatic islet antigens in the study group was
compared with data from the literature (22-24).

Results

Demographic, anthropometric, and
metabolic parameters

The study group included 161 children (57.4% boys, mean age
13.1 £ 2.9 years) with simple obesity (mean BMI z-score +2.2+/0.4)
(Table 1). Among them, 28 (17.4%) were diagnosed with impaired
glucose metabolism during OGTT [23 (82.2%) - isolated impaired
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glucose tolerance (IGT), 3 (10.7%) - isolated impaired fasting
glucose (IFG), 2 (7.1%) - IFG and IGT].

The prevalence of anti-islet antibodies

Of the children tested, 28 (17.4%) were positive for at least
one islet-specific autoantibody [with similar percentages in boys
(15, 17.4%) and girls (13, 17.3%), p=0.9855], with ICA being the
most common (positive in 18, 11.2%), followed by IAA (7,
4.3%), ZnT8 (5, 3.1%), GAD (3, 1.9%) and IA2 (1, 0.6%). The
prevalence of positive results for most autoantibodies in the
study group was similar to general population (historic reference
for IAA - 4%, anti-GAD - 2%, IA2 - 0.8%, ZnT8 -2%, all
p>0.05). However, we noted that obese children were more often
positive for at least one autoantibody (17.3% vs 4.9%, p<0.0001)
and particularly for ICA autoantibodies (11.2% vs historical
reference of 3%, p<0.0001).

Association of the autoimmune response
against pancreatic islets with
participants clinical characteristics

Children positive for at least one autoantibody were non-
significantly older (13.8 + 2.8 vs 13.0 + 2.9, p=0.1840) than those
who tested negative and presented similar sex maturity ratings
(median 3 (25-75%: 2 to 5) vs 3 (25-75%: 2 to 5), p= 0.4135),
HbAlc (5.4 +0.3vs53+0.3, p=0.3111), c-peptide (fasting: 3.4 +
1.2 vs 3.0 £ 1.2, p=0.1420; stimulated: 8,7 + 3,7 vs 7,6 + 2,8,
p=0.0925) and lipid profile. They were also comparable in terms
of BMI z-scores, body fat percentage and estimated Basal
Metabolic Rate. However, autoantibody-positive subjects had a
higher waist to height ratio (WHtR: 0,63 + 0,03 vs 0,59 + 0,1,
p=0.047 - adj. for sex and age).

The relationship between the occurrence
of an autoimmune reaction against
pancreatic islets and the carbohydrate
metabolism disorders

Children with at least one positive autoantibody were more
likely to present IFG or IGT in OGTT compared with those who
tested completely negative (9, 32.1% vs 19, 14.3%, p=0.0280).
The autoantibody-positive children showed significantly higher
glycemia at 60 min. of OGTT and higher insulinemia at all three
time points of OGTT (Figure 1). Their HOMA-IR index was
significantly higher (HOMA-IR: 4.3 + 1.9 vs 3.4 + 1.9, p=0.0203)
and the difference remained statistically significant after
adjusting for sex and age (p=0.0340). A detailed comparison
between the groups is presented in Table 1.
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Association of autoimmune response
against pancreatic islets with family
history of type 1 diabetes and other
autoimmune diseases

In 54 (33.5%) children, a family history of type 1 diabetes or
other autoimmune diseases were unavailable. Among the 107
children with a complete family history available, none of the 16
autoantibody-positive children (0%) had any known relatives
with type 1 diabetes, compared with 7 autoantibody-negative
children (7.7%), which was likely due to chance (p=0.5910).
Similarly, both autoantibody-positive and autoantibody-
negative children had a similar prevalence of type 1 diabetes
or other autoimmune diseases in first degree relatives
(autoantibody-positive: 2 (12.5%) vs autoantibody-negative: 15
(16/5%), p=1.0000)

Patients with multiple anti-islet
antibodies

Out of autoantibody-positive children, four (2.5%) were
positive for at least two autoantibodies, marking pre-clinical
stages of type 1 diabetes — their exact titers and patients' clinical
features are included in Table 2. Over the following seven years,
only one subject developed clinically evident type 1 diabetes as
an adult (more data unavailable).

Discussion

Our most important observation is that the prevalence of at
least one islet-specific autoantibody in a sample of children and
adolescents with simple obesity was as much as 3.5 times higher
than in general population. The prevalence of islet
autoantibodies is well-established in patients with TID or at
increased risk of developing the disease (first degree relationship
to the patient, genetic screening) (24, 25).

In contrast, reports on the frequency of autoimmune anti-islet
responses in people with excess body weight or with T2D are less
numerous and primarily relate to adults. About 2-12% of adults
with clinically diagnosed T2D were found to have detectable levels
of antibodies to pancreatic islet antigens in peripheral blood (26—
28). It was also suggested that the degree of obesity might be
associated with the risk of developing islet autoantibodies in adults
with T2D - among 204 patients with T2D and excess body weight,
the presence of at least one of the three antibodies (GADA, A2,
and ZnT8A) was found in 6.4% of all subjects and in as many as
12.8% when considering those with severe obesity (BMI > = 40 kg/
m2) (29). On the other hand, studies on pediatric patients with
T2D reported the presence of at least one anti-islet antibody in
approximately 30% of them (11, 30-32). The presence of at least
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Comparison of blood glucose (A) and insulin (B) concentrations during oral glucose tolerance test in obese children without type 1 diabetes-
specific autoantibodies (white boxes, solid line) and with at least one autoantibody (gray boxes, dashed lines). Significant differences (p<0.05)

were marked with an asterix (*).

one anti-islet antibody (GADA or IA2) in obese children with
T2D was associated with younger age, lower insulin secretion,
higher HbAlc, and a higher incidence of diabetic ketoacidosis at
diagnosis (33). Our estimated prevalence of positive
autoantibodies was, as expected, lower than that observed in
children and adolescents with T2D.

Relatively few papers have examined the anti-islet
autoimmune response in obese children and adolescents
without previously diagnosed diabetes. Cambuli et al. assessing
the presence of anti-islet antibodies (GADA, IA2, TAA) in 686
overweight/obese children and adolescents (mean age 10.3 + 3.2
years) found the presence of at least one anti-islet antibody in
2.18% of the subjects (2 antibodies in 0.7% and 1 antibody in
0.15%) and this value did not differ significantly from the result
obtained in the control group with normal body weight (1.8%)
(34). GADA-1.89% was the most frequently detected, followed by
IA2-0.87% and IAA-0.43%. The apparent discrepancy with our
observed prevalence results from including ICA in our study (and
to a lesser extent, ZnT8). In our study of obese children and
adolescents, ICA was the most common anti-islet antibody, its
prevalence significantly increased compared to literature reports
for general population (22-24). ICA antibodies were the first
identified antibodies against pancreatic islet antigens and were
identified using indirect immunofluorescence on frozen sections
of human pancreas with blood group 0. The demonstration of
ICA by indirect immunofluorescence is an illustration of general
islet autoimmunization and identifies several beta-cell antigens
simultaneously (24). The finding of isolated positive ICA despite
negative GADA, TA-2A, TAA and ZnT8A results in children with
newly diagnosed T1D indicates that ICA testing detects a wide
range of islet-specific antibodies and sometimes cross-reacting
antibodies in serum samples (35). Pollannen et al. in the Finnish
population-based Diabetes Prediction and Prevention (DIPP)
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type 1 study, which aims to monitor the emergence of anti-islet
autoantibodies in children with increased HLA-dependent
susceptibility to T1D, showed high sensitivity of ICA in
identifying clinical disease progression, but unlike previously
published 5-year follow-up data, lower specificity than other
autoantibodies tested by biochemical methods (IAA, GADA,
IA2) (36). It should also be kept in mind that the inconclusive
results of the work on the predictive value of ICA for the
development of T1D may be due to the fact that ICA
determination is the most operator-dependent test of all the
tests measuring the level of anti-islet autoantibodies (23, 37). In
our study, the determination of all types of antibodies against
pancreatic islet antigens was performed in a reference laboratory
for Poland, certified during the Islet AutoAntibody
Standardization Program - TASP 2012-2019.

We also need to comment on the patients in whom we
observed multiple positive islet autoantibodies, although the
numbers was too low for statistical analysis. It is estimated
that 70% of patients who have at least 2 types of anti-islet
antibodies will develop clinical type 1 diabetes mellitus within 10
years (38). Our study identified 4 individuals with at least 2 anti-
islet antibodies, one of them was also diagnosed with
dysglycemia (IGT). According to the ADA criteria, they were
individuals with type 1 diabetes, 3 individuals in the first stage
(autoimmunity), and one individual in the second stage
(autoimmunity and dysglycemia) (39). Only for the latter
individual, follow-up data were available - after 7 years since
testing, he was clinically diagnosed with T1D (stage III) and
insulin therapy had to be implemented.

In the classical view, decreased insulin sensitivity caused by
excess adipose tissue heralds the progression of metabolic
disorders towards pre-diabetes (IFG, IGT) and then diabetes
(40, 41). In the present study, impaired glucose metabolism in
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TABLE 1 Clinical and biochemical characteristics of obese children and adolescents according to the presence of beta cell autoantibodies.

All patients (N=161) Ab- (N=133) Ab+ (N=28) p-value (adj. for sex
and age)
N with Mean + SD N with Mean + SD N with Mean + SD
available data available data available data
Age [years] 161 13.1 £5.8 133 13.0 +29 28 13.8 £ 2.8 0.1840
BMI z-score 161 22+ 1.6 133 22+04 28 23+04 0.7382
Waist (cm) 109 95.9 + 72.0 89 95.3 £ 10.5 20 98.6 + 115 0.2271
(0.6896)
Hips (cm) 107 102.8 £ 78.0 89 102.1 £ 11.6 18 1065 + 13.8 0.1590
(0.6929)
WHR 106 09 +07 88 09 +0.1 18 09 +0.1 0.7959
(0.2889)
WHIR 96 06+0.5 78 059 + 0.1 18 0.63 + 0.03 0.0739
(0.0471)
Body composition, 131 38.1 £23.9 112 382 +6.7 19 374+£63 0.6193
fat percentage [%] (0.6449)
BMR (L] 131 7 563.5 + 4 996.0 112 7513.6 + 1464.6 19 7857.4 + 1345.7 0.3406
(0.9558)
OGTT glycemia 0’ 161 83.6 £ 59.0 133 832 +82 28 85.9 £ 10.3 0.1297
OGTT glycemia 60’ 161 133.1 £+ 78.6 133 131.0 £ 27.2 28 143.3 + 31.5 0.0360
OGTT glycemia 120 161 117.6 + 63.0 133 1174 £ 21.3 28 118.6 + 249 0.7926
OGTT insulin 0’ 108 18.0 £ 1.0 87 17.1 + 8.7 21 213 £ 8.6 0.0496
OGTT insulin 60 106 127.0 £ 3.0 85 105.7 £ 744 21 213.4 +226.8 0.0004
OGTT insulin 120’ 107 1043 + 9.9 87 96.0 + 70.2 20 140.5 + 144.2 0.0447
C-peptide - 150 3.1+1.1 122 30+12 28 34+12 0.1420
fasting [ng/ml]
C-peptide - stimulated 145 7.8+23 120 7.6 £2.8 25 8.7 £3.7 0.0925
[ng/ml]
C-peptide - ratio after 143 2.7 £0.6 118 2.7 £09 25 2.7+£09 0.9709
stimulation
HOMA-IR 158 35+£02 132 34+19 26 43 +19 0.0203
(0.0340)
HbAlc [%] 159 54+44 131 54+03 28 55+£03 0.3111
cholesterol [mg/dl] 109 169.5 + 99.0 87 171.4 + 34.2 22 162.2 + 35.7 0.2644
TG [mg/dl] 109 1264 + 32.7 87 130.3 £ 70.6 22 110.8 + 62.9 0.2409
HDL [mg/dl] 110 45.0 + 26.6 88 453 +99 22 43.8 £ 10.8 0.5540
LDL [mg/dl] 108 105.6 + 8.9 86 106.1 + 33.5 22 103.5 + 28.5 0.7410

(BMI, body mass index; WHR, waist to hip ratio; WHtR, waist to height ratio; BMR, basal metabolic rate; OGTT, oral glucose tolerance test; HOMA, IR, Homeostatic Model Assessment —
Insulin Resistance; BMR, basal metabolic rate HDL, cholesterol, high, density lipoprotein, cholesterol; LDL, cholesterol, low, density lipoprotein, cholesterol).

the form of IFG and/or IGT was found in 28 (17.4%) obese
children and adolescents (none of the subjects were diagnosed
with diabetes). In comparison, studies from European countries
estimate the incidence of IFG/IGT in obese children and
adolescents at 5.7-17.1%, and type 2 diabetes at 1.4% (42, 43).
The observed differences may be related to the methodology of
studies (age of subjects, definition of obesity) and the influence
of such recognized risk factors as e.g., eating habits, physical
activity, genetic conditions, or socioeconomic factors (40). A
prospective study by Galderisi et al. involving a multi-ethnic
group of 526 obese adolescents (10.6-14.2 years of age) showed
the transient nature of IGT - after 2 years, 65% of respondents
returned from IGT to normal glucose tolerance (NGT), 27%
maintained IGT and 8% developed T2D (44). Unfortunately,
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long-term follow-up data were not collected in our study to
ascertain the future clinical, metabolic and immune status of the
patients (except for the one already-mentioned case).

In the study by Cambuli et al. in children with excess body
weight, impaired glucose metabolism were identified in 11.37%
of subjects (IFG-8.16%, IGT-3.2%, diabetes-0.6%), and
individuals with positive antibodies characterized by a higher
incidence of pre-diabetes or diabetes mellitus and higher
glycaemia at 120 min. OGTT than those without antibodies
(27% vs 11% and 133 mg/dL vs 105.4 mg/dL, respectively) (34).
This was consistent with our observation. HbA1c, however, was
comparable in both subgroups.

We also investigated the possible relationship between the
presence of autoimmune markers and the degree of obesity. The
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TABLE 2 Characteristics of obese children and adolescents with multiple beta cell autoantibodies (> 2Ab).

Patient ID

Autoantibodies and cut-offs ICA (>0)
anti-GAD (>=10)

anti-TA2 (>=20)

ZnT8 (>=15)

IAA (>=10)
Clinical characteristics Age

Sex

Family history

Fasting c-peptide

HbAlc

HOMA-IR

BMR

Fasting blood glucose

Blood glucose - 120" of OGTT

1 2 3 4
0 20 40 40
0.73 17 131.14 131.1
5.24 1.33 10.26 0
22.06 3.29 16.17 0.8
23.14 3.41 41.96 1.58
13.05 12.47 16.68 17.23
F F M M
N/A N/A Negative Negative
3.16 3.07 5.57 2.3
5.2 5.3 5.2 5.5
4.3 4.5 39 6.34
7510 8117 9912 8118
79 96 82 82
130 81 169 118

(ICA, antibodies against cytoplasmic antigens of pancreatic islets; GAD, antibodies against glutamic acid decarboxylase; ZnT8, antibodies against zinc transporter; IA2, antibodies against

tyrosine phosphatase; IAA, anti-insulin antibodies; HOMA-IR- Homeostatic Model Assessment — Insulin Resistance; BMR-basal metabolic rate).

effect of type of obesity was not assessed, as all study participants
were diagnosed with abdominal obesity. In our group, neither
BMI z-score nor total body fat was related to the presence of islet
autoantibodies. While BMI and body fat are good indicators of
obesity, it was mainly the increase in visceral adipose tissue that
was associated with insulin resistance and low-grade chronic
inflammation, contributing not only to impaired insulin
function and impaired insulin secretion, but also to the
promotion of autoimmune responses against various organs
(40, 45-49). We could not reliably measure or estimate that
characteristics in this study setting. However, we noted that
seropositive patients were characterized by higher WHtR, which
corresponds to the severity of abdominal obesity, as well as
higher insulin resistance, consistent with reports that abdominal
obesity and insulin resistance have a negative effect on the
development of an autoimmune response against pancreatic
islet antigens (47, 48). According to a study in overweight/
obese adults with T2D by Philla et al., the presence of antibodies
was associated with lower resting C-peptide levels (29). We did
not find a similar relationship in obese children and adolescents,
either in terms of fasting or stimulated C-peptide secretion.
Similarly, we found no significant differences in the lipid profiles
reported in adults (islet autoantibodies associated with higher
serum HDL-cholesterol concentration) (29).

The pubertal pediatric population has the physiologically
lowest insulin sensitivity and the highest incidence of type 2
diabetes (50, 51). Girls are more likely to develop type 2 diabetes
than boys, which may be due to overstimulation of the insulin
receptor in pancreatic beta cells by endogenous estrogen (52).
The pubertal period is also associated with a higher incidence of
T1D than the early school age (53). In the present study, there
was no correlation between age, gender, and pubertal stage in
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obese children and adolescents and the occurrence of anti-
islet autoimmunity.

Genetic factors are crucial in the development of both T1D
and T2D, and a burdensome family history and/or the presence
of a genetically determined susceptibility to develop diabetes
may be the determining factors tin bringing children and
adolescents under close clinical observation and laboratory
screening (36, 51). In the present study, data on the presence
of T1D and other autoimmune diseases in 1st and 2nd degree
relatives were obtained in 2/3 of patients. Obese children with
anti-islet autoimmunity did not differ significantly in terms of
family burden of autoimmune diseases, including T1D, from
children without autoantibodies. It should be added that one
patient diagnosed with T1D stage II according to ADA criteria
had no family history of T1D or other autoimmune diseases.

There are several limitations of this work that should be
disclosed. First, this was a single-center study, and patients were
assessed at a single visit, without subsequent follow-up for
autoimmunity markers or progression towards diabetes (except
in one case). There was also no healthy control group available,
which forced us to use literature-based data on the islet-
autoantibody prevalence as reference. Finally, the analysis did
not consider the effect of genetic HLA-dependent and HLA-
independent susceptibility on the development of diabetes, and
in some cases, it was not possible to verify information on the
family burden of diabetes in the subjects.

On the other hand, we provided data from a fairly large sample
of children and adolescents with simple obesity. The patients were
of the same ethnic origin and were not pre-selected and matched in
terms of genetic predisposition to develop diabetes. Anthropometric
parameters were interpreted using national percentile grids, and
both the effect of subjects’ age and pubertal stage were included in
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the data analysis. Five types of antibodies to pancreatic islet antigens
were tested, and all tests were performed at a single reference center.
Not only the frequency of carbohydrate metabolism disorders was
analyzed, but also parameters determining pathogenetic
phenomena related to glucose homeostasis - insulin sensitivity
(HOMA-IR) and insulin secretion (OGTT, C-peptide - fasting
and glucagon stimulated) were examined.

Conclusions

Children and adolescents with simple obesity in this study
presented significantly higher rates of being positive for T1D-
related islet autoantibodies, however, most of the difference was
due to an increased prevalence of positive ICA. The presence of
autoimmune markers was associated with insulin resistance and
risk of prediabetes. Our results support that hypothesis that obesity
might play a role in the development of T1D, but further research
is needed. It might be worthwhile to extend diabetes screening in
obese children and adolescents to include monitoring of the
autoimmune response against pancreatic beta cells.
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Introduction: Metabolic syndrome (MetS) is a cluster of clinical and metabolic
alterations related to the risk of cardiovascular diseases (CVD). Metabolic
changes occurring during puberty, especially in children with overweight and
obesity, can influence the risk of developing chronic diseases, especially CVD.

Methods: Longitudinal study based on the follow-up until puberty of a cohort
of 191 prepubertal Spanish boys and girls without congenital, chronic, or
inflammatory diseases: undernutrition: or intake of any drug that could alter
blood glucose, blood pressure, or lipid metabolism. The following parameters
were used to determine the presence of MetS: obesity, hypertension,
hyperglycemia, hypertriglyceridemia, and low HDL-c.

Results: A total of 75-5% of participants stayed in the same BMI category from
prepuberty to puberty, whereas 6-:3% increased by at least one category. The
prevalence of MetS was 9:1% (prepubertal stage) and 11-9% (pubertal stage).
The risk of presenting alterations in puberty for systolic blood pressure (SBP),
plasma triacylglycerols, HDL cholesterol (HDL-c), and HOMA-IR was
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significantly higher in those participants who had the same alterations in
prepuberty. MetS prevalence in puberty was predicted by sex and levels of
HOMA-IR, BMI-z, and waist circumference in the prepubertal stage, in the
whole sample: in puberty, the predictors were levels of HOMA-IR, BMI-z, and
diastolic blood pressure in participants with obesity. Two fast-and-frugal
decision trees were built to predict the risk of MetS in puberty based on
prepuberty HOMA-IR (cutoff 2.5), SBP (cutoff 106 mm of Hg), and TAG (cutoff

53 mg/dl).

Discussion: Controlling obesity and cardiometabolic risk factors, especially
HOMA-IR and blood pressure, in children during the prepubertal stage appears
critical to preventing pubertal MetS effectively.

KEYWORDS

adolescent, cardiometabolic risk factors, child, metabolic syndrome, obesity,
overweight, puberty

Introduction

Obesity has grown steadily over the past decades in all ages
(1). In 2016, the prevalence of obesity was estimated at 50
million girls and 74 million boys worldwide (1). The
prevalence of excess weight (overweight and obesity) in
Europe, in children aged 2 to 10 years, ranges from less than
10% in the northern regions to more than 40% in the southern
countries (2). Obesity in children is associated with
comorbidities during this stage of life and increases the risk of
diseases during adulthood (3, 4).

The metabolic syndrome (MetS) in adults is well-defined as a
cluster of cardiovascular and diabetes risk factors including
abdominal obesity, dyslipidemia (alterations in plasma levels
of triacylglycerols due to excess or HDL-c due to deficiency),
carbohydrate metabolism dysfunction, and hypertension (5). In
children otherwise, there is lack of consensus on how to define
MetS and which specific cut-off points should be used for each of
the altered components. In a previous work from our group by
Olza et al. (2011) (6), all internationally-accepted MetS
definitions were compared according to their prevalence in a
cohort of Spanish children with obesity, concluding that single
cut-off points cannot be used to define abnormalities in children.
Instead, values above the 90™, 95', or 97" age- and sex-adjusted
percentiles extracted from big representative epidemiological
cohorts are recommended as cut-offs. Among suggested
altered components participating in the definition of MetS,
insulin resistance (IR), has been proposed to be critical, since
it is one of the main signs of glucose intolerance (7). This
disorder is related to organ, cellular, and biochemical alterations
like increased endoplasmic reticulum oxidative stress, modified
production of several hormones, augmented secretion of pro-
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inflammatory cytokines in adipose tissue, liver, and muscle, and
elevated levels of biomarkers of endothelial vessel damage and
blood coagulation homeostasis (8, 9). Nevertheless, this
alteration is not considered by the majority of the currently
accepted definitions, despite several claims for its inclusion have
been recently raised (9).

The first adaptations of the MetS diagnostic criteria in
children were carried out in the nineties of the last century
(10, 11). Since then, more than 40 different definitions, including
different sets of features and cut-offs, have been reported (12).
The incidence of MetS in children under 18 years of age ranges
from 0.2% to incidences greater than 12% (13-15). In 2015, a
study determined the prevalence of MetS in the general
population in Spain with the most widely used pediatric
definitions (of which 5.7% employs NCEP-ATPIII criteria and
3.8% the International Diabetes Federation (IDF) criteria in
adolescents between 12 and 17 years old) (16). In the group of
children with obesity, the agreement between the two definitions
was strong but lower in normal weight adolescents (16). In our
previous from 2011, we demonstrated that an incidence that
ranged between 7.6 and 30.8% during the prepubertal stage and
between 9.7 and 41.2% in the pubertal stage depending on the
used criteria (6). Likewise, various cross-sectional studies have
reported a parallel increase in the incidence of obesity and MetS
in all stages of childhood, regardless of the criteria used to define
it (14, 15). Besides, MetS is directly related to obesity, and its
incidence is greater as its severity increases (17, 18).

The body composition, with an increase in fat mass, and
hormonal and metabolic changes occurring during puberty,
such as increased IR, can influence the risk of developing
chronic diseases, especially CVD (19, 20). These changes
appear to affect individuals with or without overweight

frontiersin.org


https://doi.org/10.3389/fendo.2022.1082684
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

de Lamas et al.

differentially (21). Although a clear positive correlation has been
established between age and MetS in adults, contradictory results
have been reported in children (14). Some studies have shown
significant differences in MetS prevalence between the
prepubertal and pubertal stages (14, 15, 21). However, there is
scarce information about how puberty affects the progression of
MetS and associated cardiometabolic risk factors in
longitudinal studies.

Hence, the PUBMEP study aimed to evaluate the prevalence
of MetS and the progression of cardiometabolic risk factors
related to it from prepuberty to puberty in a cohort of Spanish
children. In this work, we also evaluate the utility of prepubertal
risk factors, such as IR, not included in many of the current
accepted MetS definitions for the prediction of pubertal MetS.

Materials and methods
Study design

The PUBMEP is a longitudinal study based on the follow-up
of a cohort of children who had previously participated in the
GENOBOX study (22-29). This project studied the relationship
between genetic variants, markers of oxidative stress and
inflammation, lifestyle, and cardiovascular risk in 1699
children and adolescents. Inclusion criteria: Prepubertal boys
and girls at the time of the GENOBOX study who have already
reached puberty at the time of the PUBMEP study start, were
invited to participate. The following characteristics were
considered as exclusion criteria: the presence of congenital,
chronic, or inflammatory diseases or undernutrition: intake of
any drug that could alter blood glucose, blood pressure or lipid
metabolism: not being able to comply with the study procedures
and being participating or having participated in the last three
months in an investigation project.

A total of 374 subjects were contacted in the PUBMEP study,
of which 49 were not located, 36 could not participate because
they have changed their place of residence or meet any of the
exclusion criteria and 98 declined the invitation. One hundred
ninety-one answered affirmatively, and their parents or legal
guardians accepted an appointment to receive all the
information related to the PUBMEP study. Figure S1 depicts
the flow chart of selected subjects.

Ethical considerations

The multicentric PUBMEP study was designed following the
ethical principles of human research according to the seventh
revision of the declaration of Helsinki (30) and current Spanish
legislation on clinical research in humans. Moreover, the study
was approved by the corresponding ethic committees on each of
the participating centers (Code IDs GENOBOX: Coérdoba01/
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2017, Santiago 2011/198, Zaragoza 12/2010 and PUBMEP:
Cordoba 260/3408, Santiago 2016/522, Zaragoza 22/2016,
Granada 01/2017). Parents and legal guardians and children
over 12 years signed an informed consent before starting
their participation.

Anthropometric parameters and pubertal
stage assessment

The anthropometric evaluation was carried out with the
participants in underwear or light sportswear and barefoot.
Weight (kg) with an electronic medical scale (SECA® 701 -
model class IIT digital display, Germany): height (cm) with a
Harpenden wall-mounted stadiometer with a high-speed
counter (Holtain® Ltd, United Kingdom): bicipital, tricipital,
subscapular and suprailiac skin folds (SF) were determined with
a skinfold Caliper (Holtain®, Wales, UK): and waist and hip
perimeter (cm) with an inextensible tape measure (SECA®,
Germany). All parameters were determined with standardized
methods in which researchers from all participating centers were
previously trained. The body mass index (BMI) [(weight (kg)/
height (m)?] was calculated and children were classified as
having normal weight, overweight or obesity, according to
BMI by using the Cole et al. (31) sex and age cut-offs for
children. The waist circumference (WC) was related to the
Spanish percentile tables of Ferrandez et al. (32). The waist-to-
hip ratio (WHR) was obtained. The assessment of the pubertal
stage was carried out following the Tanner classification (33) and
confirmed the prepubertal stage with a hormonal study. Systolic
and diastolic blood pressure (SBP and DBP, respectively) were
determined twice, after five minutes of rest, on the left arm of
each participant while he was sitting. The measurement was
performed with digital blood pressure monitor with a suitable
cuff an (mofel M3, OMRON®, Japan). The mean values,
expressed in millimeters of mercury adjusted for sex, age and
height, were classified according to international references (34).

Biochemical analyses

The lipid profile and carbohydrate metabolism were studied
in a blood sample collected after 12 h of fasting and without
having performed more than 2 h of physical activity during the
previous 24 h. The following parameters were determined to
assess the lipid profile: total cholesterol and triacylglycerols
(TAG) (Advia 2400 Chemistry system: Siemens healthcare
diagnostics, Erlangen, Germany) and HDL-c and low-density
lipoprotein cholesterol (LDL-c) (SAS-3 cholesterol profile kit —
Helena Biosciences Europe: Tyne and Wear, UK). Plasma fasting
glucose (Advia 2400 Chemistry system: Siemens healthcare
diagnostics, Erlangen, Germany) and insulin (Advia centaur
XP analyzer, Siemens healthcare diagnostics, Erlangen,
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Germany) determinations were used to calculate the
homeostasis model assessment of insulin resistance (HOMA-
IR) index, which allowed us to assess carbohydrate metabolism.

Metabolic syndrome definition

To determine the presence of MetS we followed the
recommendations by Olza et al. (2011) (6), which states the
use of sex- and age-specific international criteria and cutoff
points: obesity (BMI>95p) according to Cole et al. (2000) (31),
and, at least, two altered components among the following:
hypertension (BP z-score>95p) (34), carbohydrates
metabolism dysfunction (hyperglycemia >100mg/dL) (35),
hypertriglyceridemia (TAG z-score>95p) (36-39) and low
HDL-c (HDL-c<5p) (40). When selecting the variable
associated with the determination of fat mass, different options
e.g., BMI, WC or WHR and cut-off points were evaluated. There
was a very good correlation between all of them and BMI
according to Cole et al. (2000) criteria (31) was finally selected
because of its higher frequency of use. This definition therefore
employs the latest available reference charts for Caucasians
populations covering both prepubertal and pubertal stages.

Statistical analysis

For the final analysis, 10 participants belonging to the
normal weight group who were outliers (had extreme values >
p99) in any of the variables analyzed and 38 participants in
whom some data were missing were excluded. Finally, 143
participants were included in the analysis.

A complete picture of the full analytical procedure is
presented in Figure S2. The prepubertal-to-pubertal
progression of body composition and cardiometabolic risk
markers were analyzed using three approaches: 1) evaluation
of the overall progression and differences between girls and boys,
2) prospective analysis of participants grouped based on their
BMI status and MetS prevalence in prepuberty, and 3)
retrospective analysis of participants grouped by MetS
prevalence in puberty. For all three approaches, mixed-effects
models were fitted for each of the analyzed phenotypes to
investigate between- and within-group differences. The models
included fixed effects for puberty stage, group, and their
interactions, to allow within and between-group comparisons:
and Tanner stage and sex to correct for any differences in
pubertal status and sex between groups. A random effect for
participants was included to account for repeated measures. All
variables, except age, Tanner stage and glucose, were log-
transformed. The models were used to test for progression in
analyzed variables from prepubertal to pubertal stage within
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each group, pairwise differences at the prepubertal stage between
groups, and pairwise differences in the prepubertal-pubertal
evolution between groups. All tests were calculated using the
Kenward-Roger method for degrees of freedom and corrected
for false discovery rate using Benjamini-Yekutieli procedure.
The models did not show a problem of non-normality or
heteroscedasticity of residuals.

Further, to assess the within-participant association of
cardiometabolic risk in prepuberty and puberty, logistic
regressions were used to test if the prevalence of MetS in
prepuberty affected the risk of MetS in puberty. Likewise,
logistic regressions were used to test if altered levels of DBP,
SBP, TAG, HDL-c, HOMA-IR and glucose in prepuberty
affected the risk of having altered levels of these variables in
puberty. The purpose of including HOMA-IR in these analyses
was to demonstrate the relevance of prepubertal IR for the
development of future MetS (even not participating in its
definition). The cut-oftf point of HOMA-IR was considered 2.5
in the prepubertal stage: 3.38 in pubertal boys and 3.905 in
pubertal girls. These IR cutoff values were extracted according to
the 95th HOMA-IR percentile in a subset of 677 prepubertal and
778 pubertal Spanish children (41, 42). Although the ideal
situation would involve to extract particular percentile cut-offs
for each tanner stage, this was not possible in our study given the
lack of enough individuals in each category for extracting
reliable percentiles. Therefore, we claim to responsible use if
extending these cutoffs to other populations, especially if
individuals correspond to late tanner stages.

Two statistical approaches were used to test which
cardiometabolic risk markers in prepuberty can predict MetS
prevalence in puberty. First, a backward stepwise logistic
regression tested which prepubertal levels of BMI z-score, WC,
SBP, DBP, TAG, HDL-c, LDL-c, glucose, HOMA-IR and age,
together with Tanner stage in puberty, would influence the
prediction of MetS in puberty. The predictors did not suffer
from multicollinearity (max VIF = 1.81). This procedure was
repeated for the subsample of participants that presented obesity
in prepuberty.

Secondly, two fast-and-frugal decision trees were
constructed so that they potentially identify prepubertal
children at risk of developing MetS in puberty (43). Fast-and-
frugal decision trees provide easy to interpret decision trees,
which are robust to overfitting (43). They have been successfully
used to describe decision processes and provide prescriptive
guides for effective real-world decision-making in medicine (44,
45), amongst other areas. To identify children at risk of
developing MetS, a high sensitivity (i.e., correctly classifying
individuals with MetS in puberty) over a high specificity (ie.,
correctly classifying individuals without MetS in puberty) was
considered more important for the purpose in this study.
Therefore, the trees were evaluated using a weighted accuracy
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metric. The trees with the best performance, when sensitivity
was weighted 1.5 and 1.2 times higher than the specificity, were
chosen. We used leave-one-out cross-validation (LOO-CV) to
estimate how the trees were expected to perform in general when
used to make predictions on data not used during the training of
the model (46). This approach involves elaborating (training)
the trees using all except one observation and then test the
classification performance on the last observation. This
procedure is repeated for each observation. The data were
stratified on MetS prevalence in puberty to ensure cases of
MetS in all folds. Due to the low number of MetS cases,
bootstrapping was used within each fold to increase the
sample size 25 times. The full CV procedure was repeated five
times, giving a total of 20 estimates. We compared the predictive

10.3389/fendo.2022.1082684

value of the two trees against those obtained by receiver
operating characteristic (ROC) curves using prepubertal BMI-z
and HOMA-IR, individually, to classify the true positive rate
(TPR) against the false positive rate (FPR) of MetS in puberty.
All statistical analyses were performed using the R statistical
package (3.6.0 version).

Results

Participant characteristics, anthropometry, and plasma
levels of cardiometabolic risk factors associated with the MetS
in prepuberty and puberty are presented in Table 1. There were
no significant differences between boys and girls in the

TABLE 1 Participant characteristics, anthropometry and cardiometabolic risk markers grouped by pre and pubertal stage and by sex.

Variable Total (n = 143) Girls (n = 71) Boys (n = 72)

Pre Pub p-value Pre Pub p-value Pre Pub p-value
Age (yr) 7.8 + 1.8 143 £ 1.9 <0.001 75+ 1.7 139+ 19 <0.001 82+18 147 £ 1.7 <0.001
Tanner stage 0.0 £0.0 43+ 1.1 <0.001 0.0 £0.0 45+09 <0.001 0.0 £0.0 40+ 1.1 <0.001
Anthropometry
BMI (kg/mz) 21.6 £ 4.6 263 +6.3 <0.001 212 +38 264 +6.3 <0.001 221 +52 262 + 6.4 <0.001
BMI-z 1.92 £ 2.06 1.63 +1.74 0.183 1.59 £ 1.65 1.77 £ 1.86 0.999 2.24 +2.36 1.48 + 1.62 0.027
BMI status
NwW 43 (30.1) 49 (34.3) 0.062 20 (28.2) 25(35.2) 0.326 23 (31.9) 24 (33.3) 0.999
ow 31 (21.7) 39 (27.3) 0.169 17 (23.9) 19 (26.8) 0.999 14 (19.4) 20 (27.8) 0.619
OB 69 (48.3) 55 (38.5) 0.012 4 (47.9) 27 (38.0) 0.350 35 (48.6) 28 (38.9) 0.333
WC (cm) 72 13 85+ 16 <0.001 70 + 10 84+ 15 <0.001 73 + 14 87 £ 17 <0.001
WHR 0.92 +£0.07 0.86 + 0.10 <0.001 0.91 £ 0.07 0.84 +0.11 <0.001 0.92 +0.07 0.89 + 0.08 0.093
Sum SF (mm) 72 + 33 84 + 26 0.002 73 + 28 88 + 26 0.336 70 + 38 80 + 24 0.022
Cardiometabolic risk markers
SBP (mm Hg) 104 + 12 113 + 14 <0.001 105 + 10 111 + 11 0.605 102 + 13 116 + 17 <0.001
DBP mm Hg) 62+9 69+9 <0.001 63+9 69 + 10 0.114 61+9 68 £ 8 <0.001
Cholesterol (mg/dL) 169 + 33 157 + 29 0.002 170 + 32 159 + 26 0.605 167 + 33 156 + 31 0.011
LDL-c (mg/dL) 99 + 28 91 £23 0.003 100 + 27 91 +23 0.231 98 + 29 91 +24 0.090
HDL-c (mg/dL) 56 + 15 50 £ 12 <0.001 55+ 15 50 £ 11 0.561 56 + 14 49 +£13 <0.001
TAG (mg/dL) 58 + 28 75+ 33 <0.001 63 * 31 79 £ 37 <0.001 54 £ 24 70 £ 28 <0.001
Glucose (mg/dL) 84 +7 85+ 9 0.007 83+7 86 + 8 0.002 84 +7 84+ 9 0.999
Insulin (U/L) 8.0+59 148 + 9.5 <0.001 8.7 £ 6.0 162 + 9.6 <0.001 73 +£58 134 +9.2 <0.001
HOMA-IR 1.67 £ 1.32 3.15+2.13 <0.001 1.79 + 1.30 3.49 £2.25 <0.001 1.56 + 1.35 282+ 195 <0.001
Metabolic syndrome
Prevalence (%) 13 (9.1) 17 (11.9) 0.239 9 (12.7) 10 (14.1) 0.999 4 (5.6) 7(9.7) 0.702

Statistics presented; Mean + SD; n (%). Pre-pub difference in total are controlled for sex and Tanner stage. Pre-pub differences and differences between sexes (in text) are controlled for

Tanner stage. P-values are adjusted for false discovery rate using Benjamini-Yekutieli procedure.
Pre, Prebubertal stage; Pub, Pubertal stage; NW, Normal Weight; OW, Overweight; OB, Obesity; BMI-z, BMI z-score; Sum SF, Sum of skinfolds; WC, Waist circumference, WHR, Waist-
hip ratio; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; LDL-c, Low-density lipoprotein cholesterol; HDL-c, High-density lipoprotein cholesterol; TAG, triacylglycerols;

HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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prepubertal stage for any variables. At puberty, girls were
significantly younger (p<0.001), and had smaller WHR
than boys.

Concerning the changes between prepuberty and puberty, a
significant decrease in the prevalence of obesity was observed,
with no significant differences in girls or boys. A significant
increase in WC in the total sample and in girls and boys, and in
the sum of skinfolds (SumSF) in the total sample and boys were
also found. The WHR decreased significantly in the total sample
and in girls.

SBP and DBP increased significantly with puberty, this
change being significant in both the total sample and in boys.
However, TC, LDL-c and HDL-c decreased with puberty,
changes being significant in the full sample and in boys. TAG
increased significantly in all population, girls and in boys. About
carbohydrate metabolism markers, glucose increased
significantly in the total population and girls, while insulin and

a) BMI status

Prepuberty

| | | |
Prepuberty Puberty

b) MetS

MetS MetS
No No
MetS MetS
| | | |
Prepuberty Puberty

FIGURE 1

OW, Overweight: NW, Normal weight: MetS, Metabolic syndrome.

10.3389/fendo.2022.1082684

HOMA-IR increased significantly in both boys and girls. The
prevalence of MetS was higher in pubertal boys and girls
compared to prepuberty, but without significant differences
between them.

Progression of categories of BMI, MetS
and presence of altered cardiometabolic
risk markers

The progression of BMI from prepuberty to puberty can be
seen in Figure 1A. The majority of children (75.5%) stayed in the
same category of BMI from prepuberty to puberty. For example,
being obese in the prepubertal stage and continue as such in the
pubertal stage. On the other hand, 6.3% increased at least one
category (e.g., passed from overweight to obese), and 18.2% went
down at least one (e.g., from obese to overweight). Among the

Progression from prepuberty to puberty of (A) BMI status and (B) prevalence of metabolic syndrome. Statistics presented: n (%). OB, Obesity:

Puberty
OB ow NW
OB [ 50 (72.5) | 16(23.2) 3(4.3)
OW | 5(16.1) 19 (61.3) 7 (22.6)
NW 0 (0) 4(9.3) 39 (90.7)
Puberty
MetS No MetS
>
g MetS 4 (30.8) 9 (69.2)
Q
g N
) 0
&| Mets 13 (10.0) 117 (90.0)
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children who were overweight in the prepuberty 16.1%
developed obesity. 72.5% of children with prepubertal obesity
continued at puberty.

The progression of MetS prevalence can be seen in
Figure 1B. Participants with MetS in prepuberty had 3.08
times higher risk of having MetS in puberty (95% CI: 0.98-
7.27). The progression of the individual risk factors for MetS
(13): hypertension, hypertriglyceridemia, low HDL-c,
hyperglycemia (fasting plasma glucose > 100 mg/dL) (47), and
HOMA-IR from prepuberty to puberty are presented in
Figure 2. High prepubertal SBP increased the risk of high
pubertal SBP by 3.17 times (95% CI: 1.60-6.55). Prepubertal
hypertriglyceridemia increased the risk of pubertal
hypertriglyceridemia by 3.61 times (95% CI: 1.28-8.65). Low
prepubertal HDL-c increased the risk of low pubertal HDL-c

Puberty
1 0
z| 1 5(22.7) 17(77.3)
2
=3
&
& 0 19 (15.7) 102 (84.3)
I I I I
Prepuberty Puberty
c) TAG
1 1
Puberty
1 0
0 0 zl 1 5(31.2) 11(68.8)
2
E]
5
gl o 11(8.7) 116 (91.3)
| | I |
Prepuberty Puberty
e) Glucose
Puberty
1 0
o 0
gl 1 0(0) 1(100)
2
E]
&
a 0 11(7.7) 131(92.3)
I I J I
Preoubertv Pubertv
FIGURE 2
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Progression of (A) DBP, (B) SBP, (C) TAG, (D) HDL-c, (E) Glucose and (F) HOMA-IR from prepuberty to puberty. 1 Indicates above the threshold,
0 below the threshold according to Olza et al. (6). Statistics presented: n (%). DBP, Diastolic blood pressure: HDL-c, High-Density Lipoprotein
cholesterol: HOMA-IR, homeostasis model assessment of insulin resistance: SBP, Systolic blood pressure: TAG, Triacylglycerols.

170

10.3389/fendo.2022.1082684

by 8.56 times (95% CI: 2.35-22.77). High prepubertal
HOMA-IR increased the risk of high pubertal HOMA-IR by
2.15 times (95% CI: 1.27-3.44). Prepubertal high DBP and
hyperglycemia were not associated with pubertal high DBP
and hyperglycemia respectively.

Prospective analysis by category of BMI
and MetS prevalence in prepuberty

Participants were grouped by their prepubertal category of
BMI and prevalence of MetS to analyze how obesity and MetS
prevalence in prepuberty were related to the modification of
anthropometry and cardiometabolic risk markers in puberty.
There were no significant differences between the groups in how

b) SBP
1
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1 0
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o [
K
2
gl o 11(11.0) 89 (89.0)
| ] I I
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they progressed from prepuberty to puberty in age nor in the rest
of anthropometric parameters nor in cardiometabolic risk
markers. BMI-z was fairly maintained from prepuberty to
puberty: however, Obesity No-MetS prepubertal children
exhibited a significant decrease, being the only one to show a
reduction (-0.91). In contrast, a substantial increase in WC was
observed in the four considered groups. Prepubertal children
with obesity, both No-MetS and MetS, had significantly higher
WC than normal weight and overweight children.Moreover, a
significant increase was found for the Sum SF in the normal
weight group (Table 2).

In relation to cardiometabolic risk markers, SBP and DBP
increased significantly at puberty in Obesity No-MetS-children
(p<0.001), while in the overweight group, only a significant
increase in DBP was observed (p=0.033). Obesity MetS group in
prepuberty had significantly higher SBP and DBP than the rest
of groups. About the lipid profile, children with Obesity MetS in
prepuberty had significantly lower levels of HDL-c and higher

10.3389/fendo.2022.1082684

TAG than children of all other groups. Insulin and HOMA-IR
levels increased significantly with puberty in all groups: they
were significantly higher in overweight and obesity, both No-
MetS and MetS, groups than normal weight group (Table 2).

Retrospective analysis by MetS
prevalence in puberty

Participants were stratified in two groups, based on presence
of MetS or no in puberty, to analyze the progression of
anthropometric parameters and cardiometabolic risk markers
from prepuberty to puberty (Table 3). The progression from
prepuberty to puberty was significantly different between No
MetS and MetS group for WHR, Sum SF and DBP.

A significant increase in BMI, WC and sum SF and a
decrease in WHR with respect to prepubertal age were
observed in the No-MetS group at puberty, while in the MetS

TABLE 2 Pre and pubertal levels and change of anthropometry and cardiometabolic risk markers, grouped by BMI status in prepuberty.

Variable Normal weight in prepu-  Overweight in prepuberty Obesity No-MetS in Obesity MetS in
berty (n = 43) (n =31) prepuberty (n = 56) prepuberty (n = 13)
Pre Pub A Pre Pub A Pre Pub A Pre Pub A
Age (yr) 79+18 148+17 68+26° 85+17 146+ 61+24* 74+19° 137+ 63+23* 77+14 146+ 69 +£22*
1.9 1.9 13
Tanner stage 00+00 43+11 43+11 00+00 44+10 44+10 00+00 4I1+11 41+11 00+00 47+08 47+08
Anthropometry
BMI (kg/m?) 162415 203+29 41+25 208+19 253+  46+35 251+22 297+ 46+49 266+41 342+ 76+37
35 53 5.9
BMI-z -0.27 + -0.10 + 0.17 + 125 + 129 + 0.04 + 3.55 + 2.64 + 2091 + 373 + 3.76 + 0.03 +
0.55"<4 0.70 0.58 0.44>4 0.98 0.98 1.50% 1.40 1.80% 1.96* 1.43 1.95
WC (cm) 58 + 5°d 7149 13£8 70+8°  82+9  12+11* 809"  94+14 15+ 13* 83+ 12 104+ 14 21 +8*
WHR 0.88 + 0.06°  0.83 + 007+ 091 +008 084+ -0.07 + 0.95 + 0.90 + -0.05 + 0.94 + 090+  -0.03+
0.12 0.09* 0.07 0.07* 0.06* 0.08 0.08* 0.08 0.07 0.04
Sum SF (mm) 35+ 17° 83427 51433 77422 86+24 1127 94+21" 82+26 -10+37 104+24* 93+21 -7+43
Cardiometabolic risk markers
SBP (mm Hg) 101+114 10711  7%15 105+9%  112+12  7%11 102+ 124 117+13 15+ 15 116+ 6" 121+23 6+22
DBP mm Hg) 62+ 74 67 +7 5+9 61+ 8% 68+ 6 7+ 8* 60+7%  68+9  8+11* 76+12 76+17 023
Cholesterol (mg/ 173 + 31 162+31  -10+24 175+ 37 154 £33 -21 £26* 162+32 156+24 -7+£26 170 +29 159 +30 -11+25
dL)
LDL-c (mg/dL) 97 + 27 90 +25  -8+18 104 £33 89+26 -14+20* 96+27 91+21  -6+21  108+27 97425 -11+20
HDL-c (mg/dL) 64 +15°¢  58+14  -6+12 57+16" 47+11 -10+14* 52+10 47+10 -5+10* 42+10°™° 41+9 1+8
TAG (mg/dL) 46 + 14 67+29 21 %28 674359  73+31 7430 55+23%  75+30  19+28 92+36"° 101+47 9+46
Glucose (mg/dL) 84+ 7 86+ 9 2410 86+ 6 85+7 -1+10 81+7 84+9 3+11 86+ 8 85+9  -1+12
Insulin (U/L) 46+25°% 102+48 56+54* 87+58 126+ 40+75% 93+65 181+ 88105 122+69° 210+ 8.8 +
5.8 114 10.7 13.8*
HOMA-IR 0.95 + 220 + 125 + 1.87 + 2.69 + 0.82 + 1.89 + 384 + 1.95 + 2.68 + 446 + 1.78 +
0.52°4 115 1.26* 136" 1.34 1.70% 139° 2.59 2.33* 1.71° 2.40 3.24*

Statistics presented: Mean + SD: n (%). Pre-pub evolution, group differences in prepuberty and in evolution (in text) were controlled for sex and Tanner stage. P-values are adjusted for false

discovery rate using Benjamini-Yekutieli procedure.

* Significant change from pre to pubertal stage within group: *significant difference from Normal Weight: "significant difference from Overweight: significant difference from Obesity No-

MetS: “significant difference from Obesity MetS.

MetS, Metabolic Syndrome; BMI-z, BMI Z-score; Sum SF, Sum of skinfolds; WC, Waist circumference, WHR, Waist-hip ratio; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;
LDL-c, Low-density lipoprotein; HDL-c, High-density lipoprotein; TAG, triacylglycerol; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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TABLE 3 Pre and pubertal levels and change of anthropometry and cardiometabolic risk markers grouped by the presence or absence of

metabolic syndrome in puberty.

Variable No MetS in Puberty (n = 126) MetS in Puberty (n = 17) Pre diff
Pre Pub A Pre Pub A p-value
Age (yr) 78 +18 144 +19 6.6 + 2.4* 79+ 1.7 13.8 £ 1.7 59 +2.3* 0.999
Tanner stage 0.0 +0.0 42+ 1.1 42+ 1.1* 0.0 +0.0 45+09 4.5+ 09* 0.999
Anthropometry
BMI (kg/mz) 210 + 44 251 +54 42 +3.6* 265+ 3.2 350 +6.3 8.5 + 4.5* <0.001
BMI-z 1.68 + 1.96 1.29 + 147 -0.39 £ 1.41 3.71 £ 1.88 4.11 + 1.64 0.40 + 1.67 <0.001
WC (cm) 70 + 12 82+ 14 12 + 11* 83 + 10 108 + 14 25 + 10* <0.001
WHR 091 +0.07 0.86 + 0.10 -0.07 £ 0.08* 0.93 +0.07 0.93 +0.08 0.00 + 0.07 0.999
Sum SF (mm) 66 * 31 83 £ 24 20 + 39* 108 + 21 91 £ 35 -17 £ 51 <0.001
Cardiometabolic risk markers
SBP (mm Hg) 103 + 12 111 + 11 9+ 14* 109 +9 128 + 23 20 + 23* 0.314
DBP mm Hg) 62 +8 67 £7 5+ 10* 64 £ 12 82 +£11 18 + 13* 0.999
Cholesterol (mg/dL) 169 + 34 157 + 30 -12 + 26 166 + 28 159 + 21 -7 £20 0.999
LDL-c (mg/dL) 99 + 28 90 + 24 -9 +20* 100 + 30 94 + 21 -6+ 18 0.999
HDL-c (mg/dL) 57 + 14 51 +12 -6 + 12% 48 £ 12 40+ 9 -8+9 0.036
TAG (mg/dL) 55+ 26 70 £ 28 15 + 30* 80 + 32 109 + 47 29 + 33* 0.004
Glucose (mg/dL) 83+7 84 +8 1+10 86 £7 89 £ 10 3+15 0.908
Insulin (U/L) 71 +5.0 13.1+7.6 6.0 + 8.2* 14.5 + 8.2 275+ 124 13.0 + 12.7* <0.001
HOMA-IR 1.47 +1.09 2.76 + 1.68 1.29 + 1.83* 314 £ 191 6.05 + 2.80 291 + 3.04* <0.001

Statistics presented: Mean + SD: n (%). Pre-pub evolution, group differences in prepuberty and in evolution (in text) were controlled for sex and Tanner stage. P-values are adjusted for false

discovery rate using Benjamini-Yekutieli procedure.
* Significant change from pre to pubertal stage within group.

MetS, Metabolic Syndrome; Pre diff, differences in prepuberty between the groups; BMI-z, BMI Z-score; Sum SF, Sum of skinfolds; WC, Waist circumference, WHR, Waist-hip ratio; SBP,
Systolic blood pressure; DBP, Diastolic blood pressure; LDL-c, Low-density lipoprotein; HDL-c, High-density lipoprotein; TAG, triacylglycerol; HOMA-IR, Homeostatic Model Assessment

of Insulin Resistance.

group, there was a significant increase of BMI and WC. MetS
group presented significantly higher BMI, BMI-z, WC, and sum
SE than No-MetS group in prepuberty.

Concerning cardiometabolic risk factors, in the No-MetS
group, a significant increase in SBP and DBP, insulin and
HOMA-IR were observed. On the contrary, we found a
significant decrease in the lipid profile parameters (cholesterol,
LDL-¢, and HDL-c), except for TAG, which increased
significantly. In the MetS group, a significant increase in SBP
and DBP, and TAG, insulin and HOMA-IR was noticed. In
prepuberty, the MetS group at puberty presented significantly
higher levels of TAG, insulin, and HOMA-IR and lower levels of
HDL-c. The progression of BMI-z, WC, blood pressure, TAG,
HDL-c, glucose, and HOMA-IR for participants with and
without MetS in puberty are presented graphically in Figure S3.

Prediction of MetS prevalence in puberty

A backward stepwise logistic regression was used to ascertain
which of BMI z-score, WC, SBP, DBP, TAG, HDL-c, LDL-c,
glucose, HOMA-IR, and age in prepuberty was useful for the
prediction of MetS in puberty. Prepubertal levels of HOMA-IR
(OR=1.92: CI:1.29-2.98), BMI-z (OR=1.53: CI:1.06-2.30), WC
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(OR=1.09: CI:1.01-1.19), and sex (OR=5.69: CI:1.28-32.32)
significantly predicted MetS prevalence in puberty (Table S1).

As all participants who presented MetS in puberty were
obese at prepuberty, we used another stepwise logistic regression
to test which cardiometabolic risk factors help to predict MetS
within the group of 69 children with obesity in prepuberty.
Within participants with obesity at prepuberty, HOMA-IR
(OR=1.88: CI:1.19-3.28), BMI-z (OR=1.03: CI:1.00-1.05) and
DBP (OR=0.92: CI:0.83-0.99) significantly predicted MetS
prevalence in puberty (Table S2).

Fast-and-frugal decision trees were built to predict the risk of
MetS in puberty based on body composition and cardiometabolic
risk factors in prepuberty (Figure 3). Two trees are proposed with
HOMA-IR cut-off 2,5, SBP cut-off 106 mm of Hg and TAG cut-off
53 mg/dl. One with the best accuracy is given when sensitivity is 1.5
times higher than the specificity (Figure 3A). The second one
represents an alternate model when sensitivity is 1.2 times higher
than the specificity (Figure 3B). The first decision tree correctly
classified 82.4% of the total children and correctly classified 100% of
the children with MetS in puberty. Moreover, out of the 25 false
positives, 20 had at least one altered component of MetS or obesity,
and five had neither altered features nor obesity. The second
decision tree correctly classified 89.4% of the total children and
correctly classified 94.1% of the children with MetS in puberty. Of
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BMI Class
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Not risk group HOMA-IR
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Fast-and-frugal decision trees for identifying prepubertal children in risk of developing MetS in puberty with sensitivity (A) 1.5 times and (B) 1.2
times more important than specificity. DBP= Diastolic blood pressure; FN, False negative; FP, False positive; HDL-c, High-Density Lipoprotein
cholesterol; HOMA-IR= homeostasis model assessment of insulin resistance; MetS= Metabolic syndrome; SBP, Systolic blood pressure; TAG,

Triacylglycerols; TN, True negative; TP, True positive. Sensitivity (i.e., correctly classifying individuals with MetS in puberty); specificity (i.e.,

correctly classifying individuals without MetS in puberty).

the 14 false positives, 11 had at least one altered component of MetS
or obesity, and three had neither altered features nor obesity. LOO-
CV showed that the first tree had an out-of-sample sensitivity of
100%, specificity of 85.6%, and accuracy of 87.3%. The second tree
showed an out-of-sample sensitivity of 94.1%, specificity of 88.8%,
and accuracy of 89.4%. The classification performance of the
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decision trees compared with the predictive values given by ROC
curves when using only prepubertal BMI-z (area under
curve =0.792) or HOMA-IR (area under curve =0.786) to predict
pubertal MetS, is shown in Figure S4. Both prediction trees
exhibited higher performance than using single predictors ie.,
BMI-z or HOMA-IR.
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Discussion

The hypothesis that the metabolic changes occurring during
puberty is usually associated with anthropometric changes and
IR leading to greater cardiovascular risk has been evidenced in
the present study. Changes in anthropometric parameters
related to increased cardiovascular risk were observed from
prepuberty to puberty, especially WC, and in the MetS
associated risk factors. A high percentage of prepubertal
children maintained their BMI-z at puberty. In prepubertal
children with obesity, a HOMA index >2.3 and a SBP >106
mm of Hg would identify 100% of prepubertal children with risk
of MetS at pubertal age, with an accuracy of 82.4%. Indeed, the
built-up decision- tree models for the prediction of MetS allowed
us to determine, using only the BMI z-score, the HOMA-IR and
the SBP in prepuberty, the individuals at high risk of presenting
MetS at the pubertal stage. The possibility of early prediction of
MetS in adolescents using simple cut-offs for cardiometabolic
risk parameters at prepuberty, constitutes the major singularity
and uniqueness of the present study, which may have important
clinical implications in the early diagnosis and treatment of
children at risk of developing premature CVD.

In our study, when evaluating the progression of BMI
category, most of the participants remained in the same
category (90.7% in normal weight, 61.3% in overweight and
72.5% in obesity). These results coincide with those of a
narrative review published by Caprio et al. in 2020, with data
collected from several studies, who estimated that approximately
80% of children with obesity maintained until adults (48).

The risk of MetS in puberty was significantly higher in
participants with prepubertal MetS, what agrees with other
publications (5). These results also support the data obtained
from 285 participants in the Bogalusa Heart study followed for
15 years, where a positive correlation between prepubertal MetS
and MetS in early adulthood was observed (49).

In the present work, within the participants who did not
have prepubertal MetS, only 10% developed it in puberty. It is
important to note that this 10% corresponded to individuals
who, even without MetS, presented obesity in prepuberty. These
results would reinforce those of other studies that conclude that
individuals with obesity have a higher prevalence of MetS (14,
49). Furthermore, the incidence of MetS increases
simultaneously as the BMI rises, as demonstrated by Kuschnir
et al. (50).

In our study, the risk of presenting in puberty altered levels
of SBP, TAG, HDL-c and HOMA-IR was significantly higher in
those participants who had altered levels in prepuberty.
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However, this was not the case for DBP and glucose. These
results are similar to those of the Québec family study, published
in 2001, in which the progression of Sum SF of the trunk, mean
arterial BP, HDL-c and TAG in 147 boys and girls from
childhood to young adult were evaluated. Similarly, other
authors shown the highest correlations for the Sum SF and
HDL-c and the lowest for glucose (51).

When considering the progression of cardiometabolic risk
factors by groups based on BMI and the presence of MetS in
prepuberty, we observed that insulin, HOMA-IR and WC
increased significantly within the four considered groups, as
also reported by other authors (52). Our results indicate that
prepubertal HOMA-IR, BMI-z, WC and female sex influence the
prevalence of MetS. In prepubertal participants with obesity,
HOMA-IR, BMI-z and SBP allowed predicting the prevalence of
MetS in puberty. Many articles, both in children and adults, have
pointed to BMI or WC as one of the most important predictive
factors for the development of MetS (53-55). Likewise, some
studies have also indicated alterations in IR and SBP as
important risk factors, especially in populations at risk, such as
relatives of individuals with diabetes mellitus (52, 56).
Concerning the female sex, these data seem to contradict other
publications that describe a greater risk of presenting MetS in
boys (57) or do not describe differences between the sexes (58).
The reason could be that the girls in our study had a significantly
higher Tanner stage than boys, and this could be associated with
a higher risk of MetS (14).

In our cohort, the HOMA-IR in the entire sample and in the
prepubertal group with obesity, both in prospective and
retrospective analysis, appeared the most important predictor
of MetS in puberty. Most definitions of MetS in childhood do
not include insulin or resistance as a feature (12), perhaps due to
the difficulty of its determination and standardization of the
analytical methodology among different clinical centers.
However, as IR is an apparent prognostic factor of MetS in
childhood, it could be interesting to use it already in prepuberty,
as others have also suggested (51). Our own research group
proposed it in a publication in 2015 (35). In this regard, in a
recent survey, it has been shown that high BMI is not associated
consistently with dyslipidemia and disturbed glucose
metabolism in children and adolescents with classes IIT and IV
obesity: therefore, measurements of cardiovascular risk factors
instead of BMI seem preferable to counsel different treatment
approaches (52).

Some studies (52) have shown that the measurement of
adiposity but not its distribution, such as BMI, can leave out
some people at risk, including children. However, when studying
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the predictive factors of MetS, BMI z-score or WC z-score is
normally used, obtaining similar results with high concordance.
After carrying out the cross-validation of the tree predictive
models, it is important to emphasize that the use of these models
seems to be more convenient than using only HOMA-IR or
DBP individually.

Limitations and strengths of
the study

The main limitations of our study are, on the one hand, the
low number of participants and the different grades of pubertal
stages included. On the other hand, there is a certain risk of
selection bias, since part of the participating individuals -those
with the worst progression-, were followed up in the
consultations of the participating hospitals, so it could have
been easier to contact them or encourage them to participate in
the study as they maintained contact with the research team.
Another possible source of bias would be the difference in time
elapsed between the two measurements (prepubertal and
pubertal times) between the different participants.

The main strength of our study is the high significance
obtained in the regression curves, although the number of
participants was not high, as well as the high sensitivity,
specificity, and accuracy of the MetS predictive models.
Likewise, the fact that it was a prospective study allowed us to
establish a correct temporal sequence and control how to
measure the effects. Besides, standardized methodology was
applied in all participated centers.

Conclusions

A large number of children with obesity in the Spanish
population already presents MetS from a very early age
(prepubertal period). The majority of the children presenting
MetS in early-childhood continue as such when they enter into
puberty, which drastically increase their probabilities of being adults
with obesity, diabetes and CVDs. Prepubertal HOMA-IR and blood
pressure are again evidenced as key risk factors for the prediction of
pubertal MetS, as evidenced in our machine learning-based models.
Therefore, the MetS criteria not considering IR should be revisited.
This paper reinforces the importance of earl-life monitoring of
metabolic health in children with obesity and the initiation of
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preventive programs from the prepubertal stages to avoid future
comorbidities in adult populations.
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Until recently, glucagon was considered a mere antagonist to insulin,
protecting the body from hypoglycemia. This notion changed with the
discovery of the liver-alpha cell axis (LACA) as a feedback loop. The LACA
describes how glucagon secretion and pancreatic alpha cell proliferation are
stimulated by circulating amino acids. Glucagon in turn leads to an
upregulation of amino acid metabolism and ureagenesis in the liver. Several
increasingly common diseases (e.g., non-alcoholic fatty liver disease, type 2
diabetes, obesity) disrupt this feedback loop. It is important for clinicians and
researchers alike to understand the liver-alpha cell axis and the metabolic
sequelae of these diseases. While most of previous studies have focused on
fasting concentrations of glucagon and amino acids, there is limited knowledge
of their dynamics after glucose administration. The authors of this systematic
review applied PRISMA guidelines and conducted PubMed searches to provide
results of 8078 articles (screened and if relevant, studied in full). This systematic
review aims to provide better insight into the LACA and its mediators (amino
acids and glucagon), focusing on the relationship between glucose and the
LACA in adult and pediatric subjects.
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1 Introduction

The prevalence of obesity, non-alcoholic fatty liver disease
(NAFLD) and type 2 diabetes mellitus (T2DM) are steadily
rising in adults as well as in pediatric populations worldwide (1).
NAFLD is considered as the most common chronic liver disease
across all age groups (2-6).

Research on the liver-alpha cell axis (LACA) has shed new
light on the pathophysiology of NAFLD and proposed glucagon
and amino acids as pivotal drivers (7-9). Glucagon is
predominantly known for its counter-regulatory mechanism of
insulin and the ability to coordinate blood glucose homeostasis.
While hypoglycemia stimulates the secretion of glucagon from
pancreatic alpha cells to promote gluconeogenesis and
glycogenolysis in the liver, glucagon’s role is more diverse (10).
It has been demonstrated that glucagon administration leads to a
reduction in plasma amino acids (AAs) and to increased AA-
uptake via the liver and consequently to conversion into
gluconeogenic precursors both in animals and humans (11,
12). In contrast, evidence that the liver and the pancreatic
alpha cells are linked in a feedback-cycle is recent (8, 13). In
2015, Solloway et al. demonstrated that inhibiting the glucagon-
receptor increases AA concentrations, reduces AA turnover, and
promotes pancreatic alpha cell proliferation (14-16). Further
research by Kim et al. in 2017 involving antibody-mediated
blockage of the glucagon-receptor led to the discovery of slc38a5.
This gene is upregulated in the liver and pancreas during the
blockade and encodes an AA transporter favoring neutral amino
acids (e.g., glutamine). Slc38a5-deficient mice showed
diminished alpha cell proliferation in response to glucagon
receptor blockade (17). Furthermore, mTORCI regulates the
slc38a5 expression, and inhibits mTORCI by rapamycin blocked
AA-induced alpha cell proliferation (7, 18, 19). Holst, Wewer
Albrechtsen, and Pedersen postulated a feedback regulation
mechanism that links the liver and the pancreatic alpha cell
known as LACA (8, 9).

The LACA describes, under physiological conditions, how a rise
of plasmatic AAs induces glucagon secretion from the pancreatic
alpha cells. Postprandial glucagon, in turn, controls hepatic AA
metabolism and induces ureagenesis, resulting in decreasing levels of
plasmatic AAs. When levels of plasmatic AAs return to their normal
range, so does glucagon (see Figure 1A) (9, 20, 21). It is of special
interest that the LACA seems to be disturbed in obesity and
associated conditions. Besides genetic defects and pharmacological
interventions to inhibit glucagon signaling, hepatic disorders (e.g.,
NAFLD and NASH (9, 22, 23)) and certain metabolic conditions
(e.g., obesity (24, 25), T2DM (22)) have been associated with
impaired glucagon signaling and hence disrupted LACA (26, 27).
Under such conditions, the weakened effect of glucagon on AA
turnover results in reduced ureagenesis and hyperaminoacidemia.
Elevated levels of plasmatic AAs, in turn, lead to hyperglucagonemia
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and proliferation of pancreatic alpha cells. This process creates a
vicious cycle of metabolic imbalance (see Figure 1B) (10, 11, 14, 17,
22,23, 28).

While amino acids are drivers of the LACA, study results on
specific AAs remain controversial. Most AAs stimulate glucagon
and insulin secretion; however, some are more potent (29-34).
Glucagon is the second mediator of the LACA, and its secretion
is a complex process in itself and regulated by multiple
interactions. These include changes in blood glucose,
vegetative (sympathetic and parasympathetic) and other neural
signals, amino acids, fatty acids, endocrine and paracrine
functions (18, 35-39). A disturbed LACA seems to mark
glucagon resistance in the hormone AA-pathway (15, 22),
resulting in elevated plasmatic levels of amino acids, while the
glucose pathway appears to remain intact (10, 13, 14, 17, 20, 21,
40-42). Hyperglucagonemia results in increased hepatic glucose
production (43) via maintained glycogenolysis (21), and
increased activity of gluconeogenesis’ key enzymes (9). In
obesity, NAFLD, and T2DM, fasting hyperglucagonemia is
common and stimulates hepatic glucose production,
predisposing to elevated blood glucose levels (44-47). The
diabetogenic role of glucagon is widely accepted and
confirmed in patients with type 2 diabetes (48-50). If not
counterbalanced, hyperglycemia may result in insulin
resistance, worsening of NAFLD and the development of
T2DM and metabolic syndrome. Hence, understanding how
metabolic risk factors such as (increased) glucose intake may
affect the LACA is essential. Additionally, AA and glucagon
levels during oral glucose tolerance test (OGTT) may hold
predictive/diagnostic information on metabolically
associated diseases.

Besides providing an overview of the LACA, the aim of this
systematic review is to summarize the relationship between
glucose and the mediators of the LACA (i.e, glucagon and
AAs) under physiological conditions and in conditions of
metabolical impairment. This review is structured to report
data of the mediators’ interactions with glucose and each
other as well as their dynamics during experimental glucose
administration including results from the pediatric population.

2 Methods
2.1 Design

This systematic review was conducted and written following
the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines (49). Inclusion criteria were
quantitative studies, peer reviewed-papers, basic research, and
clinical research. We excluded non-English publications and
studies with a focus other than human medicine (e.g.,
veterinary medicine).
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2.2 Search strategy

Three authors independently searched the PubMed database
and cooperated in screening the results. The purpose of the search
was to identify data on LACA and its relationship with glucose. As
glucagon and amino acids are the LACA’s main mediators, these
were of central interest concering glucose-interaction. The first
search was conducted on December 13th and 14th, 2021. The first
search included the terms “liver AND alpha cell AND axis,” “liver-
alpha cell,” “Liver-islet axis,” “Glucagon AND liver,” and “Glucose
and amino acids” without any parameters (e.g., age) in all articles
up to December 1st, 2021. A second search on December 22nd,
2021, included “OGTT Amino acids” (articles from 1.1.2016-
12.1.2021) and “OGTT Glucagon” (articles from 1.1.2016-
12.1.2021) without additional filters. The rationale for the search
period was the keystone study on glucagon-receptor blockade and
alpha cell hyperplasia by Solloway et al. in July 2015, the report of
hyperglucagonemia in NAFLD in 2016 and postulation of LACA
in 2018 (14, 15, 20). As part of the second search (“OGTT Amino
acids” and “OGTT Glucagon”) studies on pediatric cohorts (0-18
years) published between 1.1.2000-12.31.2021 were searched. The
search period for pediatric results was extended until the
beginning of the year 2000 due to the lack of pediatric studies
and difficulties with glucagon measurements in older studies (51,
52). For the second search inclusion criteria were the same as in
the first search attempt. However, exclusion criteria were extended
to pregnancy, medication/pharmacological studies, cancer,
pancreatectomy, and severe inborn metabolic diseases (e.g.,
PKU, SMA). Figure 1 shows the two searches and the number
of papers remaining after screening and excluding doubles.

2.3 Screening and data extraction

The two authors in charge of the search screened the first
6866 articles by title and abstract. The title or abstract had to
provide information associated with at least one of the following
topics: liver-alpha cell axis (LACA), amino acids (AAs),
glucagon, or glucose metabolism. One hundred ninety-one
articles qualified for the full-text article analysis. After the
second analysis, 35 of 1073 articles qualified for full-text
analysis and were included in this study. After screening 8078
publications, 88 articles (first search: 67 plus second search: 21)
were included (see Figure 2). Secondary literature from these
articles was studied as well.

2.4 Data synthesis

Information on amino acids, glucagon, glucose, and other
relevant data, were used to draft the manuscript. As the studies
and reviews were significantly heterogeneous concerning
populations and methods, we opted for a narrative literature
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synthesis rather than a meta-analytical approach for
interpreting findings.

3 Results
3.1 Characteristics of literature search

In total 88 articles (first search: 67 plus second search: 21)
were included in this review. Secondary literature from these
articles was also analyzed and referenced. The literature research
via PubMed identified 19 articles with standardized glucose
administration (i.e., OGTT or intravenous (i.v.) glucose). One
article investigated both glucagon and AAs (20). In contrast, 12
other articles examined the effect of glucose administration on
glucagon (7, 53-62), and six other articles studied the effect of an
OGTT on AAs (63-68). The articles by Knop (7), Junker (54)
and Wang et al. (55) were the only trials to include i.v. glucose
infusions. Junker (54) mentioned 50g of glucose for OGTT,
while the other authors administered 75g glucose OGTT (or
1.75g/kg body weight respectively) (7, 20, 53, 54, 56-68). Six
articles included pediatric subjects (22, 62, 68-72). Of these, four
reported amino acid levels in children with obesity (22, 68,
69, 72).

3.2 Glucose and glucagon under
physiological conditions

Under normal conditions, glucagon and insulin
counterbalance each other in order to maintain euglycemia
(73). A decrease in blood glucose levels simultaneously
determines a rise in glucagon levels and a decline in insulin
levels (74). Glucagon regulation is complex and controlled by
multiple factors (glycemic, paracrine, endocrine, and neural)
(39). Hence the results section will initially focus on the isolated
glucagon reactions. In hypoglycemia glucagon is secreted from
the pancreatic alpha cell (15, 73). Pancreatic alpha cells are well-
vascularized islet of Langerhans, which sense glucose
concentrations (75). Glucose uptake is mediated by the glucose
transporter 1 (GLUT1) in the alpha cell (76, 77). After glucose is
taken up by the alpha cell, it is converted to ATP and water in the
cell’s mitochondria. Under low blood glucose conditions, ATP
concentration drops (18). Alpha cells also contain ATP-sensitive
potassium channels (Karp). Variations in intracellular ATP are
linked to changes in membrane potential via Kyrp (78). In low
glucose conditions, the Krp channels in alpha cells are closed or
show only mild activation (78). Thus, the opening of voltage-
gated Na- and Ca2-channels generate a membrane potential of
about ~60 mV. The opening of the Na- and Ca2-channels cause
influx of Na and Ca2 and in turn cause the release of glucagon
via exocytosis and glucagon from glucagon-containing granules
(18, 75, 78). The purpose of glucagon secretion during low blood
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FIGURE 1

The liver-alpha cell axis. (A) Under physiological conditions amino acids lead to glucagon secretion from the pancreatic alpha cell, causing
amino acid degradation and ureagenesis in the liver. The result is a balanced feedback cycle, termed the liver-alpha cell axis. (B) In conditions of
metabolical impairment (e.g., NAFLD, T2D) the cycle is malfunctioning. Amino acids cannot be properly degraded as the amino acid pathway is
disrupted, while the glucose pathway of glucagon is functioning (see insert). This results in hyperaminoacidemia and hyperglucagonemia.

glucose is to increase hepatic glucose production via stimulation
of glycogenolysis and gluconeogenesis and suppression of
glycogenesis and glycolysis (74, 79). The ability to promote the
activity of key enzymes responsible for gluconeogenesis
(phosphorylase kinase, fructose 1,6-bisphosphatase, glucose 6-
phosphatase, phosphoenolpyruvate carboxykinase) has been
widely demonstrated (9). Glucagon levels vary along a
circadian rhythm. During the physiological morning fasting
period, plasma glucagon levels are lower and significant
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changes in blood glucose levels are required stimuli (80).
Hypoglycemia also induces the activity of pancreatic
sympathetic innervation and triggers the release of adrenaline
from the adrenal medulla. In rodent studies, adrenaline directly
stimulates glucagon secretion by binding to alphal- or beta-
adrenergic receptors on the alpha cell (81-84).

The ability of glucagon to elevate blood glucose levels seems
to depend on the duration of fasting. The isolated effect of
glucagon on gluconeogenesis is short-lasting as it cannot provide
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substrates (85) and the effect of glucagon subsides after extended
fasting periods (22, 86-89). During longer fasting intervals,
blood glucose levels mainly depend on cortisol and amino-
acids (9, 48). Despite their decreased effectiveness, glucagon
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levels are elevated in prolonged fasting and starvation (80, 90).
The synthesis of new glucogenic AAs from endogenous sources
(e.g., muscle, liver) additionally boosts glucagon levels (and
induces ureagenesis) (32, 91). In keeping with this, Holst et al.
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listed the glucose-alanine cycle. Alanine is released from the
muscle into the circulatory system during prolonged fasting and
then converted into pyruvate in the liver (9, 91). Glucagon
regulates alanine transferase (responsible for alanine
conversion to pyruvate) and the key enzymes responsible for
gluconeogenesis. The cycle, however, depends on the alanine
supply rather than glucagon action (9). In periods of starvation,
insulin secretion is scarce, and may not inhibit the effects of
glucagon (and cortisol) (32).

The suppression of glucagon secretion during hyperglycemia
remains only partially understood (92-95). In mixed meals,
glucagon levels rise together with blood glucose and insulin
levels due to the proteins ingested (80). Conversely, glucagon
levels plunge close to zero in healthy individuals following high-
carbohydrate diets (8). The previously mentioned cellular
mechanism works the other way in hyperglycemia, resulting in
high intracellular ATP levels and low levels of ADP in the
pancreatic alpha cell. The high ATP causes KATP channels to
depolarize the membrane potential, thus inactivating Ca®* and
Na*-channels. An absent influx of Ca** and Na* and their lower
intracellular concentration hinder glucagon exocytosis and the
release of glucagon into the general circulation (78). As glucagon
secretion is not only regulated by Ca®" and Na* but also by
cAMP, reducing cAMP is presumably involved in inhibiting
glucagon secretion (96-99). Yu et al. demonstrated that glucose
decreases the cAMP concentration beneath the plasma
membrane via a direct glycemic effect on pancreatic alpha
cells. The mechanism is unclear, but it is reported in mouse
and human alpha cells (97). It has been reported that glucagon
secretion shows a maximal inhibition at ~5 mM glucose. When
glucose levels exceed this limit, so does glucagon secretion
paradoxically (38, 100).

3.3 Glucose and glucagon under
conditions of metabolic impairment

In individuals with type-2-diabetes-mellitus (T2D), the
body’s ability to respond to hypoglycemia appears severely
attenuated or completely lost (101, 102). While precise
mechanisms remains unclear, paracrine and central pathways
have been suggested (103). Normal glucose response in T2D can
be restored if glucose control is maintained, as shown by Bolli
et al. via insulin clamping (pancreatic clamp with somatostatin).
This study supports the hypothesis that failure of glucose sensing
in T2D is not caused by an intrinsic defect of the alpha cells, but
by a lack of metabolic control (104). In T2D, fasting
hyperglucagonemia, as well as inadequate suppression of
glucagon following carbohydrate ingestion, have been
described (44). Hyperglucagonemia is common but not
pathognomonic for T2D, as some patients also display normal
glucagon level (15). In T2D, glucagon hypersecretion contributes
to hyperglycemia (105-109). Therefore, glucagon receptor
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antagonists have gained attention as potential treatment for
T2D (109-112). As with T2D, fasting hyperglucagonemia and
increased hepatic glucose production have been observed in
other conditions of metabolic impairment (15, 48-50). This
includes non-diabetic subjects with obesity, non-diabetic
subjects with NAFLD, prediabetic patients, and individuals
with metabolic syndrome (15, 45-47, 113). Persistent
hyperglycemia on the other hand may directly affect the
pancreatic alpha cell via intracellular acidification, impaired
mitochondrial function, and a resulting dysregulated Karp
channel activity in the alpha cells (114). Of particular note,
patients with NAFLD show significantly higher fasting plasma
glucagon levels (either normoglycemic or T2D) than
normoglycemic and T2D control subjects without NAFLD
(113). Also, individuals with hepatic cirrhosis presented with
hyperglucagonemia, hyperaminoacidemia, and impaired
ureagenesis in response to glucagon (115-117).

3.4 Effects of experimental oral &
intravenous glucose administration
on glucagon

Literature research revealed thirteen articles (see Table 1)
that investigated the effects of administration of glucose on
glucagon (7, 20, 53-62, 71).

Ten articles studying the effect of glucose on glucagon were
performed exclusively using an OGTT. Wewer Albrechtsen et al.
examined the influence of an OGTT on glucagon and amino
acids, demonstrating the relationship between AAs and
glucagon in a feedback loop through the liver-alpha cell axis.
Elevation of fasting glucagon was associated with lower
concentrations of alanine, tyrosine, glutamine, and increased
concentrations of BCAAs. Higher tertiles for HOMA-IR were
associated with elevated fasting glucagon and a steeper decline in
glucagon levels during OGTT than in lower tertiles while
maintaining higher levels after 120 minutes (20). In an
observational cohort study by Koopman et al. among 121
nondiabetic individuals, glucagon responses at baseline and
glucose levels seven years later were investigated (56). During
OGTT, glucagon levels dropped in the first 60 minutes, to reach
baseline levels again after about 120 minutes (fasting plasma
glucagon 9.4 + 2.9; glucagon iAUCq 30min OGTT —0.23 + 0.7;
glucagon iAUC3¢ 120min OGTT —2.80 + 3.8; glucagon iAUC,.
120min OGTT -2.94 = 4.5 [all pmol/L, mean + SDJ).
Deteriorating glycemic control over time was associated with
insufficient glucagon-suppression during OGTT (56, 60) and an
early lack of glucagon suppression exists in prediabetes (118). In
keeping with this, Ichikawa et al. found glucagon-levels to be less
suppressed during OGTT in T2D and prediabetes than in
individuals with normal glucose tolerance (NGT) as well as
higher fasting glucagon (prediabetes: 34.4 + 4.6, T2D 44.1 + 5.0,
NGT: 20.6 + 3.6, all pg/mL). This decrease of glucagon
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TABLE 1 Studies on the dynamics of glucagon after administration of glucose.

Studies on the dynamics of glucagon after administration of glucose

Authors

Year

Aim of study/article

Sample size

Age (years)

OGTT/
iv.

glucose

(Measured)
Metabolites

Timepoints of
measurement
(minutes)

Results

Authors’ conclusion

Knop FK (7) 2018 | To summarize the physiological regulation of n.a n.a. n.a. both Glucagon, GLP-1, n.a. Glucagon was suppressed normally by Fasting
glucagon secretion in humans GLP-2, insulin, i.v. glucose in all groups (independently hyperglucagonaemia is
‘gastrointestinally of glucose tolerance). Glucagon response unrelated to the diabetic
mediated glucose to oral glucose increases from normal state, but strongly
disposal’ (GIGD) glucose tolerance over impaired glucose correlates with obesity,
tolerance to overt diabetic glucose liver fat content and
tolerance. Increased glucagon responses circulating amino acids.
to oral glucose. Hyperglucagonaemia in Postabsorptive
T2D is aggravated by OGTT, but hyperglucagonaemia
suppressed similarly as in healthy occurs as a consequence of
subjects during IIGI. Elevated fasting gut-derived glucagon
plasma glucagon levels contribute to secretion and/ or
increased basal rate of hepatic glucose glucagonotropic factors.
production. Demonstration of pivotal Hyperglucagonaemia
role of fasting hyperglucagonaemia in seems to occur
pathogenesis of fasting hyperglycaemia independently of the
in T2D. diabetic state and rather to
be related to obesity-
associated disruption of
the emerging liver—alpha
cell axis ?hepatic glucagon
resistance) involving
amino acids as essential
mediators of liver-alpha
cell cross-talk (triggering
compensatory glucagon
secretion from alpha cells).
Extrapancreatic glucagon
exists.
Wewer- 2018 | Hypothesis was that hepatic insulin resistance 1408 53% males, 66.2 (mean) OGTT AAs (alanine, 0, 30, 120 Plasma concentrations of glucagon and Plasma concentrations of
Albrechtsen (secondary to hepatic steatosis) via defective 47% females histidine, alanine decreased during the OGTT. both glucagon and non-
et al. (20) glucagon signaling/ glucagon resistance would tyrosine, Absolute concentrations of alanine BCCAs (e.g. alanine)
lead to impaired ureagenesis and, hence, glutamine, differed by tertile of HOMA-IR. For during an OGTT were
increased plasma concentrations of phenylalanine, middle and upper tertiles of HOMA-IR, affected by increasing
glucagonotropic amino acids and, subsequently, isoleucine, fasting plasma concentrations of alanine HOMA-IR. Observations
glucagon. leucine, valine) were higher (0.27 + 0.06 and 0.28 + 0.06 support hypothesis that
and glucagon, mmol/l, respectively), and in these two impaired hepatic glucagon
Plasma insulin, tertiles alanine concentration decreased signaling, potentially due
ALT, GGT, in response to glucose intake (change in to fat accumulation in the
HOMA-IR, alanine 120 min after the OGTT: —0.010 liver and resulting hepatic
glucagon-alanine- [95% CI —0.014, —0.007] and —0.018 insulin resistance. This
index mmol/l [95% CI —0.022, —0.015 mmol/l], impairs glucagon’s ability
respectively; p < 0.001 for both). to lower plasma levels of
Increasing plasma concentrations of non-BCAAs. Study
BCAAs associated with increasing supports the existence of a
plasma concentrations of glucagon. liver alpha cell axis in
humans: glucagon
regulates plasma levels of
amino acids, which in turn
feedback to regulate the
secretion of glucagon.
With hepatic insulin
resistance, reﬂecting
hepatic steatosis, the
feedback cycle is disrupted,
leading to
hyperaminoacidaemia and
}?Ipergluca onaemia. The
glucagon-alanine index is
suggested as a relevant
marker for hepatic
glucagon signaling.
Wagner et al. 2017 | To investigate the change in glucagon during Cross-sectional: n.a. na. OGTT Glucagon 0, 30, 60, 90, 66-79% of participants showed Lower glucagon
(53) oral glucose tolerance tests (OGTTs), 4194 total ; 120 (TUEF suppression of glucagon at 120 min (fold suppression after oral
hypothesizing that higher postchallenge Longitudinal and TULIP change glucagon120/0 <1) during glucose administration is
glucagon levels are observed in subjects with study: n=50 cohort) ;0 and | OGTT, whereas 21-34% presented with associated with a
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TABLE 1 Continued

Studies on the dynamics of glucagon after administration of glucose

Authors Year

Aim of study/article

Sample size

Age (years)

(Measured)

Timepoints of

Results

Authors’ conclusion

V. Metabolites measurement
glucose (minutes)
impaired glucose tolerance (in three cohorts of (after life-style 120 (MDCS increasing glucagon levels (fold change metabolically healthier
non-diabetic individuals). intervention) and PPP- glucagon120/0 ¥1). Participants with phenotype.
Botnia cohort) | non- suppressed glucagon120 had a

lower risk of IGT in all cohorts (odds

ratio 0.44-0.53, P < 0.01). They were

also leaner and more insulin sensitive

and had lower liver fat contents.

Junker AE (54) 2015 Summarizes three studies (co-)authored by 1) NGT and 1) na.;2) 1) NGT and 1,2) 1,2)Glucagon, 1,2) -15 to 1) Fasting glucagon levels were similarly 1) Patients with NAFLD,
author. 1) assessed the impact of NAFLD on the NAFLD n=10; Cirrhosis: 5/ NAFLD: 56 OGTT/ GLP-1, GIP, +240 low inpatients with T2D only [4.5 pmol/ despite having normal
incretin effect in patients with or without type 2 T2D and 5; Healthy (39-63); 1GI insulin, plasma L(3.0-6.0 pmol/L)] and controls[3.4 glucose tolerance are
diabetes. 2) investigated the influence of NAFLD n=10; controls: 5/5 T2D and glucose, incretin pmol/L(1.8-6.0 pmol/L)]. Patients with characterized by reduced
cirrhosis on incretin physiology 3) examined the T2D only n=8; NAFLD: 64 effect normal glucose tolerance and NAFLD incretin effect, fasting
glucagonostatic effect of GLP-1 and its potential healthy controls (54-65); exhibited immediate glucagon hyperglucagonaemia and
glucose- dependency in non-diabetic patients n=10;2) T2D only: suppression during the first hour of the impaired handling of
with NAFLD - excluded from this review as Cirrhosis: n=10; 59 (50-67); OGTT and the IIGI [-83 pmol/L (-70to ingested glucose. Study
glucose-levels were kept at fasting levels. Healthy healthy 16 pmol/L) vs.-133 pmol/L(-225 to79 emphasizes the role of

controls: n=10 controls: 57 pmol/L)9min,P=0.037]. Controls showed NAFLD in metabolic
(49-60); similar immediate glucagon suppression dysregulation and suggests
(mean during the first hour of the OGTT and an important role for the
(span)) ; 2) the IGIL Patients with T2D only had liver in the regulation of
Cirrhosis: 54 delayed and impaired glucagon glucagon secretion. 2) In
+15; Healthy suppression during the first hour of the spite of fasting
controls: 57 OGTT compared to the IIGI[22 pmol/L hyperglucagonemia,
+15 (-146 to 73 pmol/L) vs. -45 pmol/L (-116 patients with cirrhosis
to 27 pmol/L)9min,P=0.027 and 35 suppressed glucagon
pmol/L (-35 to 87 pmol/L)vs.-94 pmol/L during both OGTT and
(-115 to 43 pmol/L) 9min,P=0.039]. 1IGI, indicating preserved
Impaired glucagon suppression was most alpha cell sensi-tivity to
pronounced in patients with T2D and GLP-1.
NAFLD. 2) Patients with cirrhosis and
healthy controls had similar incremental
changes in glucagon. Plasma glucagon
dropped abruptly in both groups
following oral as well as intravenous
§lucose and continued to decrease the
ollowing 90 min. A more pronounced
suppression of glucagon was seen during
1IGI than OGTT.

Wang et al. 2019 | To investigate the progression of obesity-related 52 rhesus all males na. IVGTT Glucagon, insulin, 1, 3,5, 10, 15, During IVGTTs, glucagon remained Hyperglucagonemia plays

(55) type 2 diabetes mellitus (T2DM) in rhesus monkeys blood glucose 20, 30, 45, 60 consistently elevated in the T2DM group an important role in the
monkeys, especially dynamic changes in insulin with obesity in all tests, while it development of T2D.
and glucagon. Intravenous glucose tolerance test increased gradually in the non-T2DM
was performed every 6 months to evaluate group with obesity and became
dynamic changes in glucose, insulin and significantly higher than the lean group
glucagon levels over 7 years. in the 7th year test. AUC for glucagon in

all tests in the obese T2DM group were
significantly higher than the lean and the
non-T2DM groups with obesity in year
1, 3 and 5. In the lean group, glucagon
immediately decreased after glucose was
administered and returned to baseline
within an hour. However, in the T2DM
group, glucagon decreased after glucose
challenge, but then dramatically
increased to a level much higher than
baseline 1 h later.

Koopman et al. 2019 | To examine the association between glucagon 121 (NGT: 50% females 54.1+6.6 at OGTT Glucagon (AUCs) AUCs (0-30 Glucagon response was differentiated for Within a population

(56) responses at baseline and fasting glucose levels 7 n=109, I[FG: baseline and 30-120) early (0-30 minutes), late (30-120 without diabetes, relative
years later. n=12) minutes) for OGTT. Authors observed lack of glucagon

an association for the early lack of
response and not the late or total
glucagon in participants with
prediabetes. In NGT Glucagon-level after
OGTT steadily declined and reached its
lowest level at 60 minutes of OGTT

suppression early after a
meal was associated with
increase of glucose levels
over time, suggesting a
role of insufficient
glucagon suppression in
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TABLE 1 Continued

Studies on the dynamics of glucagon after administration of glucose

Authors

Year

Aim of study/article

Sample size

Age (years)

OGTT/
iv.
glucose

(Measured)
Metabolites

Timepoints of
measurement
(minutes)

Results

before returning to baseline at around
120 minutes.

Authors’ conclusion

the deterioration of
glycemic control.

Engelbrechtsen 2018 | To investigate if mutations of the human Ether- 6816 (1329 48% females 66.3+6.9 OGTT Glucagon, insulin, 0, 30, 120 The Kv11.1 voltage-gated hERG Common missense

et al. (57) a-go-go- related gene (hERG) potassium channel | individuals in blood glucose, potassium channel (minor G-allele of polymorphisms of the
alter glucose homeostasis. from the ADDITION- GIP, GLP-1 rs1805123) was associated with 0.95 Kv11.1 voltage-gated

ADDITION- PRO cohort pmol/L (- 1.52; — 0.38)) lower fasting hERG potassium channel
PRO Cohort and 51% glucagon (p = 0.003) and decreased (minor G-allele of

(NGT: n=708, females in glucagon AUC at 0-30 and 0-120 min rs1805123) are associated
IFG: n=254, Inter 99 (B=-2.73 (-4.73, -0.70), p=0.009 and B= with alterations in

IGT: n=103, cohort —-2.27 (-4.25, - 0.24), p = 0.029, circulating levels of

IFG and IGT: respectively). glucagon, suggesting hERG
n=116, T2D: potassium channels play a
n=148) and role in fasting and glucose-
5487 stimulated release of
individuals glucagon.

from the Inter

99 cohort)

Gar et al. (58) 2018 To investigate if glucagon patterns were 285 total (3 all females 1) 35.3+4.2; OGTT Glucagon 0, 30, 60, 90, Fasting plasma glucagon was Fasting hyperglucagonemia
homogeneous within certain metabolic metabolic 2) 35.244.5; 120 significantly elevated, and early glucagon and delayed glucagon-
phenotypes. phenotypes: 1) 3) 35.9+4.5 suppression was diminished in the suppression are strongly

healthy control: prediabetes/diabetes group compared linked to obesity and
n=93; 2) with the control group. (Early- metabolic syndrome.
normoglycemic suppression glucagon (0-30) (%): 1) 47.6 Rising glucaion during
high-risk: (32.8-57.9), 2) 41.3 (22.9-58.3), 3) 32.0 OGTT may be a rare
n=121; 3) (14.5-51.3) - p=0.0055 ; Late- phenomenon. It occurs in
prediabetes/ suppression glucagon (30-120) (%): 1) insulin-sensitive
screening- 31.8 (8.9-49.6), 2) 40.9 (14.9-56.7), 3) individuals with a
diagnosed type 47.4 (33.3-63.6) - p=,0.0001.) Late and tendency toward
2 diabetes: overall glucagon suppression was smaller hypoglycemia, but does
n=71 in women with isolated IFG compared not necessarily indicate
with both other groups. Total glucagon metabolic health.
suppression was similar in all three
groups. The five-point glucagon curves
in response to oral glucose were
heterogeneous between individuals.
Kosuda et al. 2022 | To investigate glucagon dynamics in patients n=14 3 males/11 40 (30-49) OGTT Glucagon, insulin, 0, 30, 60, 90, Plasma glucagon was immediately In patients with
(59) with postprandial syndrome. females blood glucose 120, 180, 240 suppressed by nearly 70% in patients postprandial syndrome
with postprandial syndrome. Authors glucagon suppression is
state that in healthy persons glucagon is greater than in healthy
reportedly suppressed by approximately subjects.
50%.

Ichikawa et al. 2019 | To clarify the involvement of glucagon in the NGT: 12/13 NGT: OGTT Glucagon, plasma 0, 30, 60, 90, During OGTT, glucagon levels were less Subjects with mild T2D

(60) pathophysiology of DM. OGTT was performed , preDM: 8/7  36.£14.69 7 glucose, insulin, 120 suppressed in DM and preDM than in showed elevated fasting
in subjects with NGT, preDM and DM and , DM: 9/4 preDM: 54.1 glucagon and NGT, whereas no apparent relationship glucagon and paradoxical
changes in glucagon and metabolites pre- and +11.5, DM: active GLP-1 was observed between glucagon and glucagon increase after
post-OGTT were compared. 60.8+4.8 GLP-1 secretion. oral glucose load

compared to subjects with
normal glucose tolerance.

Jonsson et al. 2021 To examine the impact of gene variants 1899 (1346 709/637 in 66.3+6.9 in OGTT Glucagon 0, 30, 120 EYA2-variant was associated with higher EYA2 locus is associated

(61) associated with T2D on glucagon-levels during from ADDITION- = ADDITION- 30 min plasma glucagon levels during with increased plasma
OGTT. ADDITION- Pro cohort, Pro cohort, the OGTT. Authors also identified novel glucagon levels at 30 min

Pro cohort, 553 264/289 in 22,0422 in gene locus associated with reduced during OGTT, while other

from RigCoh) RigCoh RigCoh suppression of early glucagon secretion. variants influence glucagon
levels without conferring
an increased type 2
diabetes risk.

Manell et al. 2016 | Investigation of fasting and postprandial NGT n=23, 32 males/33 10-18 OGTT Glucagon, GLP-1 -5, 5, 10, 15, Glucagon during OGTT: levels in lean In adolescents with

(62) proglucagon derived hormones (e.g. glucagon) females and glicentin 30, 60, 90, 120 individuals started to decrease between 5 obesity, glucagon levels are

in adolescents with obesity along the spectrum
of glucose tolerance.

matched lean

186

and 10 minutes with suppression close
to the observed maximum suppression
after 30 minutes. In adolescents with

elevated and the
progression to T2DM is
related to a further

(Continued)

‘le 12 Jauxid

2897907'22020pUa4/68¢5 0T


https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

ABojouroopul ul si213u0d4

bao"uIsianuoly
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Studies on the dynamics of glucagon after administration of glucose

Authors Year Aim of study/article

Sample size

Male/ Age (yea
Female

rs)

glucose

(Measured)
Metabolites

Timepoints of
measurement
(minutes)

Results

Authors’ conclusion

adolescents obesity and NGT or IGT, glucagon levels increase as well as an
(n=19) tended to increase during the first 5 early-phase
minutes of the OGTT. There was no hyperglucagonemic
lowering below fasting levels until 30 response to OGTT.
minutes. In individuals with obesity and
T2D, glucagon levels increased during
the initial 15 minutes, with no reduction
below baseline until 60 minutes.
Kahn et al. (71) 2021 To determine whether hyperresponsiveness of Youth: Youth: Youth: OGTT Glucagon, -10, -5, 10, Mean + SD fasting glucagon (7.63 + 3.47 Youth with IGT or
the beta n=66 47 (71.2) 10-19 glucose, C- 20, 30, 60, 90, vs. 8.55 + 4.47 pmol/L; P = 0.063) and recently diagnosed T2D
cell and insulin resistance in youth vs. adults in Adults: Adults: (14.2 £ 2.0) peptide, insulin 120, 150, 180 steady-state glucagon (2.24 + 1.46 vs. (drug naive) have
the Restoring Insulin Secretion (RISE) Study are n=350 182 (52.0) Adults: 2.49 + 1.96 pmol/L, P = 0.234) were not hyperresponsive beta cells
related to increased glucagon release. 52.7+9.3 different in youth and adults. Fasting and lower insulin

glucose and glucagon were positively
correlated in adults (r = 0.133, P =
0.012) and negatively correlated in youth
(r = =0.143, P = 0.251). The absolute
glucagon concentrations were lower in
youth at multiple time points during the
test. This was due to a more rapid
decline in glucagon in the first 30 min
during OGTT in youth than adults.
However, iAUC C-peptide relative to
dAUC glucagon across the 3-h OGTT
was not significantly different in youth
and adults.

sensitivity, but their
glucagon concentrations
are not increased
compared with those in
adults. Alpha cell
dysfunction does not
appear to explain the
difference in B-cell
function and insulin
sensitivity in youth versus
adults.

AAs (amino-acids), AAAs (aromatic amino-acids), ALT (alanine transaminase), BCAAs (branched-chain amino-acids), CI (confidence interval), DM (diabetes mellitus), EFAs (essential fatty acids), EYA2 (EYA transcriptional coactivator and
phosphatase 2), FFAs (free fatty acids), GGT (gamma-glutamyl transferase), GIGD (gastrointestinally mediated glucose disposal), GIP (Gastric inhibitory polypeptide), GLP-1 (glucogon-like peptide 1), GLP-2 (glucogon-like peptide 2), hERG (human
Ether-a-go-go- related gene), HOMA-IR (Homeostatic Model Assessment of Insulin Resistance), IGT (impaired glucose tolerance), IFG (impaired fasting glucose), IIGI (isoglycemic intravenous glucose infusion), IR (insulin resistance), i.v. (intravenous),
IVGTT (intravenous glucose tolerance test), OGTT (oral glucose tolerance test), NGT (normal glucose tolerance), T2D (type 2 diabetes mellitus).
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suppression was also reported in two articles investigating
genetic variants and glucagon secretion during OGTT (57, 61).
Engelbrechtsen et al. explored common variants in the human
ether-ai-go-go related (hERG) gene resulting in a dysfunctional
Kvl11.1 voltage-gated potassium channel. Authors reported the
minor G-allele of rs1805123 to be associated with decreased
fasting glucagon release: if combined with the minor A- allele of
rs36210421 a suppressed glucagon response to increased glucose
levels during an OGTT was reported (57). Jonsson et al.
performed a genome-wide association study to identify novel
loci that affected plasma glucagon levels. The authors
documented that higher plasma glucagon levels at 30 min
during the OGTT (Beta 0.145, SE 0.038, P = 1.2 x 10-4) were
significantly associated with a T2D variant in EYA2, noting a
7.4% increase in plasma glucagon level per effect allele. Jonsson
et al. identified a marker in the MARCHI locus, significantly
associated with a reduced glucagon suppression during the first
30 min of the OGTT (Beta — 0.210, SE 0.037, P = 1.9 x 10-8),
(8.2% less suppression per effect allele). They also found nine
additional independent markers, not previously associated with
T2D, that demonstrated suggestive associations with a reduced
suppression of glucagon during the first 30 min of the OGTT (P
< 1.0 x 10-5) (61).

Wagner et al. investigated the glucagon response in three
cohorts (TUEF study, Bonita-PPP study, Tulip study) with a
total of 4194 subjects. They found no suppression of glucagon
during OGTT (glucagon;,omin) in 21-34% of subjects (in all
three cohorts). These individuals were leaner, had a higher
insulin sensitivity, a lower risk for impaired glucose tolerance
(IGT) (OR 0,44-0,53 in all cohorts, p<=0.009) and lower fasting
glucagon levels. The authors concluded that there was an
association between non-suppressed glucagon at 120 minutes
of OGTT and a metabolically healthier phenotype with lower
IGT risk (odds ratio [OR] was 0.44-0.53 in all cohorts, p < 0.009)
(53). Comparing glucagon suppression between the groups (i.e.,
NGT, IFG, and IGT) and in the TUEF study at the intervals 0-
30, 0-60, 0-90, and 0-120 minutes, only fold change
glucagon120/0 minutes was different. In the PPP- Bonita
study, of the 98 individuals with incident diabetes, significantly
fewer had increasing or stable glucagon; omin than subjects
without diabetes (25 vs. 39%, P = 0.002). Glucagon;omin in
NGT was 15.2 median (12.6-18.9 [IQR/95%CI]), while in IGT it
was 13.5 median (11.5-18.1 [IQR/95%CI]). The TULIP study
assessed glucagon (fasting and 120 minutes during OGTT)
before and nine months after a lifestyle intervention. Lifestyle
intervention reduced fasting glucagon (19 vs. 17.5 [median] and
15.2-25.6 vs. 14.4-20.7 [IQR/95%CI]) as well as glucagon after
120 minutes (16.2 vs. 15.2 [median] and 12.4-20.4 vs. 13.4 vs.
18.1 [IQR/95%CI], all pg/mL) (53). Wagner et al. compared
their results to those by Faerch et al. (118), that had registered
lower early suppression of glucagon (minutes 0-30) and higher
late suppression of glucagon (minutes 30-120) in patients with
prediabetes and incident diabetes, compared to individuals with
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NGT (118). The authors found comparable data on late
glucagon suppression, however, the TUEF study did not show
differences between prediabetes and NGT for shorter intervals
(30/0, 60/0, and 90/0). Also, glucagon levels were about two-fold
higher than those of Faerch et al. (118). Wagner et al. stated that
similar AUCs for glucagon levels and additional controlling for
fasting glucagon suggest that fasting glucagon does explain the
association between glucagon suppression and insulin
sensitivity. Additionally, they found a strong inverse
association of hepatic triglyceride content with non-suppressed
glucagon;,omin in their data (51). Similarly, Gar et al. found four
patterns of glucagon dynamics that did not match metabolic
phenotypes in female patients. While Gar et al. reported fasting
hyperglucagonemia and delayed glucagon suppression in
prediabetes and T2D (median QI to Q3 for fasting plasma
glucagon: 6.0 [4.6 to 8.2] vs 7.7 [5.6 to 11.2] in controls); early
glucagon suppression: 47.6 [32.8 to 57.9] vs 32.0 in controls
[14.5 to 51.3, all pmol/L], respectively. This applied to only 21%
of cases and 8% of the control group. Delayed glucagon
suppression was clearly associated with obesity and metabolic
syndrome. One cluster of seven individuals with low fasting
glucagon had rising glucagon levels during the OGTT. The
women in this cluster were lean, insulin sensitive, and
displayed low plasma glucose (58). The study with the smallest
population was done by Kosuda et al., who investigated glucagon
response to an OGTT in 17 patients with idiopathic postprandial
syndrome (IPS). They reported two types of glucagon dynamics.
The first was characterized by lower fasting glucagon and further
suppression during OGTT, and the second with fasting
hyperglucagonemia and drastic decrease during OGTT. The
authors concluded that glucagon suppression in patients with
IPS is more substantial than in healthy individuals (59).

Two publications addressed glucagon levels during an OGTT
in a pediatric collective, which are presented in the section on
pediatric data below (62, 71). Of the studies that included
intravenous glucose administration, one study by Wang et al.
was on rhesus monkeys. They performed iv. glucose tolerance
tests every six months and measured glucagon levels during tests.
In the T2D group with obesity, glucagon remained elevated. In the
non-T2D group with obesity, it increased gradually to become
significantly higher in the 7" year test. In lean monkeys, glucagon
immediately decreased after i.v. glucose and returned to baseline
within an hour. In the T2D group, glucagon initially decreased
after the glucose challenge to increase to a considerably higher
level than baseline after 60 minutes (55). In human studies, Knop
reports hyperglucagonemia during OGTT in T2D patients
specifying they responded with normal suppression of glucagon
during an isoglycemic intravenous glucose infusion (IVGI) (7,
119). The author documents the reproduction of this effect in a
number of studies (120-122). Knop found the same reaction in
other forms of diabetes (e.g., secondary diabetes after pancreatitis)
(7). In a publication on incretin hormones and glucagon in liver
disease, Junker included a summary of three separate studies. The
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first investigated the influence of NAFLD on the previously
mentioned hormones in individuals with normal glucose
tolerance and or T2D. All patients underwent OGTT (50g
glucose) and an isoglycemic intravenous glucose infusion
(IVGI). In the first study, only fasting glucagon was measured.
Incretin effect in controls was stronger than in NAFLD and T2D.
Fasting hyperglucagonemia was associated with NAFLD
independent of T2D. Controls and T2D without the liver
disease had similar fasting glucagon levels. The second study
concentrated on patients with cirrhosis. Fasting
hyperglucagonemia was present in cirrhosis and both oral (50g
glucose OGTT) and iv. glucose suppressed plasma glucagon.
Junker concluded that cirrhosis complicates the treatment of
oral glucose and reduces the incretin effect, possibly
contributing to glucose intolerance in cirrhotic patients. The
third study included no glucagon measurements (54).

3.5 Effects of glucagon on amino acids
and vice versa

Glucagon is known to stimulate the influx of AAs into liver
cells to provide substrates for gluconeogenesis (106). In order to
do so, glucagon stimulates AA transporters expression in the liver
for alanine, glutamine, asparagine, and histidine (123, 124). After
the influx of AAs into the hepatocytes, the AAs are processed for
gluconeogenesis and ureagenesis (85, 125). Under
pharmacological blockade of the glucagon receptor signal,
plasma concentrations of AAs increase while ureagenesis
decreases (13, 28, 126-131). Inhibition of glucagon signaling
reduces the expression of genes involved in hepatic AA uptake
and AA metabolism, thus resulting in hyperaminoacidemia (10,
13, 14, 17, 28, 132, 133). Wewer Albrechtsen et al., Longuet et al.,
Kim et al. and Dean et al. reported that amino acids regulate
glucagon secretion and the alpha cell mass and its proliferation
(10, 14, 16, 17, 22). Most AAs stimulate glucagon and insulin
secretion with varying potency (29-33). Additionally, there also
seem to be differences among species (34). Otten et al. found
fifteen AAs potentially signaling to the alpha cell to increase
glucagon secretion. They proposed alanine as the main signal
molecule, arguing that, if administered intravenously, it is a potent
stimulator of glucagon secretion (134-136). However, in the
fasting state, results for alanine remain unclear. While elevated
fasting levels of alanine are associated with elevated fasting glucose
(137, 138) alanine was not associated with glucagon (136).
Elevated glucagon secretion has also been reported following the
administration of arginine, cysteine, lysine, glycine, and proline
(136). Results for glutamine remain controversial. In cell culture
models, it is known to cause alpha cell proliferation but does not
cause glucagon secretion in the perfused mouse pancreas (10,
136). Leucine was associated with alpha cell proliferation in
isolated mouse islets (10, 17), but the results on glucagon
secretion for BCAAs remain inconclusive. BCAAs were reported
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to not stimulate glucagon secretion (30, 32, 136, 139), except for
one study on a perfused rat pancreas (29). In contrast, another
study reported significant correlations between postprandial
glucagon and leucine, and isoleucine and valine (134). The
prolonged administration of AAs led to alpha cell proliferation
as shown in isolated pancreatic mouse islets (14), and certain AAs
(alanine, glutamine, glutamate, and leucine) were consistently
associated with alpha cell proliferation (10, 17). AA
concentrations, as shown with BCAA, vary with disease.
Patients with NAFLD presented with increased plasma
concentrations of BCAAs, aromatic AAs, glutamate, alanine,
and lysine, and decreased glycine and threonine (140).
Interestingly plasma concentrations of glucagonotropic amino
acids were elevated in patients with NAFLD, and AA
concentrations correlated with glucagon concentrations (141).

3.6 Effects of experimental oral glucose
administration on amino acids

Seven articles investigated the dynamics of amino acids
during isolated glucose intervention (i.e., OGTT) in the
context of LACA (20, 63-68). Table 2 lists the articles
containing information on amino acid dynamics during
OGTT as well as their results and conclusions.

In a previously mentioned study from 2018, Wewer
Albrechtsen et al. analyzed glucagon and eight AAs during an
OGTT (20). The study included 1408 adult individuals from the
Danish ADDITION-PRO study that underwent a 75g OGTT.
Blood samples were drawn at 0, 30 and 120 minutes to analyze
serum glucose, glucagon, and eight AAs. The AAs were four
non-BCAAs (alanine, histidine, glutamine, and tyrosine), three
BCAAs (isoleucine, leucine, and valine), and phenylalanine.
During the OGTT, plasma concentration for glucagon and
alanine decreased. Alanine concentrations differed by HOMA-
IR tertile. Individuals in the lower HOMA-IR tertile were not
significantly affected (fasting: 0.26 + 0.06 mmol/L change in
alanine 120 min after the OGTT: —-0.003 mmol/L [95%CI
-0.007, 0.000 mmol/L], p=0.076). Middle and upper tertiles
for HOMA-IR showed higher fasting alanine (0.27 + 0.06 and
0.28 + 0.06 mmol/L, respectively). In these tertiles, a significant
decrease occurred during OGTT (change in alanine 120 min
after the OGTT: —0.010 [95% CI -0.014, —0.007] and -0.018
mmol/L [95% CI -0.022, —0.015 mmol/L], respectively; p<0.001
for both). Authors found statistically significant non-linear
associations with fasting glucagon levels for phenylalanine,
isoleucine, leucine and valine (p < 0.049). They also found a
modifying effect of hepatic insulin resistance on the associations
with fasting plasma glucagon (p < 0.040) for alanine, tyrosine,
phenylalanine, ‘total non-BCAA’ (alanine, tyrosine, histidine
and glutamine), isoleucine, leucine, and total BCAA. Wewer
Albrechtsen et al. found that increasing levels of hepatic insulin
resistance (but not peripheral IR) (p > 0.166) attenuated the
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TABLE 2 Studies on the dynamics of glucagon after administration of glucose.

Studies on the dynamics of amino acids after administration of glucose

Authors

Year

Aim of study/article

Sample size

Male/
Female

Age
(years)

Amount of
glucose
administered

(Measured) Metabolites

Timepoints of
measurement
(minutes)

Results

Authors’ conclusion

Wewer 2018 Hypothesis was that total: Lower 58.9- OGTT 75¢ Glucose, glucagon, Four 0, 30, 120 OGTT did not significantly affect alanine for Higher fasting plasma glucagon

Albrechtsen hepatic IR via n=1408 tertile: 74.2 non-BCAAs (alanine, individuals in the lower tertile of HOMA-IR. For concentrations were associated

et al. (20) defective glucagon (Lower 49.7% (66.2 histidine, tyrosine and middle and upper tertiles of HOMA-IR, fasting with lower concentrations of
signalling/glucagon tertile: female, mean) glutamine), Three plasma concentrations of alanine were higher (0.27 certain non-BCAAs including
resistance would n=469, Middle BCAAs (isoleucine, +0.06 and 0.28 + 0.06 mmol/l, respectively), and alanine, tyrosine and glutamine,
cause impaired Middle tertile: leucine and valine), in these two tertiles alanine concentration and with higher concentrations of
ureagenesis and tertile: 50.6% Phenylalanine decreased in response to OGTT (change in alanine BCAAs.
increased plasma n=470, female, 120 min after the OGTT: —-0.010 [95% CI —0.014,
concentrations of Upper Upper —0.007] and -0.018 mmol/l [95% CI -0.022,
glucagonotropic tertile: tertile: —0.015 mmol/l], respectively; p < 0.001 for both).
amino acids and n=469) 40.7%
glucagon. female

Sjogren 2021 To identify total n=61 all male 44-69 OGTT 75¢ BCAAs (isoleucine, fasting, 30, Fasting plasma BCAAs were ~10% higher in T2D. Disturbances in the BCAA profile

et al. (63) differences in (NGT: leucine and valine), 20 Fasting BCKAs did not differ between NGT and are exacerbated by glucose loading.
circulating and n=32; T2D: Branched-chain o-keto T2D. OGTT decreased circulating levels of BCAA This reveals, that the metabolic
skeletal muscle n=29) acids (BCKAs), and BCKA in NGT but not in T2D. inflexibility that characterises T2D
BCAA levels in encompasses BCAA catabolism
response to an
OGTT in individuals
with normal glucose
tolerance or T2D.

Wang et al. 2019 To characterize the total: 6 46.2- OGTT 758 Total of 78 metabolic 0, 30, 60, 120 NGT: almost all measured AAs were decreased Non-diabetic individuals are

(64) metabolic changes in n=5340 subgroups 47.2 markers (incl. Amino- during the OGTT, except for alanine. BCAAs exposed to a similar adverse
response to an oral (male: 33- acids, Glucose, insulin, (isoleucine, leucine, and valine) and AAA postprandial metabolic milieu, as
glucose test (OGTT) 63%) lipids, ketone bodies) (phenylalanine and tyrosine) showed stronger those with T2D
and assess the decrease during OGTT.
associations of these
changes with insulin
resistance.

Li et al. (65) 2016 To investigate total: n=70 47/33 37.46- OGTT 75¢ Total of 21 metabolic 0, 120 Healthy controls: 4-hydroxy-L-proline, valine, Elevated fasting and postprandial
changes in 57.62 markers (incl. Alanine, asparagine, tyrosine decreased significantly. levels of BCAAs during OGTT
postprandial AAs Arginine, Cystein, Healthy controls: serine, taurine, cysteine and revealed significant metabolic
and biogenic amine Glycine, Glutamic acid, creatine increased significantly. Hyperlidemia: alterations in the amino acid-
profiles provoked by Histidine ,Isoleucine, eucine, isoleucine, serine, histidine, lysine, taurine, metabolism in hyperlipidemia
an OGTT in Leucine, Lysine, cysteine and creatine increased significantly. Six compared to healthy individuals.
hyperlidemia patients Methionine, metabolites (methionine, dimethylglycine,
using targeted Phenylalanine,Proline, aminobutyric acid, niacinamide, allantoin and
metabolomics. Serine, Tryptophan, creatinine) can be used as biomarkers for

Threonine ,Tyrosine, hyperlidemia:
Valine, Asparagine,
Creatine)

Geidestam 2015 | Study changes in total: n=14 3/11 33,5- OGTT 75¢ All 21 AAs, 11 FFAs 0, 30, 120 Suppression of AAAs is associated with decreased Weight loss followed by weight

et al. (66) OGTT-elicited 40,5 insulinogenic index observed after weight loss maintenance results in changes of
metabolite patterns (tyrosine: r = 0.72, p = 0.013; phenylalanine: r = some but not all serum profiles
in obese subjects 0.63, p = 0.039). Suppression and/or lack of elicitated by OGTT that are
during a diet induced increase in levels of glutamine, isoleucine, leucine different in obese glucose
weight loss study. and glutamate after OGTT improved towards lean intolerant compared to lean

profile. after weight maintenance. Individuals with glucose tolerant subjects. Changes

obesity demonstrated a greater heterogeneity in the coincide with improvements in

OGTT-response before and after weight loss. hepatic or peripheral insulin
sensitivity during weight loss and
weight maintenance.

Liu et al. 2015  To investigate the total: n=30 na. 18-23 OGTT n.a 29 Amino-acids and 0,30,60,90,120 Compared with the controls, eight amino acids Elevated fasting levels and a

(67) metabolic alterations biogenic amines, 14 and biogenic amines significantly increased delayed decrease in AAs during

in obesity provoked
by an OGTT using
targeted
metabolomics.

FFAs and 14 EFAs

(leucine, valine, isoleucine, phenylalanine, proline,
alanine, creatine and asparagine, P < 0.05) in the
population with obesity and three metabolites,
glutamine, glutamic acid and taurine, decreased (P
< 0.05).

OGTT are important
characteristics of metabolic
perturbations in obesity.
Correlation between postprandial
changes in BCAAs with insulin
resistance in obesity of
importance.

(Continued)
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association between glucagon and circulating levels of alanine,
glutamine, and tyrosine. This was also significantly associated
with hyperaminoacidaemia and hyperglucagonaemia (20). The
association between insulin resistance and BCAAs during an
OGTT was also investigated by Sjogren et al. They investigated
differences in circulating BCAA levels in response to an OGTT
between the circulatory system and skeletal muscles (63). For the
purpose of this review, the plasma levels of BCAAs were of
interest. The study population included thirty-two men with
normal glucose tolerance (NGT) and 29 men with T2D. The
authors found that the impaired BCAA catabolism in T2D under
fasting conditions was exacerbated during OGTT. In NGT, the
OGTT resulted in a 37-56% reduction of BCAAs, with no
detected changes in patients with T2D. Fasting BCAAs levels
(isoleucine, leucine, and valine) were ~10% higher in T2D than
in NGT, no significant changes were recorded for corresponding
branched-chain o-keto acids (BCKAs). The OGTT decreased
circulating levels of BCAA and BCKA in NGT. The authors
concluded that a glucose challenge may unmask defects at
several steps of BCAA catabolism in T2D. The circulating
concentrations of leucine, isoleucine, and derived BCKAs
exhibited a positive correlation (r=0.64-0.77) with blood
glucose, HOMA-IR, and HbAlc after an OGTT (63). A 2021
study by Wang et al. came to similar conclusions concerning
BCAAs. They analyzed 78 metabolic parameters during fasting
and during an OGTT. In individuals with NGT almost all
measured AAs decreased during the OGTT, except for alanine.
BCAAs (isoleucine, leucine, and valine) and aromatic amino
acids (AAA) (phenylalanine and tyrosine) showed a more
noticeable decrease (15 to 45%) than the other amino acids
(not specified by authors) (6 to 10%) at 120 minutes. In insulin
resistance (IR), the BCAAs were higher at baseline and had a
weaker decrease at 2 hours. Individuals with NGT and IR
showed a less favorable metabolic profile than insulin-sensitive
individuals with NGT (P<0.0006 and consistent when stratified
by sex). Individuals with diabetes or prediabetes showed
marginal differences in metabolic responses concerning
branched-chain amino acids. Authors concluded, subjects with
NGT and IR have a similar metabolic pattern and cardiovascular
risk level as in T2D. The article did not include absolute values of
AAs (64).

Two studies focused on AA dynamics during OGTT in the
context of obesity. Liu et al. measured AAs after an OGTT in a
cohort of 15 young adults with obesity (18-23 years) and
compared values with those from 15 lean controls. In the
group with obesity, baseline (i.e., fasting) BCAAs (leucine,
valine, isoleucine) as well as phenylalanine, proline, alanine,
creatine, and asparagine were significantly increased (P<0.05),
while glutamine, glutamic acid, and taurine were decreased
(P<0.05). During the OGTT 2h-glucose was positively
associated with leucine (r=0,84, P<0.05) and tryptophan
(r=0.77, P<0.05) in controls. In the group with obesity,
changes in arginine and histidine were positively associated
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with parameters for obesity (P<0.05). Increasing fasting glucose
was positively associated with changes in histidine
concentrations (P=0.004). HOMA-IR correlated with changes
in leucine, isoleucine, phenylalanine, lysine, and histidine during
the OGTT (67). The second study, by Geidenstam et al. analyzed
21 AAs during an OGTT in 14 individuals with obesity during
weight loss. Results suggested different metabolic patterns
during weight loss and weight maintenance, and only a few
profile changes towards the lean reference. They reported that
after weight-loss a suppression of aromatic amino acids was
associated with decreased insulinogenic index (tyrosine: r = 0.72,
p = 0.013; phenylalanine: r=0.63, p=0.039). Moreover, OGTT-
elicited suppression or lack of increase in levels of glutamine,
isoleucine, leucine, and glutamate improved towards the lean
profile in weight maintenance following weight loss, and
improved glucose tolerance (AUC Glutamine (weight-loss:
r=0.76, p=0.003 and weight-maintenance: r=0.85, p=0.0002,
respectively). Subjects with obesity’s response to OGTT before
and after weight loss was more heterogeneous than in lean
patients, although reduced during weight maintenance (66). One
study was included individuals with known hyperlipidemia and
compared their AA dynamics during OGTT to healthy controls.
Li et al. investigated 21 metabolic parameters before and after an
OGTT (plasma samples at minutes 0 and 120). In healthy
controls, the levels of 4-hydroxy-L-proline, valine, asparagine,
tyrosine decreased, and the concentrations of four amino acids
(serine, taurine, cysteine and creatine) increased significantly
after the OGTT. In HLP there were significant increases in
leucine, isoleucine, serine, histidine, lysine, taurine, cysteine, and
creatine, while reductions in six metabolites (methionine,
dimethylglycine, aminobutyric acid, niacinamide, allantoin,
and creatinine) were noted after the OGTT. Li et al. reported
that their data positively associated the postprandial changes in
isoleucine and HOMA-IR. The study only listed fasting values
and used graphics for measurements at 120 minutes and their
association to clinical parameters (e.g., insulin concentrations)
(65). The study on the effect of an OGTT on BCAAs in a
pediatric population by Trico et al. is listed in section 3.8. on
pediatric data (68).

3.7 Further studies on experimental
glucose administration

In their study on the role of glucagon and muscle wasting in
critical illness, Thiessen et al. infused critically ill patients with
insulin and glucose, failing to lower glucagon, instead raising it
with parenteral administration of amino acids. The authors
suggested the effect of adrenaline and cortisol to avoid a
decline in glucagon levels after glucose administration. They
concluded that during critical illness hyperglucagonemia
increases hepatic AA-catabolism without affecting muscle
wasting or blood glucose (142). A study by Kelly et al.
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included two mathematical models of glucagon effectiveness
and sensitivity from an OGTT (not included in the previous
sections. These models were used to calculate how various
degrees of patient glucagon-sensitivity and effectiveness might
affect serum glucose and glucagon concentrations during
IVGTT and insulin infusion tests. These suggested that the
models could provide a mathematical platform from which the
effect of glucagon during a glucose test may be predicted (143).
In another publication, Lund et al. examined the glucagon of ten
pancreatectomy patients and ten healthy controls. They found
glucagon present in patients without a pancreas, demonstrating
the existence of extrapancreatic glucagon. The authors suggested
that this gut-derived extrapancreatic glucagon may play an
unrecognized role in diabetes secondary to total
pancreatectomy (144).

3.8 Pediatric data

Four studies focused on amino acids in a pediatric population.
The study by Suzuki et al. included 26 children with obesity (15
male, age 122.2 + 4.2 months; 11 female, age 122.9 + 4.1 months).
Elevated branched-chain AAs (BCAAs) leucine, isoleucine, and
valine are associated with impaired glucose tolerance and
hyperuricemia at early stages of pediatric obesity (72). In this
study, HOMA-IR positively correlated with BCAAs,
phenylalanine, tryptophan, methionine, threonine, lysine,
alanine, tyrosine, glutamate, proline, arginine, and ornithine. In
children with obesity and decreased HOMA-IR, levels of BCAAs,
aspartic acid, alanine, tyrosine, glutamate, and proline decreased,
but levels of glycine and serine increased after six months of
lifestyle intervention (i.e., nutrition and exercise, no medication).
After intervention in children with obesity and high HOMA-IR,
all AA-levels declined (72). Cosentino et al. reported that leucine
(19% (p=0.015)), isoleucine (21% (p=0.024)), and valine (21%
[p=0.025]) as well as aromatic AAs (AAA, i.e., phenylalanine and
tyrosine) were more elevated in children with obesity compared to
healthy controls. A lifestyle-intervention program only showed
negligible differences in BCAA- and AAA-changes (p>0.05) (145).
Goffredo et al. found that plasmatic BCAAs negatively correlated
with peripheral and hepatic insulin sensitivity. Dysregulation of
BCAAs in adolescents with obesity was considered a characteristic
of NAFLD and, therefore, a predictor of an increase in liver fat
content (69). The only study to report changes in amino acid
levels in a pediatric population during an OGTT was by Trico
etal. (see Table 2). The study reports BCAA levels and included 78
non-diabetic children and adolescents aged 8-18 who underwent
an OGTT (1,75g/kg body weight, up to 75g). Sixteen participants
underwent a second OGTT two years later. Insulin sensitivity was
estimated from the OGTT using Whole-body insulin sensitivity
index (WBISI). In adolescents with a lower WBISI, fasting BCAA
levels had increased. During the OGTT, BCAAs showed a more
blunted decline after glucose administration in individuals with a
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lower WBISI (WBISI effect p<0.03 for all BCAAs). BCAA curves
were not significantly different between insulin-sensitive and
insulin-resistant individuals during the OGTT (146).

We found two publications on glucagon dynamics during an
OGTT in a pediatric population. The study by Manell et al.
investigated the plasma levels of glucagon, GLP-1, and glicentin in
adolescents with obesity and T2D. In line with adult data, the
authors found that adolescents with T2D and obesity had fasting
hyperglucagonemia twice the level of the NGT group. Adolescents
with obesity and NGT had 30% higher fasting glucagon than
controls, glucagon levels increased with a decline in glucose
tolerance. Fasting glucagon did not differ between NGT and
IGT. During the OGTT, glucagon levels in lean adolescents
decreased between minutes 5 to 10. Maximum suppression was
achieved after 30 minutes. In adolescents with obesity (both NGT
and IGT), glucagon levels showed an increasing trend in the first
five minutes without declining below baseline in the first 30
minutes. In adolescents with obesity and T2D there was an
increase in the first 15 minutes and no decline below baseline
until 60 minutes after the start of the OGTT. Boxplots and fasting
glucose concentrations are indicated for each subpopulation (62).
The second study’s objective was to determine how the
hyperresponsiveness of the beta cell and the insulin resistance in
youth compared to adults (both with IGT or T2D) was due to an
increased glucagon release. Data was gathered from the RISE
study (66 youth and 350 adults), and patients on antidiabetic
drugs were excluded. The younger population was 10-19 years of
age with a Tanner stage >1. Fasting glucagon and steady-state
glucagon did not differ between younger and adult participants.
While fasting glucose and glucagon were positively correlated in
adults (r=0.133, p=0.012), they negatively correlated in the
younger group (r= -0.143, p=0.251). At comparable fasting
glucagon levels, the 10-19 years olds had higher C-peptide levels
and a lower insulin sensitivity. During a hyperglycemic clamp
(blood glucose at around 11.1. mmol/L and >25 mmol/L),
glucagon suppression was similar between the pediatric and the
adult collectives. In the course of the OGTT, glucagon decreased
in both groups, although absolute glucagon levels were lower in
the young patients at multiple time points. Notably, the decline
was steeper in the younger population in the first 30 minutes, but
AUC for glucagon did not differ significantly between the two
groups. Following an arginine infusion, glucagon levels in this
study increased in youth and adults, but the response was
significantly lower in the pediatric population. Higher fasting
glucagon concentrations were associated with lower insulin
sensitivity for both age groups. The authors had hypothesized
that hyperglucagonemia would significantly contribute to the
hyperresponsiveness of beta cells and insulin resistance in
youth. As glucagon concentrations were lower in youth, the
authors dismissed their hypothesis of direct beta cell stimulation
via glucagon, suggesting a greater beta cell sensitivity towards
glucagon in youths (71).
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4 Discussion

The LACA is an established concept and disruption of the
LACA may trigger hyperglucagonemia and hyperaminoacidemia.
To this day, the underlying mechanisms are incompletely
understood (22). As amino acids are considered to be drivers of
the LACA (ie, they stimulate glucagon secretion and alpha cell
proliferation), their dynamics during glucose administration is of
interest (29-33).

In healthy adults without steatosis and with NGT, fasting
amino acid levels are normal and AA levels decrease readily
during OGTT. However, while results for specific AAs are partly
inconclusive (e.g., alanine) (22, 64, 140), BCAAs have
consistently been linked to metabolic impairment (e.g.,
HOMA-IR as surrogate for hepatic insulin resistance) (147).
Fasting BCAA-levels are elevated in adults with obesity, NAFLD,
and T2D and are also associated with cardiovascular diseases
(148). In individuals with diabetes and prediabetes, BCAA
catabolism is impaired and plasmatic levels decrease slower
during OGTT as in individuals with normal glucose
metabolism (20, 64, 67). Hence, the OGTT might be useful in
demasking defects in BCAA-catabolism (e.g. T2D) (63). BCAA
catabolism involves a reversible and an irreversible process. The
first takes place either in the cytosol or the mitochondria and is
catalyzed via a branched-chain aminotransferase (BCAT). The
second process is catalyzed in the mitochondria by branched-
chain keto-acid-dehydrogenase (BCKDH), leading to formation
of substrates that enter the Krebs cycle (149-151). In individuals
with diabetes, BCAT and BCKDH expression may be decreased
due to genetic variants (152, 153). However, a deranged function
of the two enzymes has also been related to increased levels of
insulin, fatty acids, and proinflammatory mediators, linking
these hallmarks of obesity-associated metabolic impairment to
BCAA catabolism and the LACA (154).

While a number of publications on fasting glucagon exist,
there is very limited data on its dynamics after glucose
administration. In general, glucagon levels are expected to
decline when blood glucose levels rise. In adults, this response
has been constantly observed after i.v. glucose administration,
while responses to oral glucose vary. Of note, T2D is not only
attributed to beta-cell dysfunction but also alpha-cell
dysfunction. In keeping with this, hyperglucagonemia was
repeatedly reported during OGTT in T2D and has been
attributed to an incretin effect as well as to intestinal glucagon
secretion (7, 119). Additionally, endogenous glucose production
is higher during OGTT than after i.v. glucose administration (7).
The lack of early glucagon suppression, especially within the first
30-60 minutes, may be an early and reliable hallmark of
prediabetes and IGT in adults (56, 60, 118), although
contradictory results question this (53). It is of interest that
increased glucagon levels upon oral glucose challenge can also be
found in healthy individuals and has even been associated with a
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lower risk for impaired glucose tolerance (IGT) (53). A potential
explanation may be a protective effect of glucagon against acute
hypoglycemia to counterbalance a strong insulin response to the
glucose load and genetic variants involved in ion-channels
regulating glucagon secretion (55, 56, 58, 155). Still, higher
fasting glucagon and late glucagon-suppression during OGTT
are consistent findings in prediabetes, T2D, obesity and the
metabolic syndrome (53). The degree of obesity has been
positively associated with glucagon levels, independent of
insulin-resistance (25) and individuals suffering from hepatic
dysfunctions display fasting hyperglucagonemia without altered
glucose tolerance (156). As NAFLD has been demonstrated to be
even more strongly associated with hyperglucagonemia than
T2D, Wewer-Albrechtsen et al. considered the different degrees
of liver fat in patients with T2D the reason for varying glucagon
levels. However, the extent to which the steatotic liver is also
partially resistant to the hyperglycemic actions of glucagon is
unknown (22). As hyperglucagonemia is associated with fasting
hyperglycemia and elevated HbAlc-levels in adults (22), the
question arises if hyperglucagonemia precedes the impairment
in glucose metabolism. In adults, the glucagon receptor seems to
remain functional for the glucose pathway while the AA-
pathway is impaired (157). Glucagon effects are mainly exerted
via glycogenolysis via molecular pathways that are clearly
separated from those of gluconeogenesis and ureagenesis (22).
In in vitro studies, glucagon modulated beta cell function as well
as endocrine hormonal function and parasympathetic
levels (158).

Of note, dysregulated glucagon secretion is not as significant
in adolescents as in adults with T2D. This speaks against a causal
role of alpha cell dysfunction in the gradual progression from
normal to impaired glucose metabolism and eventually T2D
(159). Moreover, contrary to adults, glucagon was negatively
associated with fasting glucose in a study by Stinson et al., as they
investigated the influence of childhood obesity in 4012 Danish
individuals (age 6-10 years). While fasting glucagon was
associated with cardiometabolic risk markers (e.g., BMI SDS,
body fat percentage, liver fat percentage, triglycerides, blood
pressure), it was not associated with hyperglycemia. Thus,
hyperglucagonemia might precede impairments in glucose
regulation (160). This finding is in line with the pediatric data
from the RISE study (71). Kahn et al. also reported an inverse
relationship between glucagon and fasting glucose in their
collective of 10-19 year old patients. In the RISE study there
was no difference in glucagon suppression during OGTT
between the age groups, however, arginine administration
resulted in significantly lower glucagon levels in the pediatric
population. In youth with IGT or newly diagnosed T2D,
hypersecretion of beta cells and reduced insulin sensitivity
have been described. At comparable glucagon levels as adults
have, they also display higher C-peptide levels. Kahn et al.
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concluded that alpha cell dysfunction in youth does not
explain beta cell dysfunction but suggests a greater glucagon-
sensitivity in the pediatric population (71). In a pediatric
population with obesity and T2D, glucagon-levels showed an
early rise during OGTT (62). Manell et al. concluded that insulin
or glucose were not responsible for hyperglucagonemia, but gut-
derived glucagon or an altered glucagonotropic response to GIP.
Additionally, a blunted GLP-1 response to affect glucagon was
ruled out, as neither the response of GLP-1, nor insulin
correlated with the glucagon-response. In this study, the lower
GLP-1 response in adolescents with obesity, independent of
glucose tolerance, corroborates previous findings from adult
studies (48, 161). Pediatric studies only reported fasting
concentrations of AA levels (22, 68, 69, 72). In accordance
with adult data, elevated fasting BCAAs correlated with
obesity and insulin resistance (22, 72) and were predictors of
liver fat content (69). This indicates similarities of BCAAs in the
role of metabolic diseases between pediatric and adult patients.

The limitations of this study were a relative paucity of studies
on glucose and the LACA, the small number of pediatric studies,
and the type of study design (i.e., mainly cross-sectional). Only
one article by Dean included a single specific paragraph on the
effect of glucose on the LACA (36). Most studies focused on
fasting levels of glucagon and/or AAs. One challenge in studies
involving the measurement of glucagon is quantifying exact
plasma levels. Measurements have conventionally been
performed with radioimmunoassay (RIA), deemed unreliable,
especially at lower concentrations (51, 52, 60). Wagner at al.
reported glucagon levels two times higher than Faerch et al. (118),
both studies were performed in 2016 using different assays (53).
The enzyme-linked immunosorbent assay (ELISA) may produce
more accurate results (60). The main findings of this systematic
review include a synopsis on what is known on the relationship of
glucose and the liver-alpha cell axis. Certain aspects (e.g., inverse
association between glucagon and glucose in youth vs. adults,
change of AA-levels with age) hint towards potential differences
between adults and children concerning LACA and
pathophysiology and need further investigation (69, 71, 162,
163). Many aspects of glucagon-secretion (e.g., in
hyperglycemia) are still incompletely understood (92-95). While
hyperglycemia might directly attenuate alpha cell function, the
consequences for the LACA remain unclear (114). Impaired
glucagon response during OGTT is not only present in patients
with T2D, but also in healthy individuals (58). The results on AAs
in the fasting state remain partly inconclusive, but BCAAs are
associated with metabolic impairments and show different
dynamics in an altered LACA (63). In conclusion, the concept
of the LACA is of great interest but still understudied. The LACA
may provide better insight into metabolic diseases, and the
dynamics of glucagon and amino acids during standardized
glucose challenge tests may hold a predictive or diagnostic value.

frontiersin.org


https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

Author contributions

Conceptualization, TP, DF and DW; Methodology, DW, TP,
AL and NS; Analysis, TP, DF, KG and AS; Writing—Original
Draft Preparation, TP, DF, V] and DT; Writing—Review and
Editing, TP, KG, KMo, KMa, HM, EA, CDand NS; Supervision,
DW; Project Administration, TP and DF. All authors discussed
the results and commented on the manuscript. All authors have
read and agreed to the published version of the manuscript.

References

1. Vajro P, Mandato C, Franzese A, Ciccimarra E, Lucariello S, Savoia M, et al.
Vitamin e treatment in pediatric obesity-related liver disease: a randomized study. J
Pediatr Gastroenterol Nutr (2004) 38(1):48-55. doi: 10.1097/00005176-200401000-
00012

2. (NCD-RisC) NRFC. 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(10113):2627-42.

3. Welsh JA, Karpen S, Vos MB. Increasing prevalence of nonalcoholic fatty
liver disease among united states adolescents, 1988-1994 to 2007-2010. ] Pediatr
(2013) 162(3):496-500.e1. doi: 10.1016/}.jpeds.2012.08.043

4. Anderson EL, Howe LD, Jones HE, Higgins JP, Lawlor DA, Fraser A. The
prevalence of non-alcoholic fatty liver disease in children and adolescents: A
systematic review and meta-analysis. PloS One (2015) 10(10):¢0140908. doi:
10.1371/journal.pone.0140908

5. Schwimmer JB, Deutsch R, Kahen T, Lavine JE, Stanley C, Behling C.
Prevalence of fatty liver in children and adolescents. Pediatrics (2006) 118
(4):1388-93. doi: 10.1542/peds.2006-1212

6. Lobstein T, Brinsden H, Neveux M, Cavalcanti OB, Barquera S, Baur L, et al.
World obesity atlas 2022. (2022). Available at: https://www.worldobesityday.org/
assets/downloads/World_Obesity_Atlas_2022_Web.pdf

7. Knop FK. EJE PRIZE 2018: A gut feeling about glucagon. Eur J Endocrinol
(2018) 178(6):R267-R80. doi: 10.1530/EJE-18-0197

8. Janah L, Kjeldsen S, Galsgaard KD, Winther-Serensen M, Stojanovska E,
Pedersen J, et al. Glucagon receptor signaling and glucagon resistance. Int J Mol Sci
(2019) 20(13):3314. doi: 10.3390/ijms20133314

9. Holst JJ, Wewer Albrechtsen NJ, Pedersen J, Knop FK. Glucagon and amino
acids are linked in a mutual feedback cycle: The liver-o.-Cell axis. Diabetes (2017)
66(2):235-40. doi: 10.2337/db16-0994

10. Dean ED, Li M, Prasad N, Wisniewski SN, Von Deylen A, Spaeth J, et al.
Interrupted glucagon signaling reveals hepatic o cell axis and role for l-glutamine
in o cell proliferation. Cell Metab (2017) 25(6):1362-73.e5. doi: 10.1016/
j.cmet.2017.05.011

11. Boden G, Master RW, Rezvani I, Palmer JP, Lobe TE, Owen OE. Glucagon

deficiency and hyperaminoacidemia after total pancreatectomy. J Clin Invest.
(1980) 65(3):706-16. doi: 10.1172/JCI109717

12. Muller WA, Berger M, Suter P, Ciippers H]J, Reiter J, Wyss T, et al. Glucagon
immunoreactivities and amino acid profile in plasma of duodenopancreatectomized
patients. J Clin Invest. (1979) 63(5):820-7. doi: 10.1172/JCI109381

13. Winther-Sorensen M, Galsgaard KD, Santos A, Trammell SA]J, Sulek K,
Kuhre RE, et al. Glucagon acutely regulates hepatic amino acid catabolism and the
effect may be disturbed by steatosis. Mol Metab (2020) 42:101080. doi: 10.1016/
j.molmet.2020.101080

Frontiers in Endocrinology

195

10.3389/fendo.2022.1061682

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.

The handling editor AMG declared a past co-authorship
with the authors DT and DW.

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.

14. Solloway MJ, Madjidi A, Gu C, Eastham-Anderson J, Clarke HJ, Kljavin N,
et al. Glucagon couples hepatic amino acid catabolism to mTOR-dependent
regulation of o-cell mass. Cell Rep (2015) 12(3):495-510. doi: 10.1016/
j.celrep.2015.06.034

15. Suppli MP, Lund A, Bagger JI, Vilsbell T, Knop FK. Involvement of
steatosis-induced glucagon resistance in hyperglucagonaemia. Med Hypotheses.
(2016) 86:100-3. doi: 10.1016/j.mehy.2015.10.029

16. Longuet C, Robledo AM, Dean ED, Dai C, Ali S, McGuinness I, et al. Liver-
specific disruption of the murine glucagon receptor produces o.-cell hyperplasia:
evidence for a circulating o.-cell growth factor. Diabetes (2013) 62(4):1196-205.
doi: 10.2337/db11-1605

17. Kim J, Okamoto H, Huang Z, Anguiano G, Chen S, Liu Q, et al. Amino acid
transporter Slc38a5 controls glucagon receptor inhibition-induced pancreatic o cell
hyperplasia in mice. Cell Metab (2017) 25(6):1348-61.e8. doi: 10.1016/
j.cmet.2017.05.006

18. Gromada J, Franklin I, Wollheim CB. Alpha-cells of the endocrine pancreas:
35 years of research but the enigma remains. Endocr Rev (2007) 28(1):84-116. doi:
10.1210/er.2006-0007

19. Reaven GM, Chen YD, Golay A, Swislocki AL, Jaspan JB. Documentation of
hyperglucagonemia throughout the day in nonobese and obese patients with
noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab (1987) 64
(1):106-10. doi: 10.1210/jcem-64-1-106

20. Wewer Albrechtsen NJ, Ferch K, Jensen TM, Witte DR, Pedersen J,
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(3):671-80. doi: 10.1007/
s00125-017-4535-5

21. Galsgaard KD. The vicious circle of hepatic glucagon resistance in non-
alcoholic fatty liver disease. J Clin Med (2020) 9(12):4049. doi: 10.3390/jcm9124049

22. Wewer Albrechtsen NJ, Pedersen J, Galsgaard KD, Winther-Serensen M,
Suppli MP, Janah L, et al. The liver-a-Cell axis and type 2 diabetes. Endocr Rev
(2019) 40(5):1353-66. doi: 10.1210/er.2018-00251

23. Mu J, Qureshi SA, Brady EJ, Muise ES, Candelore MR, Jiang G, et al. Anti-
diabetic efficacy and impact on amino acid metabolism of GRA1, a novel small-
molecule glucagon receptor antagonist. PloS One (2012) 7(11):e49572. doi:
10.1371/journal.pone.0049572

24. Junker AE, Gluud L, Holst JJ, Knop FK, Vilsbell T. Diabetic and nondiabetic
patients with nonalcoholic fatty liver disease have an impaired incretin effect and
fasting hyperglucagonaemia. J Intern Med (2016) 279(5):485-93. doi: 10.1111/
joim.12462

25. Ferrannini E, Muscelli E, Natali A, Gabriel R, Mitrakou A, Flyvbjerg A, et al.
Association of fasting glucagon and proinsulin concentrations with insulin
resistance. Diabetologia (2007) 50(11):2342-7. doi: 10.1007/s00125-007-0806-x

frontiersin.org


https://doi.org/10.1097/00005176-200401000-00012
https://doi.org/10.1097/00005176-200401000-00012
https://doi.org/10.1016/j.jpeds.2012.08.043
https://doi.org/10.1371/journal.pone.0140908
https://doi.org/10.1542/peds.2006-1212
https://www.worldobesityday.org/assets/downloads/World_Obesity_Atlas_2022_Web.pdf
https://www.worldobesityday.org/assets/downloads/World_Obesity_Atlas_2022_Web.pdf
https://doi.org/10.1530/EJE-18-0197
https://doi.org/10.3390/ijms20133314
https://doi.org/10.2337/db16-0994
https://doi.org/10.1016/j.cmet.2017.05.011
https://doi.org/10.1016/j.cmet.2017.05.011
https://doi.org/10.1172/JCI109717
https://doi.org/10.1172/JCI109381
https://doi.org/10.1016/j.molmet.2020.101080
https://doi.org/10.1016/j.molmet.2020.101080
https://doi.org/10.1016/j.celrep.2015.06.034
https://doi.org/10.1016/j.celrep.2015.06.034
https://doi.org/10.1016/j.mehy.2015.10.029
https://doi.org/10.2337/db11-1605
https://doi.org/10.1016/j.cmet.2017.05.006
https://doi.org/10.1016/j.cmet.2017.05.006
https://doi.org/10.1210/er.2006-0007
https://doi.org/10.1210/jcem-64-1-106
https://doi.org/10.1007/s00125-017-4535-5
https://doi.org/10.1007/s00125-017-4535-5
https://doi.org/10.3390/jcm9124049
https://doi.org/10.1210/er.2018-00251
https://doi.org/10.1371/journal.pone.0049572
https://doi.org/10.1111/joim.12462
https://doi.org/10.1111/joim.12462
https://doi.org/10.1007/s00125-007-0806-x
https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

26. Hayashi Y, Seino Y. Regulation of amino acid metabolism and o-cell
proliferation by glucagon. ] Diabetes Investig (2018) 9(3):464-72. doi: 10.1111/
jdi12797

27. John AM, Schwartz RA. Glucagonoma syndrome: a review and update on
treatment. /] Eur Acad Dermatol Venereol. (2016) 30(12):2016-22. doi: 10.1111/
jdv.13752

28. Galsgaard KD, Winther-Serensen M, @rskov C, Kissow H, Poulsen SS,
Vilstrup H, et al. Disruption of glucagon receptor signaling causes
hyperaminoacidemia exposing a possible liver-alpha-cell axis. Am ] Physiol
Endocrinol Metab (2018) 314(1):E93-E103. doi: 10.1152/ajpendo.00198.2017

29. Assan R, Attali JR, Ballerio G, Boillot J, Girard JR. Glucagon secretion
induced by natural and artificial amino acids in the perfused rat pancreas. Diabetes
(1977) 26(4):300-7. doi: 10.2337/diab.26.4.300

30. Kuhara T, Ikeda S, Ohneda A, Sasaki Y. Effects of intravenous infusion of 17
amino acids on the secretion of GH, glucagon, and insulin in sheep. Am ] Physiol
(1991) 260(1 Pt 1):E21-6. doi: 10.1152/ajpendo.1991.260.1.E21

31. Pipeleers DG, Schuit FC, Van Schravendijk CF, Van de Winkel M. Interplay
of nutrients and hormones in the regulation of glucagon release. Endocrinology
(1985) 117(3):817-23. doi: 10.1210/endo-117-3-817

32. Rocha DM, Faloona GR, Unger RH. Glucagon-stimulating activity of 20
amino acids in dogs. J Clin Invest. (1972) 51(9):2346-51. doi: 10.1172/JCI107046

33. Unger RH, Ohneda A, Aguilar-Parada E, Eisentraut AM. The role of
aminogenic glucagon secretion in blood glucose homeostasis. J Clin Invest.
(1969) 48(5):810-22. doi: 10.1172/JCI106039

34. Wendt A, Eliasson L. Pancreatic o.-cells - the unsung heroes in islet function.
Semin Cell Dev Biol (2020) 103:41-50. doi: 10.1016/j.semcdb.2020.01.006

35. Ahrén B. Autonomic regulation of islet hormone secretion-implications for
health and disease. Diabetologia (2000) 43(4):393-410. doi: 10.1007/
5001250051322

36. Dean ED. A primary role for o-cells as amino acid sensors. Diabetes (2020)
69(4):542-9. doi: 10.2337/dbi19-0021

37. Briant LJB, Dodd MS, Chibalina MV, Rorsman NJG, Johnson PRV,
Carmeliet P, et al. CPT1a-dependent long-chain fatty acid oxidation contributes
to maintaining glucagon secretion from pancreatic islets. Cell Rep (2018) 23
(11):3300-11. doi: 10.1016/j.celrep.2018.05.035

38. Walker JN, Ramracheya R, Zhang Q, Johnson PR, Braun M, Rorsman P.
Regulation of glucagon secretion by glucose: paracrine, intrinsic or both? Diabetes
Obes Metab (2011) 13 Suppl 1:95-105. doi: 10.1111/j.1463-1326.2011.01450.x

39. Zeigerer A, Sekar R, Kleinert M, Nason S, Habegger KM, Miiller TD.
Glucagon’s metabolic action in health and disease. Compr Physiol (2021) 11
(2):1759-83. doi: 10.1002/cphy.c200013

40. Ellenbroek JH, Téns HAM, Hanegraaf MAJ, Rabelink TJ, Engelse MA,
Carlotti F, et al. Pancreatic a-cell mass in obesity. Diabetes Obes Metab (2017) 19
(12):1810-3. doi: 10.1111/dom.12997

41. Pedersen JS, Rygg MO, Kristiansen VB, Olsen BH, Serizawa RR, Holst JJ,
et al. Nonalcoholic fatty liver disease impairs the liver-alpha cell axis independent
of hepatic inflammation and fibrosis. Hepatol Commun (2020) 4(11):1610-23. doi:
10.1002/hep4.1562

42. Gar C, Haschka SJ, Kern-Matschilles S, Rauch B, Sacco V, Prehn C, 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—
20. doi: 10.1007/s00125-020-05334-x

43. Ramnanan CJ, Edgerton DS, Kraft G, Cherrington AD. Physiologic action of
glucagon on liver glucose metabolism. Diabetes Obes Metab (2011) 13 Suppl 1:118—
25. doi: 10.1111/j.1463-1326.2011.01454.x

44. Mitrakou A, Kelley D, Veneman T, Jenssen T, Pangburn T, Reilly J, et al.
Contribution of abnormal muscle and liver glucose metabolism to postprandial
hyperglycemia in NIDDM. Diabetes (1990) 39(11):1381-90. doi: 10.2337/
diab.39.11.1381

45. Knop FK, Aaboe K, Vilsbell T, Volund 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(6):500-10. doi: 10.1111/j.1463-1326.2011.01549.x

46. Feerch K, Pilgaard K, Knop FK, Hansen T, Pedersen O, Jorgensen T, et al.
Incretin and pancreatic hormone secretion in Caucasian non-diabetic carriers of
the TCF7L2 rs7903146 risk T allele. Diabetes Obes Metab (2013) 15(1):91-5. doi:
10.1111/j.1463-1326.2012.01675.x

47. Mitrakou A, Kelley D, Mokan M, Veneman T, Pangburn T, Reilly J, et al.
Role of reduced suppression of glucose production and diminished early insulin
release in impaired glucose tolerance. N Engl ] Med (1992) 326(1):22-9. doi:
10.1056/NEJM199201023260104

48. Wewer Albrechtsen NJ. Glucagon receptor signaling in metabolic diseases.
Peptides (2018) 100:42-7. doi: 10.1016/j.peptides.2017.11.016

Frontiers in Endocrinology

196

10.3389/fendo.2022.1061682

49. Holst JJ, Holland W, Gromada J, Lee Y, Unger RH, Yan H, et al. Insulin and
glucagon: Partners for life. Endocrinology (2017) 158(4):696-701. doi: 10.1210/
en.2016-1748

50. 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(7):1241—
9. doi: 10.2337/dc15-1643

51. Wewer Albrechtsen NJ, Hartmann B, Veedfald S, Windelov JA, Plamboeck
A, Bojsen-Moller KN, et al. Hyperglucagonaemia analysed by glucagon sandwich
ELISA: nonspecific interference or truly elevated levels? Diabetologia (2014) 57
(9):1919-26. doi: 10.1007/s00125-014-3283-z

52. Bak MJ, Albrechtsen NW, Pedersen J, Hartmann B, Christensen M, Vilsboll
T, et al. Specificity and sensitivity of commercially available assays for glucagon and
oxyntomodulin measurement in humans. Eur J Endocrinol (2014) 170(4):529-38.
doi: 10.1530/EJE-13-0941

53. Wagner R, Hakaste LH, Ahlqvist E, Heni M, Machann J, Schick F, et al.
Nonsuppressed glucagon after glucose challenge as a potential predictor for glucose
tolerance. Diabetes (2017) 66(5):1373-9. doi: 10.2337/db16-0354

54. Junker AE. The role of incretin hormones and glucagon in patients with
liver disease. Dan Med ] (2017) 64(5):B5363.

55. 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(5):1111-20. doi:
10.1111/dom.13624

56. Koopman ADM, Beulens JW, van der Heijden A, Elders P, Dekker JM,
Alssema M, et al. A prospective study on glucagon responses to oral glucose and
mixed meal and 7-year change in fasting glucose. Clin Endocrinol (Oxf). (2019) 91
(1):82-6. doi: 10.1111/cen.13977

57. Engelbrechtsen L, Mahendran Y, Jonsson A, Gjesing AP, Weeke PE,
Jorgensen ME, et al. Common variants in the hERG (KCNH2) voltage-gated
potassium channel are associated with altered fasting and glucose-stimulated
plasma incretin and glucagon responses. BMC Genet (2018) 19(1):15. doi:
10.1186/s12863-018-0602-2

58. Gar C, Rottenkolber M, Sacco V, Moschko S, Banning F, Hesse N, et al.
Patterns of plasma glucagon dynamics do not match metabolic phenotypes in
young women. J Clin Endocrinol Metab (2018) 103(3):972-82. doi: 10.1210/
j€.2017-02014

59. Kosuda M, Watanabe K, Koike M, Morikawa A, Saito H, Kohno G, et al.
Glucagon response to glucose challenge in patients with idiopathic postprandial
syndrome. ] Nippon Med Sch. (2022) 89(1):102-7. doi: 10.1272/
jnms.JNMS.2022_89-205

60. Ichikawa R, Takano K, Fujimoto K, Motomiya T, Kobayashi M, Kitamura T,
et al. Basal glucagon hypersecretion and response to oral glucose load in
prediabetes and mild type 2 diabetes. Endocr ] (2019) 66(8):663-75. doi:
10.1507/endocrj.EJ18-0372

61. Jonsson A, Stinson SE, Torekov SS, Clausen TD, Feerch K, Kelstrup L, et al.
Genome-wide association study of circulating levels of glucagon during an oral
glucose tolerance test. BMC Med Genomics (2021) 14(1):3. doi: 10.1186/s12920-
020-00841-7

62. Manell H, Staaf ], 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(3):1181-9. doi:
10.1210/jc.2015-3885

63. Sjogren RJO, Rizo-Roca D, Chibalin AV, Chorell E, Furrer R, Katayama S,
et al. Branched-chain amino acid metabolism is regulated by ERRat in primary
human myotubes and is further impaired by glucose loading in type 2 diabetes.
Diabetologia (2021) 64(9):2077-91. doi: 10.1007/s00125-021-05481-9

64. Wang Q, Jokelainen J, Auvinen J, Puukka K, Keinanen-Kiukaanniemi S,
Jarvelin MR, et al. Insulin resistance and systemic metabolic changes in oral glucose
tolerance test in 5340 individuals: an interventional study. BMC Med (2019) 17
(1):217. doi: 10.1186/s12916-019-1440-4

65. Li Q, Gu W, Ma X, Liu Y, Jiang L, Feng R, et al. Amino acid and biogenic
amine profile deviations in an oral glucose tolerance test: A comparison between
healthy and hyperlipidaemia individuals based on targeted metabolomics.
Nutrients (2016) 8(6):379. doi: 10.3390/nu8060379

66. Geidenstam N, Danielsson AP, Spégel P, Ridderstrile M. Changes in
glucose-elicited blood metabolite responses following weight loss and long term
weight maintenance in obese individuals with impaired glucose tolerance. Diabetes
Res Clin Pract (2016) 113:187-97. doi: 10.1016/j.diabres.2015.12.024

67. Liu L, Feng R, Guo F, Li Y, Jiao J, Sun C. Targeted metabolomic analysis
reveals the association between the postprandial change in palmitic acid, branched-
chain amino acids and insulin resistance in young obese subjects. Diabetes Res Clin
Pract (2015) 108(1):84-93. doi: 10.1016/j.diabres.2015.01.014

68. Trico D, Prinsen H, Giannini C, de Graaf R, Juchem C, Li F, et al. Elevated
o-hydroxybutyrate and branched-chain amino acid levels predict deterioration of

frontiersin.org


https://doi.org/10.1111/jdi.12797
https://doi.org/10.1111/jdi.12797
https://doi.org/10.1111/jdv.13752
https://doi.org/10.1111/jdv.13752
https://doi.org/10.1152/ajpendo.00198.2017
https://doi.org/10.2337/diab.26.4.300
https://doi.org/10.1152/ajpendo.1991.260.1.E21
https://doi.org/10.1210/endo-117-3-817
https://doi.org/10.1172/JCI107046
https://doi.org/10.1172/JCI106039
https://doi.org/10.1016/j.semcdb.2020.01.006
https://doi.org/10.1007/s001250051322
https://doi.org/10.1007/s001250051322
https://doi.org/10.2337/dbi19-0021
https://doi.org/10.1016/j.celrep.2018.05.035
https://doi.org/10.1111/j.1463-1326.2011.01450.x
https://doi.org/10.1002/cphy.c200013
https://doi.org/10.1111/dom.12997
https://doi.org/10.1002/hep4.1562
https://doi.org/10.1007/s00125-020-05334-x
https://doi.org/10.1111/j.1463-1326.2011.01454.x
https://doi.org/10.2337/diab.39.11.1381
https://doi.org/10.2337/diab.39.11.1381
https://doi.org/10.1111/j.1463-1326.2011.01549.x
https://doi.org/10.1111/j.1463-1326.2012.01675.x
https://doi.org/10.1056/NEJM199201023260104
https://doi.org/10.1016/j.peptides.2017.11.016
https://doi.org/10.1210/en.2016-1748
https://doi.org/10.1210/en.2016-1748
https://doi.org/10.2337/dc15-1643
https://doi.org/10.1007/s00125-014-3283-z
https://doi.org/10.1530/EJE-13-0941
https://doi.org/10.2337/db16-0354
https://doi.org/10.1111/dom.13624
https://doi.org/10.1111/cen.13977
https://doi.org/10.1186/s12863-018-0602-2
https://doi.org/10.1210/jc.2017-02014
https://doi.org/10.1210/jc.2017-02014
https://doi.org/10.1272/jnms.JNMS.2022_89-205
https://doi.org/10.1272/jnms.JNMS.2022_89-205
https://doi.org/10.1507/endocrj.EJ18-0372
https://doi.org/10.1186/s12920-020-00841-7
https://doi.org/10.1186/s12920-020-00841-7
https://doi.org/10.1210/jc.2015-3885
https://doi.org/10.1007/s00125-021-05481-9
https://doi.org/10.1186/s12916-019-1440-4
https://doi.org/10.3390/nu8060379
https://doi.org/10.1016/j.diabres.2015.12.024
https://doi.org/10.1016/j.diabres.2015.01.014
https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

glycemic control in adolescents. ] Clin Endocrinol Metab (2017) 102(7):2473-81.
doi: 10.1210/jc.2017-00475

69. Goffredo M, Santoro N, Trico D, Giannini C, D’Adamo E, Zhao H, et al. A
branched-chain amino acid-related metabolic signature characterizes obese
adolescents with non-alcoholic fatty liver disease. Nutrients (2017) 9(7):642. doi:
10.3390/nu9070642

70. Giannini C, Pietropaoli N, Polidori N, Chiarelli F, Marcovecchio ML, Mohn
A. Increased GLP-1 response to oral glucose in pre-pubertal obese children. J
Pediatr Endocrinol Metab (2016) 29(8):901-6. doi: 10.1515/jpem-2016-0050

71. 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(9):1961-9. doi: 10.2337/dc21-0460

72. Suzuki Y, Kido ], Matsumoto S, Shimizu K, Nakamura K. Associations
among amino acid, lipid, and glucose metabolic profiles in childhood obesity. BMC
Pediatr (2019) 19(1):273. doi: 10.1186/s12887-019-1647-8

73. Christensen M, Vedtofte L, Holst JJ, Vilsbell T, Knop FK. Glucose-
dependent insulinotropic polypeptide: a bifunctional glucose-dependent
regulator of glucagon and insulin secretion in humans. Diabetes (2011) 60
(12):3103-9. doi: 10.2337/db11-0979

74. Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am J
Physiol Endocrinol Metab (2003) 284(4):E671-8. doi: 10.1152/ajpendo0.00492.2002

75. Miiller TD, Finan B, Clemmensen C, DiMarchi RD, Tschép MH. The new
biology and pharmacology of glucagon. Physiol Rev (2017) 97(2):721-66. doi:
10.1152/physrev.00025.2016

76. Heimberg H, De Vos A, Pipeleers D, Thorens B, Schuit F. Differences in
glucose transporter gene expression between rat pancreatic alpha- and beta-cells
are correlated to differences in glucose transport but not in glucose utilization. J Biol
Chem (1995) 270(15):8971-5. doi: 10.1074/jbc.270.15.8971

77. Yasuda K, Yamada Y, Inagaki N, Yano H, Okamoto Y, Tsuji K, et al.
Expression of GLUT1 and GLUT2 glucose transporter isoforms in rat islets of
langerhans and their regulation by glucose. Diabetes (1992) 41(1):76-81. doi:
10.2337/diab.41.1.76

78. Quesada I, Tuduri E, Ripoll C, Nadal A. Physiology of the pancreatic alpha-
cell and glucagon secretion: role in glucose homeostasis and diabetes. ] Endocrinol
(2008) 199(1):5-19. doi: 10.1677/JOE-08-0290

79. Habegger KM, Heppner KM, Geary N, Bartness T], DiMarchi R, Tschop
MH. The metabolic actions of glucagon revisited. Nat Rev Endocrinol (2010) 6
(12):689-97. doi: 10.1038/nrendo.2010.187

80. Bankir L, Bouby N, Speth RC, Velho G, Crambert G. Glucagon revisited:
Coordinated actions on the liver and kidney. Diabetes Res Clin Pract (2018)
146:119-29. doi: 10.1016/j.diabres.2018.10.004

81. Vieira E, Liu YJ, Gylfe E. Involvement of alphal and beta-adrenoceptors in
adrenaline stimulation of the glucagon-secreting mouse alpha-cell. Naunyn
Schmiedebergs Arch Pharmacol (2004) 369(2):179-83. doi: 10.1007/s00210-003-
0858-5

82. De Marinis YZ, Salehi A, Ward CE, Zhang Q, Abdulkader F, Bengtsson M,
et al. GLP-1 inhibits and adrenaline stimulates glucagon release by differential
modulation of n- and l-type Ca2+ channel-dependent exocytosis. Cell Metab
(2010) 11(6):543-53. doi: 10.1016/j.cmet.2010.04.007

83. Hamilton A, Zhang Q, Salehi A, Willems M, Knudsen JG, Ringgaard AK,
et al. Adrenaline stimulates glucagon secretion by Tpc2-dependent Ca. Diabetes
(2018) 67(6):1128-39. doi: 10.2337/db17-1102

84. Hevener AL, Bergman RN, Donovan CM. Novel glucosensor for
hypoglycemic detection localized to the portal vein. Diabetes (1997) 46(9):1521—
5. doi: 10.2337/diab.46.9.1521

85. Battezzati A, Simonson DC, Luzi L, Matthews DE. Glucagon increases
glutamine uptake without affecting glutamine release in humans. Metabolism
(1998) 47(6):713-23. doi: 10.1016/S0026-0495(98)90036-1

86. Brand CL, Jorgensen PN, Svendsen I, Holst JJ. Evidence for a major role for
glucagon in regulation of plasma glucose in conscious, nondiabetic, and alloxan-
induced diabetic rabbits. Diabetes (1996) 45(8):1076-83. doi: 10.2337/
diab.45.8.1076

87. Brand CL, Jorgensen PN, Knigge U, Warberg ], Svendsen I, Kristensen JS,
et al. Role of glucagon in maintenance of euglycemia in fed and fasted rats. Am J
Physiol (1995) 269(3 Pt 1):E469-77. doi: 10.1152/ajpendo.1995.269.3.E469

88. Brand CL, Rolin B, Jorgensen PN, Svendsen I, Kristensen JS, Holst JJ.
Immunoneutralization of endogenous glucagon with monoclonal glucagon
antibody normalizes hyperglycaemia in moderately streptozotocin-diabetic rats.
Diabetologia (1994) 37(10):985-93. doi: 10.1007/BF00400461

89. Gelling RW, Du XQ, Dichmann DS, Romer J, Huang H, Cui L, et al. Lower
blood glucose, hyperglucagonemia, and pancreatic alpha cell hyperplasia in
glucagon receptor knockout mice. Proc Natl Acad Sci U S A. (2003) 100
(3):1438-43. doi: 10.1073/pnas.0237106100

Frontiers in Endocrinology

197

10.3389/fendo.2022.1061682

90. Hojlund K, Wildner-Christensen M, Eshej O, Skjaerbaek C, Holst JJ,
Koldkjaer O, et al. Reference intervals for glucose, beta-cell polypeptides, and
counterregulatory factors during prolonged fasting. Am J Physiol Endocrinol Metab
(2001) 280(1):E50-8. doi: 10.1152/ajpendo.2001.280.1.E50

91. Felig P. The glucose-alanine cycle. Metabolism (1973) 22(2):179-207. doi:
10.1016/0026-0495(73)90269-2

92. Gopel SO, Kanno T, Barg S, Weng XG, Gromada J, Rorsman P. Regulation
of glucagon release in mouse -cells by KATP channels and inactivation of TTX-
sensitive na+ channels. J Physiol (2000) 528(Pt 3):509-20. doi: 10.1111/j.1469-
7793.2000.00509.x

93. Ishihara H, Maechler P, Gjinovci A, Herrera PL, Wollheim CB. Islet beta-
cell secretion determines glucagon release from neighbouring alpha-cells. Nat Cell
Biol (2003) 5(4):330-5. doi: 10.1038/ncb951

94. Franklin I, Gromada J, Gjinovci A, Theander S, Wollheim CB. Beta-cell
secretory products activate alpha-cell ATP-dependent potassium channels to
inhibit glucagon release. Diabetes (2005) 54(6):1808-15. doi: 10.2337/
diabetes.54.6.1808

95. Olsen HL, Theander S, Bokvist K, Buschard K, Wollheim CB, Gromada J.
Glucose stimulates glucagon release in single rat alpha-cells by mechanisms that
mirror the stimulus-secretion coupling in beta-cells. Endocrinology (2005) 146
(11):4861-70. doi: 10.1210/en.2005-0800

96. Elliott AD, Ustione A, Piston DW. Somatostatin and insulin mediate
glucose-inhibited glucagon secretion in the pancreatic o.-cell by lowering cAMP.
Am ] Physiol Endocrinol Metab (2015) 308(2):E130-43. doi: 10.1152/
ajpendo.00344.2014

97. Yu Q, Shuai H, Ahooghalandari P, Gylfe E, Tengholm A. Glucose controls
glucagon secretion by directly modulating cAMP in alpha cells. Diabetologia (2019)
62(7):1212-24. doi: 10.1007/s00125-019-4857-6

98. Tengholm A, Gylfe E. cAMP signalling in insulin and glucagon secretion.
Diabetes Obes Metab (2017) 19 Suppl 1:42-53. doi: 10.1111/dom.12993

99. Hughes JW, Ustione A, Lavagnino Z, Piston DW. Regulation of islet
glucagon secretion: Beyond calcium. Diabetes Obes Metab (2018) 20 Suppl
2:127-36. doi: 10.1111/dom.13381

100. Ramracheya R, Ward C, Shigeto M, Walker N, Amisten S, Zhang Q, et al.
Membrane potential-dependent inactivation of voltage-gated ion channels in
alpha-cells inhibits glucagon secretion from human islets. Diabetes (2010) 59
(9):2198-208. doi: 10.2337/db09-1505

101. Gerich JE, Langlois M, Noacco C, Karam JH, Forsham PH. Lack of
glucagon response to hypoglycemia in diabetes: evidence for an intrinsic
pancreatic alpha cell defect. Science (1973) 182(4108):171-3. doi: 10.1126/
science.182.4108.171

102. Bolli GB, Gerich JE. The “dawn phenomenon”-a common occurrence in
both non-insulin-dependent and insulin-dependent diabetes mellitus. N Engl ] Med
(1984) 310(12):746-50. doi: 10.1056/NEJM198403223101203

103. Biggers DW, Myers SR, Neal D, Stinson R, Cooper NB, Jaspan JB, et al.
Role of brain in counterregulation of insulin-induced hypoglycemia in dogs.
Diabetes (1989) 38(1):7-16. doi: 10.2337/diab.38.1.7

104. Bolli G, De Feo P, Perriello G, De Cosmo S, Compagnucci P, Santeusanio F,
et al. Mechanisms of glucagon secretion during insulin-induced hypoglycemia in
man. role of the beta cell and arterial hyperinsulinemia. J Clin Invest. (1984) 73
(4):917-22. doi: 10.1172/JCI111315

105. Lefebvre PJ, Luyckx AS. Glucagon and diabetes: a reappraisal. Diabetologia
(1979) 16(6):347-54. doi: 10.1007/BF01223153

106. Almdal TP. Importance of glucagon for nitrogen loss in diabetes—via an
accelerated hepatic conversion of amino nitrogen to urea nitrogen. Dan Med Bull
(1991) 38(2):113-20.

107. Li XC, Liao TD, Zhuo JL. Long-term hyperglucagonaemia induces early
metabolic and renal phenotypes of type 2 diabetes in mice. Clin Sci (Lond). (2008)
114(9):591-601. doi: 10.1042/CS20070257

108. Gosmain Y, Masson MH, Philippe J. Glucagon: the renewal of an old
hormone in the pathophysiology of diabetes. J Diabetes (2013) 5(2):102-9. doi:
10.1111/1753-0407.12022

109. Lefebvre PJ, Paquot N, Scheen AJ. Inhibiting or antagonizing glucagon:
making progress in diabetes care. Diabetes Obes Metab (2015) 17(8):720-5. doi:
10.1111/dom.12480

110. Unger RH, Cherrington AD. Glucagonocentric restructuring of diabetes: a
pathophysiologic and therapeutic makeover. J Clin Invest. (2012) 122(1):4-12. doi:
10.1172/JCI60016

111. Shen DM, Lin S, Parmee ER. A survey of small molecule glucagon receptor
antagonists from recent patents (2006 - 2010). Expert Opin Ther Pat. (2011) 21
(8):1211-40. doi: 10.1517/13543776.2011.587001

112. Scheen AJ, Paquot N, Lefébvre PJ. Investigational glucagon receptor
antagonists in phase I and II clinical trials for diabetes. Expert Opin Investig
Drugs (2017) 26(12):1373-89. doi: 10.1080/13543784.2017.1395020

frontiersin.org


https://doi.org/10.1210/jc.2017-00475
https://doi.org/10.3390/nu9070642
https://doi.org/10.1515/jpem-2016-0050
https://doi.org/10.2337/dc21-0460
https://doi.org/10.1186/s12887-019-1647-8
https://doi.org/10.2337/db11-0979
https://doi.org/10.1152/ajpendo.00492.2002
https://doi.org/10.1152/physrev.00025.2016
https://doi.org/10.1074/jbc.270.15.8971
https://doi.org/10.2337/diab.41.1.76
https://doi.org/10.1677/JOE-08-0290
https://doi.org/10.1038/nrendo.2010.187
https://doi.org/10.1016/j.diabres.2018.10.004
https://doi.org/10.1007/s00210-003-0858-5
https://doi.org/10.1007/s00210-003-0858-5
https://doi.org/10.1016/j.cmet.2010.04.007
https://doi.org/10.2337/db17-1102
https://doi.org/10.2337/diab.46.9.1521
https://doi.org/10.1016/S0026-0495(98)90036-1
https://doi.org/10.2337/diab.45.8.1076
https://doi.org/10.2337/diab.45.8.1076
https://doi.org/10.1152/ajpendo.1995.269.3.E469
https://doi.org/10.1007/BF00400461
https://doi.org/10.1073/pnas.0237106100
https://doi.org/10.1152/ajpendo.2001.280.1.E50
https://doi.org/10.1016/0026-0495(73)90269-2
https://doi.org/10.1111/j.1469-7793.2000.00509.x
https://doi.org/10.1111/j.1469-7793.2000.00509.x
https://doi.org/10.1038/ncb951
https://doi.org/10.2337/diabetes.54.6.1808
https://doi.org/10.2337/diabetes.54.6.1808
https://doi.org/10.1210/en.2005-0800
https://doi.org/10.1152/ajpendo.00344.2014
https://doi.org/10.1152/ajpendo.00344.2014
https://doi.org/10.1007/s00125-019-4857-6
https://doi.org/10.1111/dom.12993
https://doi.org/10.1111/dom.13381
https://doi.org/10.2337/db09-1505
https://doi.org/10.1126/science.182.4108.171
https://doi.org/10.1126/science.182.4108.171
https://doi.org/10.1056/NEJM198403223101203
https://doi.org/10.2337/diab.38.1.7
https://doi.org/10.1172/JCI111315
https://doi.org/10.1007/BF01223153
https://doi.org/10.1042/CS20070257
https://doi.org/10.1111/1753-0407.12022
https://doi.org/10.1111/dom.12480
https://doi.org/10.1172/JCI60016
https://doi.org/10.1517/13543776.2011.587001
https://doi.org/10.1080/13543784.2017.1395020
https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

113. Junker AE, Gluud LL, van Hall G, Holst JJ, Knop FK, Vilsbell T. Effects of
glucagon-like peptide-1 on glucagon secretion in patients with non-alcoholic fatty
liver disease. ] Hepatol (2016) 64(4):908-15. doi: 10.1016/j.jhep.2015.11.014

114. Knudsen ]G, Hamilton A, Ramracheya R, Tarasov Al, Brereton M,
Haythorne E, et al. Dysregulation of glucagon secretion by hyperglycemia-
induced sodium-dependent reduction of ATP production. Cell Metab (2019) 29
(2):430-42.e4. doi: 10.1016/j.cmet.2018.10.003

115. Marchesini G, Forlani G, Zoli M, Angiolini A, Scolari MP, Bianchi FB, et al.
Insulin and glucagon levels in liver cirrhosis. relationship with plasma amino acid
imbalance of chronic hepatic encephalopathy. Dig. Dis Sci (1979) 24(8):594-601.
doi: 10.1007/BF01333703

116. Holst JJ, Burcharth F, Kiithl C. Pancreatic glucoregulatory hormones in
cirrhosis of the liver: portal vein concentrations during intravenous glucose
tolerance test and in response to a meal. Diabete Metab (1980) 6(2):117-27.

117. Bugianesi E, Kalhan S, Burkett E, Marchesini G, McCullough A.
Quantification of gluconeogenesis in cirrhosis: response to glucagon.
Gastroenterology (1998) 115(6):1530-40. doi: 10.1016/S0016-5085(98)70033-2

118. McGarry JD, Foster DW. Regulation of hepatic fatty acid oxidation and
ketone body production. Annu Rev Biochem (1980) 49:395-420. doi: 10.1146/
annurev.bi.49.070180.002143

119. 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(4):797-805. doi: 10.1007/s00125-006-0566-z

120. Knop FK, Vilsbell T, Hojberg PV, Larsen S, Madsbad S, Velund A, et al.
Reduced incretin effect in type 2 diabetes: cause or consequence of the diabetic
state? Diabetes (2007) 56(8):1951-9. doi: 10.2337/db07-0100

121. Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, Gastaldelli A, et al.
Separate impact of obesity and glucose tolerance on the incretin effect in normal subjects
and type 2 diabetic patients. Diabetes (2008) 57(5):1340-8. doi: 10.2337/db07-1315

122. Oh TJ, Kim MY, Shin JY, Lee JC, Kim S, Park KS, et al. The incretin effect
in Korean subjects with normal glucose tolerance or type 2 diabetes. Clin
Endocrinol (Oxf). (2014) 80(2):221-7. doi: 10.1111/cen.12167

123. Kilberg MS, Barber EF, Handlogten ME. Characteristics and hormonal
regulation of amino acid transport system a in isolated rat hepatocytes. Curr Top
Cell Regul (1985) 25:133-63. doi: 10.1016/B978-0-12-152825-6.50009-6

124. Lim SK, Cynober L, De Bandt JP, Aussel C. A na(+)-dependent system a
and ASC-independent amino acid transport system stimulated by glucagon in rat
hepatocytes. Cell Biol Int (1999) 23(1):7-12. doi: 10.1006/cbir.1998.0321

125. Lacey JH, Bradford NM, Joseph SK, McGivan JD. Increased activity of
phosphate-dependent glutaminase in liver mitochondria as a result of glucagon
treatment of rats. Biochem J (1981) 194(1):29-33. doi: 10.1042/bj1940029

126. Vilstrup H, Hansen BA, Almdal TP. Glucagon increases hepatic efficacy for
urea synthesis. ] Hepatol (1990) 10(1):46-50. doi: 10.1016/0168-8278(90)90072-Y

127. Hamberg O, Vilstrup H. Regulation of urea synthesis by glucose and
glucagon in normal man. Clin Nutr (1994) 13(3):183-91. doi: 10.1016/0261-5614
(94)90099-X

128. Petersen KF, Hansen BA, Vilstrup H. Time dependent stimulating effect of
glucagon on the capacity of urea-n synthesis in rats. Horm Metab Res (1987) 19
(2):53-6. doi: 10.1055/s-2007-1011737

129. Almdal TP, Holst JJ, Heindorff H, Vilstrup H. Glucagon
immunoneutralization in diabetic rats normalizes urea synthesis and decreases
nitrogen wasting. Diabetes (1992) 41(1):12-6. doi: 10.2337/diab.41.1.12

130. Hamberg O, Vilstrup H. Effects of insulin and glucose on urea synthesis in
normal man, independent of pancreatic hormone secretion. J Hepatol (1994) 21
(3):381-7. doi: 10.1016/S0168-8278(05)80317-4

131. Kraft G, Coate KC, Winnick JJ, Dardevet D, Donahue EP, Cherrington AD,
et al. Glucagon’s effect on liver protein metabolism in vivo. Am ] Physiol Endocrinol
Metab (2017) 313(3):E263-E72. doi: 10.1152/ajpendo.00045.2017

132. Galsgaard KD, Winther-Serensen M, Pedersen J, Kjeldsen SAS, Rosenkilde
MM, Wewer Albrechtsen NJ, et al. Glucose and amino acid metabolism in mice
depend mutually on glucagon and insulin receptor signaling. Am ] Physiol
Endocrinol Metab (2019) 316(4):E660-E73. doi: 10.1152/ajpendo.00410.2018

133. Charlton MR, Adey DB, Nair KS. Evidence for a catabolic role of glucagon
during an amino acid load. J Clin Invest. (1996) 98(1):90-9. doi: 10.1172/JCI118782

134. Otten J, Stomby A, Waling M, Chorell E, Ryberg M, Svensson M, et al. The
liver-alpha-cell axis after a mixed meal and during weight loss in type 2 diabetes.
Endocr Connect. (2021) 10(9):1101-10. doi: 10.1530/EC-21-0171

135. Miiller WA, Faloona GR, Unger RH. The effect of alanine on glucagon
secretion. J Clin Invest. (1971) 50(10):2215-8. doi: 10.1172/JCI106716

136. Galsgaard KD, Jepsen SL, Kjeldsen SAS, Pedersen ], Wewer Albrechtsen NJ,
Holst JJ. Alanine, arginine, cysteine, and proline, but not glutamine, are substrates for,

and acute mediators of, the liver-oi-cell axis in female mice. Am ] Physiol Endocrinol
Metab (2020) 318(6):E920-E9. doi: 10.1152/ajpendo.00459.2019

Frontiers in Endocrinology

198

10.3389/fendo.2022.1061682

137. Stancakova A, Civelek M, Saleem NK, Soininen P, Kangas AJ, Cederberg
H, et al. Hyperglycemia and a common variant of GCKR are associated with the
levels of eight amino acids in 9,369 Finnish men. Diabetes (2012) 61(7):1895-902.
doi: 10.2337/db11-1378

138. Gonzalez-Franquesa A, Burkart AM, Isganaitis E, Patti ME. What have
metabolomics approaches taught us about type 2 diabetes? Curr Diabetes Rep
(2016) 16(8):74. doi: 10.1007/s11892-016-0763-1

139. Eisenstein AB, Strack I. Amino acid stimulation of glucagon secretion by
perifused islets of high-protein-fed rats. Diabetes (1978) 27(4):370-6. doi: 10.2337/
diab.27.4.370

140. Gaggini M, Carli F, Rosso C, Buzzigoli E, Marietti M, Della Latta V, et al.
Altered amino acid concentrations in NAFLD: Impact of obesity and insulin
resistance. Hepatology (2018) 67(1):145-58. doi: 10.1002/hep.29465

141. Wewer Albrechtsen NJ, Junker AE, Christensen M, Heedersdal S, Wibrand
F, Lund AM, et al. Hyperglucagonemia correlates with plasma levels of non-
branched-chain amino acids in patients with liver disease independent of type 2
diabetes. Am ] Physiol Gastrointest. Liver Physiol (2018) 314(1):G91-G6. doi:
10.1152/ajpgi.00216.2017

142. Thiessen SE, Derde S, Derese I, Dufour T, Vega CA, Langouche L, et al.
Role of glucagon in catabolism and muscle wasting of critical illness and
modulation by nutrition. Am J Respir Crit Care Med (2017) 196(9):1131-43. doi:
10.1164/rccm.201702-03540C

143. Kelly RA, Fitches MJ, Webb SD, Pop SR, Chidlow S]. Modelling the effects
of glucagon during glucose tolerance testing. Theor Biol Med Model (2019) 16
(1):21. doi: 10.1186/s12976-019-0115-3

144. Lund A, Bagger JI, Wewer Albrechtsen NJ, Christensen M, Grondahl M,
Hartmann B, et al. Evidence of extrapancreatic glucagon secretion in man. Diabetes
(2016) 65(3):585-97. doi: 10.2337/db15-1541

145. Cosentino RG, Churilla JR, Josephson S, Molle-Rios Z, Hossain MJ, Prado
WL, et al. Branched-chain amino acids and relationship with inflammation in
youth with obesity: A randomized controlled intervention study. J Clin Endocrinol
Metab (2021) 106(11):3129-39. doi: 10.1210/clinem/dgab538

146. Trico D, Caprio S, Rosaria Umano G, Pierpont B, Nouws J, Galderisi A,
et al. Metabolic features of nonalcoholic fatty liver (NAFL) in obese adolescents:
Findings from a multiethnic cohort. Hepatology (2018) 68(4):1376-90. doi:
10.1002/hep.30035

147. Mahendran Y, Jonsson A, Have CT, Allin KH, Witte DR, Jorgensen ME, et al.
Genetic evidence of a causal effect of insulin resistance on branched-chain amino acid
levels. Diabetologia (2017) 60(5):873-8. doi: 10.1007/s00125-017-4222-6

148. Yang R, Dong J, Zhao H, Li H, Guo H, Wang S, et al. Association of
branched-chain amino acids with carotid intima-media thickness and coronary
artery disease risk factors. PloS One (2014) 9(6):€99598. doi: 10.1371/
journal.pone.0099598

149. Adeva-Andany MM, Lopez-Maside L, Donapetry-Garcia C, Fernandez-
Fernandez C, Sixto-Leal C. Enzymes involved in branched-chain amino acid
metabolism in humans. Amino Acids (2017) 49(6):1005-28. doi: 10.1007/s00726-
017-2412-7

150. Bloomgarden Z. Diabetes and branched-chain amino acids: What is the
link? J Diabetes (2018) 10(5):350-2. doi: 10.1111/1753-0407.12645

151. Zhang S, Zeng X, Ren M, Mao X, Qiao S. Novel metabolic and
physiological functions of branched chain amino acids: a review. ] Anim Sci
Biotechnol (2017) 8:10. doi: 10.1186/540104-016-0139-z

152. Gar C, Rottenkolber M, Prehn C, Adamski J, Seissler J, Lechner A. Serum and
plasma amino acids as markers of prediabetes, insulin resistance, and incident diabetes.
Crit Rev Clin Lab Sci (2018) 55(1):21-32. doi: 10.1080/10408363.2017.1414143

153. Hernandez-Alvarez MI, Diaz-Ramos A, Berdasco M, Cobb J, Planet E,
Cooper D, et al. Early-onset and classical forms of type 2 diabetes show impaired
expression of genes involved in muscle branched-chain amino acids metabolism.
Sci Rep (2017) 7(1):13850. doi: 10.1038/s41598-017-14120-6

154. Wang Q, Holmes MV, Davey Smith G, Ala-Korpela M. Genetic support for
a causal role of insulin resistance on circulating branched-chain amino acids and
inflammation. Diabetes Care (2017) 40(12):1779-86. doi: 10.2337/dc17-1642

155. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. PloS Med
(2009) 6(7):¢1000097. doi: 10.1371/journal.pmed.1000097

156. Raddatz D, Rossbach C, Buchwald A, Scholz KH, Ramadori G, Nolte W.
Fasting hyperglucagonemia in patients with transjugular intrahepatic
portosystemic shunts (TIPS). Exp Clin Endocrinol Diabetes (2005) 113(5):268-
74. doi: 10.1055/s-2005-837546

157. 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(6):1090-9. doi: 10.2337/db19-0715

158. Huising MO. Paracrine regulation of insulin secretion. Diabetologia (2020)
63(10):2057-63. doi: 10.1007/s00125-020-05213-5

frontiersin.org


https://doi.org/10.1016/j.jhep.2015.11.014
https://doi.org/10.1016/j.cmet.2018.10.003
https://doi.org/10.1007/BF01333703
https://doi.org/10.1016/S0016-5085(98)70033-2
https://doi.org/10.1146/annurev.bi.49.070180.002143
https://doi.org/10.1146/annurev.bi.49.070180.002143
https://doi.org/10.1007/s00125-006-0566-z
https://doi.org/10.2337/db07-0100
https://doi.org/10.2337/db07-1315
https://doi.org/10.1111/cen.12167
https://doi.org/10.1016/B978-0-12-152825-6.50009-6
https://doi.org/10.1006/cbir.1998.0321
https://doi.org/10.1042/bj1940029
https://doi.org/10.1016/0168-8278(90)90072-Y
https://doi.org/10.1016/0261-5614(94)90099-X
https://doi.org/10.1016/0261-5614(94)90099-X
https://doi.org/10.1055/s-2007-1011737
https://doi.org/10.2337/diab.41.1.12
https://doi.org/10.1016/S0168-8278(05)80317-4
https://doi.org/10.1152/ajpendo.00045.2017
https://doi.org/10.1152/ajpendo.00410.2018
https://doi.org/10.1172/JCI118782
https://doi.org/10.1530/EC-21-0171
https://doi.org/10.1172/JCI106716
https://doi.org/10.1152/ajpendo.00459.2019
https://doi.org/10.2337/db11-1378
https://doi.org/10.1007/s11892-016-0763-1
https://doi.org/10.2337/diab.27.4.370
https://doi.org/10.2337/diab.27.4.370
https://doi.org/10.1002/hep.29465
https://doi.org/10.1152/ajpgi.00216.2017
https://doi.org/10.1164/rccm.201702-0354OC
https://doi.org/10.1186/s12976-019-0115-3
https://doi.org/10.2337/db15-1541
https://doi.org/10.1210/clinem/dgab538
https://doi.org/10.1002/hep.30035
https://doi.org/10.1007/s00125-017-4222-6
https://doi.org/10.1371/journal.pone.0099598
https://doi.org/10.1371/journal.pone.0099598
https://doi.org/10.1007/s00726-017-2412-7
https://doi.org/10.1007/s00726-017-2412-7
https://doi.org/10.1111/1753-0407.12645
https://doi.org/10.1186/s40104-016-0139-z
https://doi.org/10.1080/10408363.2017.1414143
https://doi.org/10.1038/s41598-017-14120-6
https://doi.org/10.2337/dc17-1642
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1055/s-2005-837546
https://doi.org/10.2337/db19-0715
https://doi.org/10.1007/s00125-020-05213-5
https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pixner et al.

159. Elder DA, Prigeon RL, Wadwa RP, Dolan LM, D’Alessio DA. Beta-cell
function, insulin sensitivity, and glucose tolerance in obese diabetic and
nondiabetic adolescents and young adults. J Clin Endocrinol Metab (2006) 91
(1):185-91. doi: 10.1210/jc.2005-0853

160. Stinson SE, Jonsson AE, de Retana Alzola IF, Lund MAV, Frithioft-Bejsoe
C, Aas Holm L, et al. Hyperglucagonemia in pediatric adiposity associates with
cardiometabolic risk factors but not hyperglycemia. J Clin Endocrinol Metab (2022)
107(6):1569-76. doi: 10.1210/clinem/dgac108

161. Feerch K, Torekov SS, Vistisen D, Johansen NB, Witte DR, Jonsson A, et al.
GLP-1 response to oral glucose is reduced in prediabetes, screen-detected type 2

Frontiers in Endocrinology

199

10.3389/fendo.2022.1061682

diabetes, and obesity and influenced by sex: The ADDITION-PRO study. Diabetes
(2015) 64(7):2513-25. doi: 10.2337/db14-1751

162. Lomenick JP, White JR, Smart EJ, Clasey JL, Anderson JW. Glucagon-like
peptide 1 and pancreatic polypeptide responses to feeding in normal weight and
overweight children. ] Pediatr Endocrinol Metab (2009) 22(6):493-500. doi:
10.1515/JPEM.2009.22.6.493

163. Yeow TP, Pacini G, Tura A, Hor CP, Lim SL, Tan FH, et al. Preserved
glucagon-like peptide-1 responses to oral glucose, but reduced incretin effect,
insulin secretion and sensitivity in young asians with type 2 diabetes mellitus. BMJ
Open Diabetes Res Care (2017) 5(1):e000352. doi: 10.1136/bmjdrc-2016-000352

frontiersin.org


https://doi.org/10.1210/jc.2005-0853
https://doi.org/10.1210/clinem/dgac108
https://doi.org/10.2337/db14-1751
https://doi.org/10.1515/JPEM.2009.22.6.493
https://doi.org/10.1136/bmjdrc-2016-000352
https://doi.org/10.3389/fendo.2022.1061682
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Endocrinology

‘ @ Check for updates

OPEN ACCESS

Dénes Molnar,
University of Pécs, Hungary

Daniel Weghuber,

Paracelsus Medical University, Austria
Mirjam Mocnik,

University Clinical Centre Maribor, Slovenia

Afif Nakhleh
anakhleh@gmail.com

These authors have contributed equally to
this work

This article was submitted to
Obesity,

a section of the journal
Frontiers in Endocrinology

26 November 2022
16 January 2023
30 January 2023

Nakhleh A, Sakhnini R, Furman E and
Shehadeh N (2023) Cardiometabolic risk
factors among children and adolescents
with overweight and Class 1 obesity: A
cross-sectional study. Insights from
stratification of Class 1 obesity.

Front. Endocrinol. 14:1108618.

doi: 10.3389/fendo.2023.1108618

© 2023 Nakhleh, Sakhnini, Furman and
Shehadeh. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

Original Research
30 January 2023
10.3389/fendo.2023.1108618

Cardiometabolic risk factors
among children and adolescents
with overweight and Class 1
obesity: A cross-sectional study.
Insights from stratification of
Class 1 obesity

Afif Nakhleh @**', Rizan Sakhnini**, Eyal Furman*
and Naim Shehadeh**

tMaccabi Healthcare Services, Haifa, Israel, 2The Azrieli Faculty of Medicine, Bar-llan University,
Safed, Israel, *Ruth & Bruce Rappaport Faculty of Medicine, Technion, Israel Institute of Technology,
Haifa, Israel

Context: Severe childhood obesity is associated with increased prevalence of
cardiometabolic risk factors (CMRFs). Among children with Class 1 obesity, higher
BMI may indicate greater cardiometabolic risk. Class 1 obesity reflects a wide
spectrum of BMI values. Each 10% increase in BMI above the 95th percentile is
equivalent to an average increase of 2.15 kg/m2 and 2.75 kg/m2 in BMI among
children and adolescents, respectively. Such increments may be of clinical
importance.

Objectives: The study aimed to determine the prevalence and clustering of CMRFs
in children and adolescents with BMI 110%-119% of the 95th BMI percentile.

Methods: A cross-sectional analysis of data, from an lIsraeli health maintenance
organization, of children and adolescents (5-17 years) with overweight or Class 1
obesity, and at least one measurement of lipid profile during Jan/2020-May/2021.
CMRFs were defined as abnormal lipid profile, elevated alanine aminotransferase,
hypertension, and prediabetes or diabetes. Study groups included overweight and
Class 1 Obesity-A (BMI < 110%) and Obesity-B (BMI > 110%) of the 95th BMI percentile.

Results: Of 7211 subjects included, 40.2% were overweight, 50.3% obesity-A, and
9.5% obesity-B. Multivariable analyses showed that children and adolescents from
the Obesity-B group had increased odds for higher triglycerides, LDL cholesterol,
and ALT levels; and lower HDL cholesterol levels, as compared to Obesity-A. The
odds of prediabetes (insignificant) tended to be higher in the Obesity-B group,
which was associated with increased CMRFs clustering.
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Conclusions: Among children and adolescents with Class 1 obesity, BMI > 110% of
the 95th percentile was associated with higher prevalence and clustering

of CMREFs.

KEYWORDS

cardiometabolic risk factors, children, adolescents, overweight, Class 1 obesity

1 Introduction

Obesity among children and adolescents has become a major
public health challenge in the twenty-first century. Over the past
decade, the prevalence of pediatric obesity in the United States
increased from 17.7% to 21.5% (1). Pediatric obesity leads to a
significant increase in cardiometabolic morbidity, including type 2
diabetes, hypertension, dyslipidemia, fatty liver, and cardiovascular
complications (2-4). Screening tests for children with obesity include
fasting lipids, glycated hemoglobin (HbAlc), fasting or random
plasma glucose, and liver enzymes (5).

The clustering of cardiometabolic risk factors (CMRFs) in early
childhood is of particular concern, given that the majority of children
remain obese in adulthood (3). Skinner et al., using National Health
and Nutrition Examination Survey (NHANES) data, demonstrated
that severe obesity in children and adolescents was associated with
increased prevalence of CMRFs, particularly among males (6). They
also showed that, as expected, subjects with Class 1 obesity, defined as
having a BMI >95th percentile to <120% of the 95th percentile for age
and sex, had a higher risk of having most risk factors as compared to
those with overweight (6, 7).

Each 10% increase in BMI above the 95th percentile is equivalent
to an average increase of 2.1 kg/m” and 2.7 kg/m” in BMI among male
children and adolescents, respectively; and of 2.2 kg/ m?and 2.8 ke/ m?
among female children and adolescents, respectively (Table S1) (8).
Such increments in BMI may be clinically significant. For example,
the Princeton Follow-up Study demonstrated that the risk of
metabolic syndrome in adulthood increased by 24% for each 10%
increase in age-specific BMI in children and youth (9).

The question of whether the increment in BMI above 109% of the
95th percentile translates into a significant difference in the risk of
cardiometabolic morbidity within the Class 1 obesity group has not
yet been addressed. Therefore, in the present study, we aimed at
assessing the prevalence and clustering of CMRFs in Israeli children
and adolescents with a BMI of 110%-119% of the 95th BMI percentile,
as compared to those with overweight and Class lobesity.

2 Materials and methods

This non-interventional, cross-sectional analysis of data was
conducted using the electronic medical database of Maccabi
Healthcare Services (MHS), a large health maintenance
organization in Israel serving over two million patients. All data
were collected from the MHS automated database during May 2021.

Frontiers in Endocrinology

Clinical data included (1): demographic and anthropometric
information on age, gender, socioeconomic status (SES) of the place
of residence, weight, BMI percentile, and blood pressure (2);
laboratory results including fasting serum total cholesterol, LDL
cholesterol, HDL cholesterol, triglycerides, plasma glucose, glycated
hemoglobin (HbAlc), and alanine aminotransferase (ALT); and (3)
data from the MHS diabetes registry. The retrieved data included the
last available value in the database recorded during January 2020 -
May 2021, except for blood pressure for which we included the last
two measurements when available, and fasting plasma glucose and
HbAlc for which we retrieved all the available data.

We obtained approval from the MHS institutional review board
and ethics committee to access and analyze data. Individual patient
informed consent was not required because of the anonymized nature
of patient records.

2.1 Study sample and definitions

We performed a cross-sectional analysis of data from children
and adolescents 5-17 years of age with overweight or Class 1 obesity,
who had at least one measurement of lipid profile during the
study period.

Age was expressed in years and rounded to the nearest year (cutoff
points are at the midpoint of the child’s year). BMI was classified
according to percentiles established by the Centers for Disease
Control and Prevention (CDC). These were validated for Israeli
children and adolescents, for age (by month) and sex (10).
Overweight was defined as a BMI between the 85th and 94th
percentile. Obesity-A was defined as a BMI at or greater than the
95th percentile up to 109% of the 95th percentile. A BMI between
110% and 119% of the 95th percentile was defined as Obesity-B.
Subjects with a BMI at or greater than 120% of the 95th percentile (or
BMI greater than 35 kg/m?) were not included in this study.

Data were obtained on the socioeconomic status (SES) of the
place of residence based on the Israeli Central Bureau of Statistics
scoring system: low (score 1-4 out of 10), medium (score 5-8 out of
10), and high (score 9-10 out of 10).

Of 26783 children and adolescents (14744 females and 12039
males) aged 5-17 years with documented BMI 285th percentile
between January 2020 through May 2021, 7211 subjects had a
BMI<120% of the 95th percentile and available lipid profile data
and thus were included in the study (Figure S1).

We aimed at evaluating children or adolescents for potential
comorbidities associated with overweight and obesity. Table 1

frontiersin.org


https://doi.org/10.3389/fendo.2023.1108618
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nakhleh et al.

10.3389/fendo.2023.1108618

TABLE 1 Definitions of comorbidities and abnormal values for cardiometabolic variables.

Variable Age group, yr Number of subjects evaluated Definition of comorbidity or abnormal value
Total cholesterol 5-17 7211 >200 mg/dL
LDL cholesterol 5-17 7211 >130 mg/dL
HDL cholesterol 5-17 7211 <35 mg/dL
Triglycerides 5-17 7211 >150 mg/dL
ALT 5-17 6869 25 U/L (boys)
>22 UJ/L (girls)
Prediabetes 5-17 7211 >2 FPG tests 100-125 mg/dL
or
>1 HbAIc test 5.7%-6.4%

Diabetes mellitus 5-17 7211 Inclusion in MHS diabetes registry
Systolic BP 5-12 1226 >95'" percentile (adjusted to the 50th percentile of age- and gender-specific height)

13-17 3773 >130 mm Hg
Diastolic BP 5-12 1226 >95™ percentile (adjusted to the 50th percentile of age- and gender-specific height)

13-17 3773 >80 mm Hg

ALT, alanine aminotransferase; BP, blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MHS, Maccabi

Healthcare Services.

summarizes characteristics of the sample age groups and the definition of
comorbidities and abnormal values for cardiometabolic variables.

Abnormal lipid profile values were defined using standard cutoff
values for levels of total cholesterol (=200 mg/dL), LDL cholesterol
(2130 mg/dL), HDL cholesterol (<35 mg/dL), and triglycerides (=150
mg/dL). Serum ALT concentrations above the 95th percentile (>25 U/
L for boys and >22U/L for girls) were regarded as abnormal, as
proposed by Schwimmer JB et al. (11). In our sample, 6869 children
and adolescents had at least one documented ALT value.

Blood pressure was recorded as the mean value of up to two
measurements or as a single measurement (3810 of the children and
adolescents had two measurements, 1189 had only one measurement,
and 2212 had no measurement). For children aged 5-12 years, we
used standardized blood pressure tables in which abnormal values
were determined according to age and gender and adjusted to the
50th percentile of height; abnormal values were defined as any value
at or above the 95th percentile in Table S2. For children aged >13
years, we used cutoffs of 2130 mm Hg for systolic blood pressure and
>80 mm Hg for diastolic blood pressure (12).

We defined individuals as having prediabetes if they fulfilled the
following criteria: at least two separate fasting plasma glucose values
between 100 mg/dL and 125mg/dL, or a single measurement of HbAlc
between 5.7% and 6.4%; and the person was not included in the MHS
diabetes registry. We used data from MHS automated patients’ registry
to diagnose diabetes (13). This registry is based on a validated algorithm
that collects data from electronic medical records, laboratory results
(HbAlc and fasting plasma glucose), dispensed medications (oral
glucose-lowering agents or insulin), and clinical diagnoses (more
details are available in the Supplementary file: Methods).

2.2 Statistical analysis

Continuous data are presented as mean * standard deviation (SD)
or median (interquartile range). Categorical data are presented as
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absolute numbers and percentages. Prevalence is reported as a
percentage with a 95% confidence interval.

The chi-square test or Fisher’s exact test was used to assess the
association between categorical variables. T-test or ANOVA were
used to assess the association between continuous variables.

To examine the effect of weight on CMRFs we performed
multivariable analyses using generalized linear models (GLMs) with
a logarithmic link. We reported the odds ratios (after exponentiation
of the coefficients). We also performed logistic regression analyses to
evaluate the effect of weight on the clustering of CMRFs. Models were
adjusted when appropriate for age and sex. A p-value < 0.05 was
considered significant.

All statistical analyses were performed using STATA, version 17
(Stata Corp., Texas, USA).

3 Results

Among 7211 children and adolescents with a BMI at the 85th
percentile or higher, 40.2% were classified as overweight, 50.3% as
obesity-A, and 9.5% as obesity-B (Table 2). Figure S2 depicts median
BMI values classified by weight categories and age. No significant
correlation was found between SES and severity of obesity (Table S3).

Table S4 shows the mean values for each cardiometabolic variable
for all subjects. These values increased with the severity of obesity,
except for HDL cholesterol.

Table 3 and Figure 1 show the prevalence of CMRFs among
children and adolescents, classified by weight category. Except for
total cholesterol, diastolic blood pressure, and diabetes, the prevalence
of CMRFs (including prediabetes) consistently increased with the
severity of obesity in adolescents (Tables 3, S5). This trend was
evident albeit to a lesser extent among children for whom only
systolic blood pressure and ALT levels differed significantly between
weight groups (Tables 3, S6).
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TABLE 2 Distribution of weight groups by age and sex.
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Overweight Obesity-A Obesity-B Total
All subjects (5-17) n, % 2902 (40.2) 3624 (50.3) 685 (9.5) 7211 (100)
Male 1086 (37.4) 1506 (41.6) 294 (42.9) 2886 (40)
Female 1816 (62.6) 2118 (58.4) 391 (57.1) 4325 (60)
Children (5-11) n, % 489 (33.3) 806 (54.9) 174 (11.8) 1469 (20.4)
Male 175 (35.8) 280 (34.7) 63 (36.2) 518 (35.3)
Female 314 (64.2) 526 (65.3) 111 (63.8) 951 (64.7)
Adolescents (12-17) n, % 2413 (42) 2818 (49.1) 511 (8.9) 5742 (79.6)
Male 911 (37.8) 1226 (43.5) 231 (45.2) 2368 (41.2)
Female 1502 (62.2) 1592 (56.5) 280 (54.8) 3374 (58.8)

Table 4 shows a direct comparison of CMRFs between weight
groups of children and adolescents in multivariable generalized linear
models that adjusted for age and sex. Children and adolescents in the
obesity-B group had greater odds for higher triglycerides, LDL
cholesterol, and ALT and lower HDL cholesterol levels, as compared

to the obesity-A group. These differences were significant in females
except for the difference in ALT levels, the only observation that was
significant in males. The odds of prediabetes tended to be higher in the
obesity-B group but did not reach significance. Overweight children
and adolescents had lower odds for most of the CMRFs.

TABLE 3 Prevalence of comorbidities and abnormal values for cardiometabolic variables by weight among children and adolescents.

Risk factor All subjects Children Adolescents
variable . . .
and weight Subjects, = Prevalence, % Subjects,  Prevalence, % P Subjects,  Prevalence, % P
category n (95% Cl) n (95% Cl) value n (95% Cl) value
Triglycerides <0.001 0.11 <0.001
Overweight 2902 8.9(7.8-9.9) 489 7.4 2413 9.2
(5-9.7) (8-10.3)
Obesity-A 3624 12.7 806 9.2 2818 137
(11.6-13.8) (7.2-11.2) (12.4-15)
Obesity-B 685 15.5 174 12.6 511 16.4
(12.8-18.2) (7.7-17.6) (13.2-19.7)
HDL cholesterol <0.001 0.62 <0.001
Overweight 2902 46 489 1.8 2413 5.1
(3.8-5.3) (0.6-3) (4.3-6)
Obesity-A 3624 6.4 806 2.6 2818 7.5
(5.6-7.2) (1.5-3.7) (6.5-8.5)
Obesity-B 685 8.5 174 2.9 511 104
(6.4-10.6) (0.4-5.4) (7.7-13)
LDL cholesterol 0.01 0.55 0.015
Overweight 2902 6.2 489 7.2 2413 6
(5.3-7) (4.9-9.4) (5-6.9)
Obesity-A 3624 7 806 6.8 2818 7.1
(6.2-7.8) (5.1-8.6) (6.1-8)
Obesity-B 685 9.3 174 9.2 511 9.4
(7.2-11.5) (4.9-13.5) (6.9-11.9)
Total cholesterol 0.54 0.33 0.57
Overweight 2902 9.4 489 12.7 2413 8.8
(8.4-10.5) (9.7-15.6) (7.7-9.9)
Obesity-A 3624 9.9 806 10.8 2818 9.6
(8.9-10.9) (8.7-12.9) (8.5-10.7)
(Continued)
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TABLE 3 Continued

10.3389/fendo.2023.1108618

Risk factor All subjects Children Adolescents
variable . . .
and weight Subjects, = Prevalence, % P Subjects,  Prevalence, % P Subjects, = Prevalence, % P
category n (95% Cl) value n (95% Cl) value n (95% Cl) value
Obesity-B 685 10.8 174 144 511 9.6
(8.5-13.1) (9.2-19.6) (7-12.1)
Systolic BP <0.001 <0.001 <0.001
Overweight 2059 7.3 215 112 1844 6.9
(6.2-8.5) (7-15.4) (5.7-8)
Obesity-A 2490 135 339 233 2151 119
(12.1-14.8) (18.8-27.8) (10.5-13.3)
Obesity-B 450 153 70 25.7 380 134
(12-187) (15.5-36) (10-16.8)
Diastolic BP 0.10 0.28 0.28
Overweight 2059 114 215 112 1844 114
(10-12.7) (7-15.4) (9.9-12.8)
Obesity-A 2490 13.3 339 15.9 2151 12.9
(12-14.6) (12-19.8) (115-14.3)
Obesity-B 450 13.8 70 157 380 134
(10.6-17) (7.2-24.2) (10-16.8)
Prediabetes <0.001 0.61 <0.001
Overweight 2902 7.8 489 35 2413 8.6
(6.8-8.7) (1.9-5.1) (7.5-9.7)
Obesity-A 3624 9.2 806 3.1 2818 11
(8.3-10.2) (1.9-4.3) (9.8-12.1)
Obesity-B 685 112 174 4.6 511 133
(8.7-13.4) (1.5-7.7) (10.4-16.3)
Diabetes 0.09 0.87 0.22
Overweight 2902 1.1 489 0.6 2413 1.2
(0.7-1.4) (0-1.3) (0.7-1.6)
Obesity-A 3624 0.7 806 0.5 2818 0.8
(0.5-1) (0-1) (0.5-1.1)
Obesity-B 685 03 174 0 511 04
(0-0.7) (0-0.9)
ALT <0.001 <0.001 <0.001
Overweight 2783 13.6 471 15.3 2312 133
(12.3-14.9) (12-18.5) (11.9-14.7)
Obesity-A 3440 212 759 227 2681 20.8
(19.8-22.6) (19.7-25.6) (19.2-22.3)
Obesity-B 646 28.2 165 30.9 481 27.2
(24.7-31.6) (23.9-38) (233-31.2)

P value for comparison among three groups. A p value < 0.05 was considered significant.

ALT, alanine aminotransferase; BP, blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

The number of CMRFs increased with the severity of obesity in
children and adolescents (Table S7; Figure 2). The prevalence of
clustering of >2 and =3 CMRFs were 12.1% and 6.3%, respectively;
and 19.8% and 6.7% among children and adolescents from the
obesity-B group, respectively (Figure 2). Table 5 shows the adjusted
odds ratios for the number of CMRFs across weight groups of
children and adolescents. Compared with the obesity-A group,
subjects from the obesity-B group were at 52% and 76% higher risk
of clustering of > 2 and =3 CMRFs, respectively (Table 5).
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4 Discussion

The present study shows a higher prevalence of most of the
cardiovascular risk factors in children and adolescents with a
BMI between 110%-119% of the 95th BMI percentile (obesity-B
group) as compared to individuals with lower degree of obesity.
This ten percent increment in BMI within the Class 1 obesity
group translates into significantly higher odds for clustering
of CMRFs.
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The prevalence of cardiometabolic risk factors among children and adolescents by weight category.

Severe obesity in childhood is associated with significant
metabolic and cardiovascular morbidity (14). In our study, we
aimed at assessing children and adolescents with lower degrees of
obesity. Class 1 obesity reflects a wide spectrum of BMI values. Each
10% increase in BMI above the 95th percentile is equivalent to an
average increase of 2.15 kg/m” and 2.75 kg/m* in BMI among children
and adolescents, respectively (Table S1) (8). Such increments may be
of high clinical importance. For example, the Princeton Follow-up
Study demonstrated that the risk of metabolic syndrome in adulthood
increased by 24% for each 10% increase in age-specific BMI in
childhood (9). In young adults, each 1-kg/m” increase in BMI was
associated with a 6% higher risk of developing type 2 diabetes before
the age of 45 years (15). In a cohort of Danish and Finnish subjects,
each z-score increase in BMI at 7 years of age (equivalent to a 1.5 to
2.5 kg/m” increment) was associated with a 5%-10% greater risk of
coronary heart disease in adulthood (16). Moreover, the risk of
mortality increases significantly throughout the overweight and
obesity range. In adults younger than 50 years of age, every five
units higher BMI above 25 kg/m? was associated with an approximate
52% higher risk of premature death (17). These findings emphasize
the importance of losing relative weight at a young age.

We subclassified Class 1 obesity into two groups to “zoom in” and
better understand the cardiometabolic morbidity associated with
lower degrees of obesity in childhood.

In our study, the prevalence of most CMRFs increased with the
severity of obesity, except for diastolic blood pressure, diabetes, and
total cholesterol (Table 3).

Our results are in line with Sorof et al. that showed a progressive
increase in systolic blood pressure with each increase in BMI
percentile, whereas diastolic blood pressure showed no association
(18). In our study, the prevalence of prediabetes was higher in the
obesity groups as expected. However, the prevalence of diabetes was
low with no difference seen between the groups. These registry-
derived diagnoses include patients with all forms of diabetes,
including type 1 diabetes, which might explain the higher (though
insignificant) trend of having diabetes in the overweight group
(Table 4). However, Twig et al. showed that the cumulative
incidence of early-onset type 2 diabetes was more than 2-fold
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higher among adolescents with severe obesity than among those
with Class 1 obesity (4). This relationship should be regarded as a
continuum in which each increment above the 95th BMI increases the
risk of prediabetes and the transition toward type 2 diabetes.

Obesity is associated with elevated ALT levels. We defined
abnormal serum ALT concentrations as >25 U/L for boys and
>22U/L for girls (11). This is because liver biopsy specimens from
children with normal or mildly elevated ALT (=26 to 50 U/L for boys
and 223 to 44 U/L for girls) were histologically abnormal, including
advanced fibrosis (19). In our study, an increment in BMI above 109%
of the 95th percentile more than doubled the risk for abnormal ALT
values in children and adolescents as compared to those with
overweight (Table S5, S6). Despite being nonspecific when used
alone, the increased plasma concentrations of ALT with higher
severity of obesity might reflect the presence of nonalcoholic fatty
liver disease (NAFLD) in a substantial proportion of these children.

There were differences observed between children and
adolescents in terms of their lipid and glucose profiles, with
children showing nonsignificant differences across the weight
groups (Table 3). This suggests that the duration of obesity may
play a stronger role than BMI alone.

There were important differences between male and female subjects
in our study. It should be noted that girls constitute 60% of the study
sample, although the prevalence of obesity in the general population is
greater among boys (20, 21). Given the cross-sectional nature of the
study and the eligibility for inclusion based on available data, this
gender disparity may have occurred by chance. The present study
demonstrates clearly that an increment in BMI above 109% of the 95th
percentile is clinically significant, particularly among females. This
increment increases the odds of higher triglycerides and LDL
cholesterol and lower HDL cholesterol levels as compared to in
females with lower degree of obesity (Table 4). This markedly
unfavorable lipid profile relative to weight gain in girls has been
reported in a previous study which demonstrated slightly stronger
indirect effects of weight gain, through childhood adiposity, in girls as
compared with boys (22). There was a nonsignificant trend towards
increased odds for prediabetes and higher ALT levels in females with a
BMI above 109% of the 95th percentile as compared to those with lower
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TABLE 4 Odds ratios for cardiometabolic risk factors among children and adolescents by sex and weight.

Risk factor variable and All subjects Female subjects Male subjects
weight category

Subjects, = Odds ratio, P Subjects, = Odds ratio, P Subjects, = Odds ratio, P

n (95% Cl) value n (95% Cl) value n (95% ClI) value

Triglycerides

Overweight 2902 0.66 <0.001 1816 0.75 0.006 1086 0.51 <0.001
(0.56-0.78) (0.61-0.92) (0.39-0.68)

Obesity-A 3624 Reference 2118 Reference 1506 Reference

Obesity-B 685 1.28 0.04 391 1.36 0.04 294 1.16 0.42
(1.01-1.61) (1.01-1.82) (0.80-1.69)

HDL cholesterol

Overweight 2902 0.66 <0.001 1816 0.69 0.03 1086 0.65 0.006
(0.53-0.83) (0.50-0.96) (0.48-0.89)

Obesity-A 3624 Reference 2118 Reference 1506 Reference

Obesity-B 685 1.44 0.02 391 1.65 0.02 294 1.24 0.32
(1.06-1.95) (1.07-2.53) (0.80-1.91)

LDL cholesterol

Overweight 2902 0.86 0.15 1816 0.96 0.79 1086 0.69 0.03
(0.71-1.05) (0.75-1.23) (0.49-0.97)

Obesity-A 3624 Reference 2118 Reference 1506 Reference

Obesity-B 685 1.37 0.03 391 1.49 0.03 294 1.20 0.42
(1.03-1.83) (1.03-2.15) (0.76-1.92)

Total Cholesterol

Overweight 2902 0.94 0.49 1816 1.01 0.88 1086 0.77 0.09
(0.80-1.11) (0.83-1.24) (0.57-1.05)

Obesity-A 3624 Reference 2118 Reference 1506 Reference

Obesity-B 685 1.10 0.47 391 122 0.21 294 0.92 0.725
(0.85-1.43) (0.87-1.70) (0.58-1.46)

Systolic BP

Overweight 2059 0.56 <0.001 1282 0.58 <0.001 777 0.53 <0.001
(0.46-0.67) (0.45-0.75) (0.41-0.69)

Obesity-A 2490 Reference 1413 Reference 1077 Reference

Obesity-B 450 111 0.43 251 1.29 0.15 199 0.94 0.75
(0.85-1.44) (0.91-1.85) (0.64-1.38)

Diastolic BP

Overweight 2059 0.78 0.003 1282 0.84 0.10 777 0.71 0.01
(0.66-0.92) (0.69-1.04) (0.55-0.92)

Obesity-A 2490 Reference 1413 Reference 1077 Reference

Obesity-B 450 0.99 0.96 251 1.10 0.59 199 0.85 0.43
(0.76-1.28) (0.78-1.54) (0.56-1.28)

Prediabetes

Overweight 2902 0.76 0.003 1816 0.78 0.04 1086 0.76 0.06
(0.64-0.91) (0.61-0.98) (0.58-1.01)

Obesity-A 3624 Reference 2118 Reference 1506 Reference

Obesity-B 685 1.29 0.06 391 1.37 0.07 294 1.18 0.43
(0.99-1.69) (0.96-1.96) (0.78-1.78)

Diabetes
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TABLE 4 Continued

Risk factor variable and All subjects Female subjects Male subjects
weight category . . . . . .
Subjects, = Odds ratio, Subjects, = Odds ratio, Subjects, = Odds ratio,
n (95% ClI) n (95% Cl) n (95% ClI)
Overweight 2902 1.59 0.08 1816 1.54 0.20 1086 1.67 0.23
(0.95-2.67) (0.80-2.95) (0.72-3.89)
Obesity-A 3624 Reference 2118 Reference 1506 Reference
Obesity-B 685 0.40 022 391 0.34 0.29 294 0.51 0.52
(0.10-1.71) (0.04-2.55) (0.07-4.00)
ALT
Overweight 2783 0.59 <0.001 1735 0.56 <0.001 1048 0.63 <0.001
(0.52-0.68) (0.47-0.68) (0.52-0.77)
Obesity-A 3440 Reference 2007 Reference 1433 Reference
Obesity-B 646 1.42 <0.001 368 1.28 0.07 278 1.61 <0.001
(1.18-1.72) (0.98-1.67) (1.22-2.12)

GLMs that controlled for age and sex were used for these analyses. Obesity-A is the referent group.
A p value < 0.05 was considered significant.

ALT, alanine aminotransferase; BP, blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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FIGURE 2
Distribution of cardiometabolic risk factors among children (A) and adolescents (B) by weight category. Cardiometabolic risk factors include
hyperglycemia (prediabetes or diabetes), high triglycerides, LDL cholesterol, ALT, and systolic or diastolic BP, or low HDL cholesterol. The number of
cardiometabolic risk factors increased with the severity of obesity in children (p<0.001) and adolescents (p<0.001). P value for difference between groups
was determined by chi square test.
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TABLE 5 Odds ratios of having >1, >2, and >3 (vs zero) cardiometabolic risk factors* by weight category in children and adolescents.

>1 cardiometabolic risk factors

Weight category

>2 cardiometabolic risk factors

>3 cardiometabolic risk factors

Odds ratio, (95% Cl) P value Odds ratio, (95% Cl) P value Odds ratio, (95% Cl) P value
Overweight 0.64 <0.001 0.51 <0.001 0.56 <0.001
(0.58-0.71) (0.44-0.59) (0.42-0.75)
Obesity-A Reference ‘ Reference ‘ Reference ‘
Obesity-B 1.29 0.002 1.52 <0.001 1.76 0.001
(1.09-1.53) (1.24-1.85) (1.25-2.49)

Cardiometabolic risk factors include hyperglycemia (prediabetes or diabetes), high triglycerides, LDL cholesterol, ALT, and systolic or diastolic BP or low HDL cholesterol.

Logistic regression that controlled for age and sex was used for these analyses. Obesity-A is the referent group.

A p value < 0.05 was considered significant.

ALT, alanine aminotransferase; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

degree of obesity. In males, an increment above 109% of the 95th BMI
percentile was associated with increased odds for higher ALT levels.
This result is in line with previous studies showing that prevalence was
generally higher in boys as compared with girls and increased
incrementally with greater BMI (23, 24).

Our findings differ from those in other reports. Some studies
showed minimal differences between boys and girls and another study
(in which 16.7% of the sample had severe obesity) showed a higher
prevalence of risk factors in males (6, 25-27).

The clustering of CMRFs in childhood is of high concern, taking
into account the fact that around 80% of them remain obese in
adulthood (3). Indeed, this observation justifies the evaluation of
cardiometabolic variables at a young age, especially among those who
are overweight or obese.

Several definitions of metabolic syndrome in children and
adolescents have been proposed (28-33). These definitions are
diverse and lack uniformity, and there is no clear consensus on
which to use. The American Academy of Pediatrics recommends
shifting the focus to the concept of clustering of CMRFs rather than
defining metabolic syndrome in children and adolescents (34).

In the Bogalusa Heart Study, the clustering of CMRFs was
associated with increased severity of asymptomatic coronary
atherosclerotic lesions in young people (35). Since the clustering of
risk factors is present in childhood and continues into young
adulthood, the presence of multiple risk factors such as
hyperglycemia, hypertension, and abnormal lipid profile may
indicate a faster progression of atherosclerosis in young people.

Using conservative thresholds for prediabetes, dyslipidemia, and
hypertension, a large multi-ancestral cohort demonstrated a direct
correlation between the severity of obesity and prevalence of CMRFs,
whereby each half-unit increase in the BMI z score increased the risk
of having cardiovascular risk factors’ clustering by 55% (29). Skinner
et al. showed that values for some, but not all, CMRFs were higher
with increased severity of obesity in children and adolescents, and
demonstrated that greater severity of obesity is associated with a
higher risk of lower HDL-cholesterol levels, elevated plasma
triglycerides, and high systolic and diastolic blood pressure (6).

In our study, subjects with BMI between 110%-120% of the 95th
BMI percentile had a higher prevalence of CMRFs clustering (17.8%
and 6.6% for clustering of >2 and 23 risk factors, respectively) (Table
S7). They exhibited a substantially higher risk for CMRFs clustering
as compared to those with lower degree of obesity (Table 5). This
highlights the need for further stratification of weight groups at a
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young age to better reflect the risk for metabolic and
cardiovascular morbidity.

Previous research has shown that a lower SES during childhood is
linked to a higher risk of developing metabolic syndrome in
adulthood, even when controlling for other childhood risk factors
(36). However, our study did not find a significant association
between SES and the level of obesity, thus it cannot be considered a
confounding factor.

There are several limitations to our study that should be
considered. First, this is a cross-sectional study, which cannot prove
the causality between obesity and CMRFs. In addition, we cannot
exclude any secondary causes of obesity, such as genetic or hormonal
factors. Second, we lacked data on lifestyle, physical activity, and other
indicators of obesity such as waist circumference. The latter may be
more sensitive than BMI in the context of this study and better define
cardiovascular risk in the long term. Third, our sample might differ
from the general population in terms of gender representation, as
obesity is more common in boys (20). A considerable difference was
observed in the number of individuals with obesity-A and obesity-B
(50.3% compared to 9.5%). It should be noted that our sample was
limited to individuals with available lipid profile data. This limitation,
combined with the observational nature of the study, raises the
possibility that the representation of obesity-B in our sample may
not accurately reflect its prevalence in the general population. Finally,
the sample size was relatively small in weight subgroups of children
younger than 12 years old, which resulted in some estimates with wide
confidence intervals, deeming them insignificant. Thus, some of these
estimates should be interpreted with caution.

Our study has certain strengths. The study was based on a relatively
large sample of children and adolescents. This permitted the evaluation of
a wide variety of CMRFs and the exploration of their clustering among
weight subgroups. In conclusion, among children and adolescents with
Class 1 obesity, a BMI > 110% of the 95th percentile was associated with a
higher prevalence of and greater clustering of CMRFs. The consideration
of this group (obesity-B group) in the standard obesity classification may
assist in the identification of children and adolescents who could be at a
greater risk for abnormal lipid profile, hyperglycemia, and abnormal
ALT levels.
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Background: Vitamin D affects adipogenesis, oxidative stress, inflammation,
secretion of adipocytokines, lipid metabolism and thermogenesis. Some
researchers postulate that those effects could be exerted by the influence of
vitamin D on chemerin levels.

Aim of the study: We aimed to investigate if there is a link between serum 25-
hydroksyvitamin D [25(OH)D], chemerin and metabolic profile in overweight and
obese children before and after vitamin D supplementation.

Material and methods: The prospective study included 65 overweight and obese
children aged 9.08-17.5 years and 26 peers as a control. None of the patients in the
study group had received vitamin D within the last twelve months before the study.

Results: The study group had lower baseline 25(0OH)D (p<0.001) and higher
chemerin (p<0.001), triglycerides (TG, p<0.001), triglycerides/high density
lipoprotein cholesterol (TG/HDL-C, p<0.001), C-reactive protein (CRP,
p<0.05), fasting insulin (p<0.001), Homeostasis Model Assessment - Insulin
Resistance (HOMA-IR, p<0.001), alanine aminotransferase (ALT, p<0.001) and
uric acid (p<0.001) compared to the control group. Baseline vitamin D was
related to fasting insulin (R=-0.29, p=0.021), HOMA-IR (R=-0.30, p=0.016),
HDL-C (R=0.29, p=0.020) and uric acid (R=-0.28, p=0.037) in the study group.
Baseline chemerin was related to insulin at 30" (R=0.27, p=0.030), 60" (R=0.27,
p=0.033), 90' (R=0.26, p=0.037) and 120" (R=0.26, p=0.040) during the oral
glucose tolerance test (OGTT) and ALT (R=0.25, p=0.041) in the study group.
Correlation between vitamin D and chemerin (R=-0.39, p=0.046) was found only
in the control group. After six months of vitamin D supplementation a decrease in
CRP (p<0.01), total cholesterol (p<0.05), ALT (p<0.01), glucose at 150" OGTT
(p<0.05) was observed. Moreover, we noticed a tendency for negative
association between 25(OH)D and chemerin levels (p=0.085). Multivariable

211 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1143755/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143755/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143755/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143755/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1143755&domain=pdf&date_stamp=2023-04-20
mailto:mkrajewska@wum.edu.pl
https://doi.org/10.3389/fendo.2023.1143755
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1143755
https://www.frontiersin.org/journals/endocrinology

Krajewska et al.

10.3389/fendo.2023.1143755

backward linear regression models were build using baseline vitamin D,
baseline chemerin and six months chemerin as the dependent variables.

Conclusions: Our study confirmed that vitamin D has positive effect on
metabolic profile in overweight and obese children. The relationship
between vitamin D and chemerin is not clear, nevertheless we have observed
a tendency to decrease chemerin concentrations after improving vitamin D
status, even without a significant reduction in body fat mass.

KEYWORDS

obesity, children, vitamin D, chemerin, C-reactive protein, glucose, insulin,

lipid profile

Introduction

Adipose tissue as a highly metabolically active organ has been
intensively studied over the last decades (1, 2). It secretes a number
of adipokines and pro-inflammatory cytokines which link excess
body fat with chronic inflammation and atherosclerosis,
contributing to the development of obesity-related metabolic
disorders (1, 3-5). Vitamin D is also involved in those processes
(6, 7). The development of obesity and vitamin D status are
mutually dependent (6). It has been confirmed that vitamin D
can affect both genomic and nongenomic responses in adipose
tissue. Its effect includes the impact on adipogenesis and apoptosis,
on the development of oxidative stress and inflammation, the
regulation of the secretion of adipokines, pro-inflammatory and
anti-inflammatory cytokines, the influence on lipid metabolism and
thermogenesis (8). Some studies reported the beneficial effect of
vitamin D supplementation on reducing cardiometabolic risk
factors in childhood obesity (9-11). Some researchers postulated
that the protective effect of vitamin D on metabolic profile could be
exerted by the influence on chemerin levels (12-14). Chemerin is
one of the most important multifunctional adipokines, generated
mainly in subcutaneous and visceral adipose tissue by elastase and
tryptase which activate prochemerin. Chemerin mRNA is expressed
also in fibroblasts, chondrocytes, epithelial cells, platelets and in a
number of organs such as liver, female reproductive organs, adrenal
glands, lungs, kidneys and pancreas (15-18). Chemerin is involved
in glucose homeostasis, lipid metabolism, maintenance of energy
balance, adipogenesis, angiogenesis, inflammatory and
autoimmune processes (1, 18-22). Recent studies indicate that it
could be also used as a marker of tumours (23, 24). Increased
chemerin levels, typical for obesity, are associated with adiposity-
related dyslipidaemia, insulin resistance, low-grade inflammation
and hypertension (25-29). Recent evidence suggest that chemerin,
similarly to other adipokines e.g. leptin, may influence bone
metabolism. Experimental data indicate that chemerin promotes
osteoclastogenesis (30-35).

The aim of these study was to investigate the link between
serum 25-hydroksyvitamin D [25(OH)D], chemerin and metabolic
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profile in overweight and obese children before and after vitamin
D supplementation.

Material and methods

The prospective study included 65 children (51 obese and 14
overweight, aged 9.08-17.5 years) with mean body mass index (BMI)
30.9 + 4.8 and 26 peers as a control with mean BMI 18.3 + 2.6 age-
and sex- matched. None of the patients in the study group had
received vitamin D within the last twelve months before the study.
The study protocol was approved by the Bioethics Committee at the
Medical University of Warsaw (decision number KB/257/2013) and
conducted in the Department of Paediatrics and Endocrinology at the
Medical University of Warsaw (Poland). At the time of blood
collection, children in both the study and the control group were
healthy, without infection or chronic diseases and were not taking
any medication. During the study period the participants did not
change their diet or the level of physical activity. Serum 25(OH)D,
chemerin, C-reactive protein (CRP), glucose and insulin during the
oral glucose tolerance test (OGTT), uric acid, aminotransferases
(aspartate aminotransferase — AST and alanine aminotransferase -
ALT), lipid profile (total cholesterol, low density lipoprotein
cholesterol - LDL-C, high density lipoprotein cholesterol - HDL-C,
triglycerides - TG) and glycated haemoglobin (HbAlc) were
determined at baseline (both in the study and in the control group)
and after six months of vitamin D supplementation (in the study
group). Following indices were calculated: TG/HDL-C ratio,
Homeostasis Model Assessment - Insulin Resistance (HOMA-IR)
and Quantitative Insulin Sensitivity Check Index (QUICKI) at
baseline and after six months of vitamin D supplementation. The
aim of vitamin D administration was to achieve the reference serum
25(OH)D levels between 30 and 50 ng/ml after six months of
intervention (36). Depending on the serum 25(0OH)D levels, the
doses of vitamin D ranged from 2000 to 4000 units per day. Serum 25
(OH)D concentrations were assessed every month, which allowed us
to control compliance and to modify administered vitamin D doses to
achieve reference values after six months of the study.
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Anthropometric parameters (height, weight, waist and hip
circumference) were measured using standardized methods. Based
on these measurements BMI, waist-to-hip ratio (WHR) and waist-
to-height ratio (WHtR) were calculated. The skinfold thickness
(mm) was measured under the triceps brachii muscle and under the
inferior scapular angle. Body fat percentage (%FAT skinfolds) was
calculated in the study group and in the control group using
Slaughter formula (37). Additionally, in the study group the
percentage of fat was measured using a bioimpedance analysis (%
FAT BIA) device (Maltron Body FAT Analyzer BF-905). Height
and weight were evaluated according to polish 2010 growth
references for school-aged children and adolescents (38). The
degree of obesity expressed as BMI standard deviation score
(SDS) was calculated using the LMS method to normalize
skewness of the distribution of BMI (38, 39). Obesity was defined
as BMI SDS 2 2, and overweight as BMI SDS = 1 and < 2 (40).

Biochemical analyses

Blood samples were collected after overnight fasting and
analysed by standard methods. Serum 25(OH)D levels (ng/ml)
were determined by immunoassay method using Architect
Analyzer (Abbott Diagnostics, Lake Forest, USA). Serum levels of
chemerin (pg/ml) were evaluated by ELISA (Mediagnost,
Reutlingen, Germany) using Asys UVM 340 Analyzer. The
concentrations of fasting glucose (mg/dl) and glucose in the oral
glucose tolerance test (OGTT 1.75g of glucose/kg body weight, no
more than 75g; blood samples taken at 0, 30°, 60°, 90°, 120°, 150’,
180") were determined in blood serum by glucose oxidase
colorimetric method using Vitros 5600 Analyzer (Ortho Clinical
Diagnostic, New Jersey, USA). The concentrations of HbAlc (%)
were measured in whole blood by ion-exchange high-performance
liquid chromatography using D-10 Hemoglobin Analyzer (BIO-
RAD). The concentrations of insulin (uIU/ml) were measured in
serum by immunoassay using IMMULITE 2000 Xpi Analyzer
(Siemens). Serum levels of total cholesterol (mg/dl), LDL-C (mg/
dl), HDL-C (mg/dl), TG (mg/dl), ALT (U/1), AST (U/1), CRP (mg/
dl) and uric acid (mg/dl) were determined in blood serum using
Vitros 5600 Analyzer (Ortho Clinical Diagnostic, New Jersey, USA).
The HOMA-IR was calculated as follows: HOMA-IR = (fasting
glucose mg/dl) x (fasting insulin uIU/ml)/405. The QUICKI was
calculated as follows: QUICKI = 1/[log(fasting insulin ulU/ml) +
log(fasting glucose mg/dl)] (41). The levels of uric acid were
classified as normal or increased according to the reference values
provided by the manufacturer. The values of lipid parameters were
classified as normal or increased/decreased (increased total
cholesterol, LDL-C, TG and decreased HDL-C) according to the
reference values used in paediatric population (42).

Statistical analysis
Statistical analysis was performed using Statistica 13.3. Data

distribution was checked using the Shapiro-Wilk test. Data were
presented as means with standard deviation or the median and
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interquartile ranges, as appropriate. Comparisons between baseline
data of the study group and the control group were made using the
T-test for parametric data or using the U Mann-Whitney test for
non-parametric data. Analysis of changes of the same parameter at
baseline and after six months of vitamin D supplementation were
provided using the T-test or the Wilcoxon test, as appropriate.
Correlation analysis was performed using Spearman correlation
coefficient. In further analysis, we used multivariable stepwise
regression analysis to determine which factors (model first: body
mass SDS, hip circumference, BMI SDS, waist circumference or
model second: fasting insulin, HOMA-IR, HDL-C, uric acid) were
associated with baseline 25(OH)D (as dependent variable). We also
analysed which parameters (model third: %FAT BIA, %FAT
skinfolds, WHtR, BMI SDS or model fourth: insulin at 60’ and
120’ during the OGTT, ALT, TG/HDL-C) were associated with
baseline chemerin levels (as dependent variable). In model fifth:
WHR, WHItR, %FAT skinfolds and model sixth: TG, TG/HDL-C,
ALT we investigated which factors were associated with chemerin
values after six months of vitamin D supplementation.

Results

Baseline anthropometric and biochemical
parameters in the study group and in the
control group

Baseline anthropometric and biochemical characteristics of the
study group and of the control group are presented in Tables 1, 2.
As expected, baseline 25(OH)D levels were significantly lower in
children with excess body weight compared to the control group
(median values 16.0 vs. 25.7 ng/ml, p<0.001), whereas baseline
chemerin levels were significantly higher in the study group than in
the control group (median 212.0 vs. 147.1 pg/ml, p<0.001). We
noticed also that the study group had higher TG (p<0.001), TG/
HDL-C ratio (p<0.001), CRP (p<0.05), fasting insulin (p<0.001),
HOMA-IR (p<0.001), ALT activity (p<0.001) and uric acid
(p<0.001) compared to the control group. The levels of HDL-C
were significantly lower (p<0.001) in overweight and
obese children.

Correlation analysis revealed that baseline 25(OH)D levels
correlated significantly with nutritional status parameters of the
study group such as body weight SDS (R=-0.27, p=0.032), BMI SDS
(R=-0.27, p=0.028), hip circumference (R=-0.27, p=0.030). In the
control group none associations between baseline vitamin D status
and anthropometric parameters were observed.

Analysing baseline metabolic profile of both groups we found
that vitamin D status was related significantly to fasting insulin
(R=-0.29, p=0.021), HOMA-IR (R=-0.30, p=0.016, Figure 1),
QUICKI (R=0.29, p=0.020), HDL-C (R=0.29, p=0.020) and uric
acid (R=-0.28, p=0.037) in the study group. These associations were
not found in the control group. We did not find any associations
between 25(OH)D levels and CRP, fasting glucose or glucose levels
in OGTT, HbAlc, aminotransferase activity both in the study group
and the control group at baseline. Interestingly, we noticed, but only
in the control group, significant negative correlation between
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TABLE 1 Baseline anthropometric measurements in the study group and
in the control group.

CONTROL
GROUP
(n 26)

Age (years) 134 +£2.11 13.5 £ 2.39 ns
Height SDS 0.6 +1.25 -0.7 £ 1.47 < 0.001
Weight SDS 2.3 +£0.69 -04 + 1.15 < 0.001
WC (cm) 90.9 +10.27 61.6 + 6.53 < 0.001
HC (cm) 106.2 + 10.60 77.1 £ 8.35 < 0.001
WHR 0.9 + 0.06 0.8 + 0.04 < 0.001
WHtR 0.56 (0.52-0.60) 0.41 (0.39-0.44) < 0.001
% FAT 35.7 (32.1-39.7) 23.1 (19.6-24.7) < 0.001
(skinfolds)

BMI SDS 23 +047 -0.3 +0.83 < 0.001

Data are presented as means + standard deviations score or as median with interquartile
range, as appropriate. SDS, standard deviation score; WC, waist circumference; HC, hip
circumference; WHR, waist-to-hip ratio; WHIR, waist-to-height ratio; % FAT (skinfolds),
percentage of body fat estimated from skinfolds; BMI, body mass index; ns, not significant.

baseline vitamin D level and baseline chemerin (R=-0.39,
p=0.046, Figure 2).

Baseline chemerin levels were related to WHtR (R=0.32,
p=0.010), %FAT BIA (R=0.25, p=0.045), %FAT skinfolds

10.3389/fendo.2023.1143755

(R=0.26, p=0.042), insulin at 30’ (R=0.27, p=0.030), 60’ (R=0.27,
p=0.033), 90’ (R=0.26, p=0.037) and 120’ during the OGTT
(R=0.26, p=0.040) and ALT activity (R=0.25, p=0.041) in the
study group. In the control group we found only positive
relationship between baseline chemerin level and WHR
(R=0.46, p=0.045).

Anthropometric and biochemical
parameters after six months of vitamin D
supplementation in the study group

Comparison between anthropometric and biochemical
parameters in the study group at baseline and after six months of
vitamin D supplementation is presented in Tables 3, 4. After six
months of vitamin D supplementation the levels of 25(OH)D
significantly increased in the study group compared to baseline
values (median 16.0 vs. 27.1 ng/ml, p<0.001), while BMI SDS and
chemerin levels did not change significantly. We found significant
decrease in CRP (p<0.01), total cholesterol (p<0.05), ALT (p<0.01)
and AST (p<0.01). We also noticed a decrease in glucose at 150
during the OGTT (p<0.05) and a tendency for lower glucose levels
at 120’ during the OGTT (p=0.079).

Although we did not find any relationship between vitamin D
status after six months of its supplementation and anthropometric
or biochemical parameters at six months, we noticed a tendency for

TABLE 2 Baseline biochemical parameters in the study group and in the control group.

STUDY GROUP CONTROL GROUP
(n = 65) (n =26)
25(OH)D (ng/ml) 16.0 (12.6 - 20.0) 25.7 (18.6 - 31.1) < 0.001
Total cholesterol (mg/dl) 161.0 (142.0 - 181.0) 160.5 (138.0 - 170.0) ns
Triglycerides (TG) (mg/dl) 108.0 (83.0 - 161.0) 68.0 (53.0 - 93.0) <0.001
TG/HDL-C 2.5 (2.0 - 4.2) 1.1 (0.7 - 1.7) <0.001
LDL-C (mg/dl) 943 +27.1 842 +29.1 ns
HDL-C (mg/dl) 434+ 11.1 60.3 +10.7 < 0.001
CRP (mg/dl) 0.5 (0.5 - 0.7) 0.5 (0.5 - 0.5) < 0.01
Glucose fasting (mg/dl) 86.0 (82.0 - 91.0) 84.0 (78.0 - 86.0) ns
Insulin fasting (uIU/ml) 14.7 (9.1 - 25.6) 72 (29 - 11.7) <0.001
HOMA-IR 3.0 (1.9 - 5.4) 1.5 (0.6 - 2.6) <0.001
QUICKI 0.32 (0.30 - 0.35) 0.36 (0.33 - 0.42) < 0.001
HbAlc (%) 5.2 (5.0 - 5.35) 5.1 (4.9 - 5.3) ns
chemerin (pg/ml) 212.0 (177.5 - 238.3) 147.1 (128.6 - 171.3) < 0.001
AST (U/T) 28.0 (23.0 - 35.0) 25.0 (22.0 - 33.5) ns
ALT (U/T) 27.0 (21.0 - 36.0) 185 (13.5 - 22.0) <0.001
Uric acid (mg/dl) 5.85 (5.3 - 6.8) 46 (3.9-52) <0.001

Data are presented as means + standard deviations score or as median with interquartile range, as appropriate. 25(OH)D, 25-hydroxyvitamin D; TG, triglycerides; LDL-C, low density lipoprotein
cholesterol; HDL-C, high density lipoprotein cholesterol; CRP, C-reactive protein; HOMA-IR, Homeostasis Model Assessment- Insulin Resistance, QUICKI, Quantitative Insulin Sensitivity
Check Index; HbAlc, Glycated Hemoglobin, AST, aspartate aminotransferase; ALT, alanine aminotransferase; ns, not significant.
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R=-0.30, p=0.016
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FIGURE 1
Correlation between 25(OH)D levels and HOMA-IR in the study
group at baseline.

negative association between 25(OH)D and chemerin
levels (p=0.085).

In further analysis we aimed to investigate if changes in vitamin
D status during its supplementation influence metabolic profile in
children with excess body mass. We found that changes in
25(OH)D levels were related negatively to changes in fasting
glucose (R=-0.32, p=0.009, Figure 3) and changes in insulin levels
at 120’ during the OGTT (R=-0.26, p=0.036).

After six months of vitamin D supplementation chemerin levels
correlated significantly with WHR (R=0.42, p=0.002), WHtR
(R=0.38, p=0.006) and tended to be positively associated with
% FAT skinfolds (p=0.052) and waist circumference (p=0.068).
Among biochemical parameters six months chemerin levels
correlated significantly with insulin at 30’ during the OGTT
(R=0.25, p=0.043), TG (R=0.25, p=0.042), TG/HDL-C ratio
(R=0.25, p=0.044) and ALT (R=0.39, p=0.012, Figure 4) in
that period.
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FIGURE 2
Correlation between 25(OH)D and chemerin levels in the control
group at baseline.
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We investigated also how many patients in the study group
presented dyslipidaemia and hyperuricemia, and if there were any
significant associations between vitamin D and chemerin in these
subgroups. At baseline dyslipidaemia was observed in 87% of
children and hyperuricemia in 37,5%. After six months of vitamin
D supplementation dyslipidaemia was found in 83% of the study
group and hyperuricemia in 30%. Unfortunately, we did not find
any statistically significant relationships.

Summary of the multivariable backward
linear regression models build for the
study group

Based on findings of Spearman correlation analysis we build
some multivariable backward linear regression models for the study
group using baseline 25(OH)D values, baseline chemerin and six
months chemerin values as the dependent variables, as appropriate.

The first model included baseline vitamin D (as dependent
variable) and baseline anthropometric parameters such as body
mass SDS, hip circumference, BMI SDS and waist circumference as
independent variables. This model was statistically significant with
cumulative R* = 0.10, p=0.011 and identified hip circumference as
the parameter significantly negatively associated with baseline
25(OH)D levels. The received correlation coefficient was equal
B=-0.320 + 0.122 with 95% CI from -0.564 to -0.075.

The second model included baseline vitamin D (as dependent
variable) and baseline fasting insulin, HOMA-IR, HDL-C and uric
acid as independent variables. The model was statistically
significant with cumulative R* = 0.20, p=0.001 and identified only
HDL-C level as the parameter significantly positively associated
with baseline 25(OH)D level. The received correlation coefficient
was equal $=0.443 + 0.122 with 95% CI from 0.199 to 0.688.

Next two models included baseline chemerin level as dependent
variable and respectively baseline % FAT BIA, % FAT skinfolds,
WHtR and BMI SDS (third model) and baseline insulin at 60’
during the OGTT, insulin at 120" during the OGTT, ALT and TG/
HDL-C as independent variables (fourth model). The third model
was statistically significant with cumulative R* = 0.09, p=0.023. In
that model WHtR was identified as one factor significantly
positively associated with baseline chemerin. The received
correlation coefficient was equal =0.294 + 0.126 with 95% CI
from 0.043 to 0.545. The fourth model wasn’t statistically significant
with cumulative R? = 0.03, p=0.814.

Chemerin values after six months of vitamin D
supplementation were used as dependent variable in the fifth
(WHR, WHtR, % FAT skinfolds at six months as independent
variables) and sixth model (TG, TG/HDL-C, ALT at six months as
independent variables). The fifth model was statistically significant
with cumulative R? = 0.14, p=0.007 and identified WHIR at six
months of vitamin D supplementation as a parameter significantly
positively associated with chemerin level in that period. The
received correlation coefficient was equal $=0.379 + 0.135 with
95% CI from 0.108 to 0.651. The sixth model was statistically
significant with cumulative R* = 0.14, p=0.016 and revealed ALT as
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TABLE 3 Comparison between anthropometric parameters in the study
group at baseline and after six months of vitamin D supplementation.

BASELINE SIX MONTHS  p value
Height SDS 0.6+ 125 0.6 +1.25 ns
Weight SDS 23 +0.67 224076 ns
WC (cm) 90.9 + 10.27 89.7 + 11.07 ns
HC (cm) 1062 + 10.60 106.6 + 11.80 ns
WHR 0.9 +0.06 0.9 +0.05 ns
WHIR 0.56 (0.5-0.6) 0.54 (0.5-0.6) <0.001
% FAT (skinfolds) 35.7 (32.1-39.7) 34.3 (29.9-38.1) <0.001
% FAT BIA 404 + 7.61 383 +8.93 ns
BMI SDS 23+ 047 22+ 056 ns

Data are presented as means + standard deviations score or as median with interquartile
range, as appropriate. SDS, standard deviation score; WC, waist circumference; HC, hip
circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; %FAT (skinfolds),
percentage of body fat estimated from skinfolds; %FAT BIA, percentage of body fat estimated
using bioelectrical impedance analysis method; BMI, body mass index; ns, not significant.

a factor significantly positively associated with chemerin at six
months. The received correlation coefficient was equal $=0.378 +
0.150 with 95% CI from 0.073 to 0.682.

Discussion

In our study we aimed to investigate the relationships between
vitamin D status, chemerin and metabolic prolife parameters
among overweight and obese children. Our analysis confirmed
significantly lower vitamin D levels coincided with higher
chemerin levels in patients with excess body fat compared to the
controls, but we did not find any direct relationships between
vitamin D status and chemerin in those children. This results
stand in line with previous studies (25, 43-46). We noticed that
baseline vitamin D was related mainly to fasting insulin, insulin
resistance indices, HDL-C and uric acid, whereas baseline chemerin
was positively associated with insulin secretion after glucose intake
in OGTT and ALT activity in the study group. Both vitamin D and
chemerin were related to nutritional status parameters, vitamin D
mainly to BMI SDS and hip circumference, while chemerin was
related to WHIR and fat mass expressed as %FAT BIA and %FAT
skinfolds. Interestingly, in the control group with normal
nutritional status parameters, significant negative relationship
between 25(OH)D and chemerin was found. In overweight and
obese children we observed a tendency for negative association
between chemerin and 25(OH)D levels, but only after improvement
in vitamin D status after six months of supplementation.

The relationships between excess body fat, insulin resistance,
inflammation, dyslipidaemia and vitamin D deficit are intensively
studied. Obesity-related insulin resistance and low-grade chronic
inflammation seem to be the most important predictive factors for
the development of complications of overweight and obesity such as
metabolic syndrome, type 2 diabetes mellitus, cardiovascular
disease and osteopenia/osteoporosis (47). The associations
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between vitamin D status and insulin sensitivity parameters in
obese pediatric population have been previously reported (12, 48—
53). The effects of vitamin D on glucose homeostasis, exerted
mainly by its active form 1,25-dihydroxycholecalciferol, include
the increase of peripheral and hepatic glucose uptake, the
improvement in synthesis and secretion of insulin, the protection
of B-cells from cytokine induced apoptosis and attenuation of
inflammation (47, 54-56). It has been confirmed that insulin
resistance affects obesity-related pro-atherogenic changes in lipid
profile (57, 58). Insulin resistance impairs the function of insulin-
dependent hormone-sensitive lipase and lipoprotein lipase, which
are involved in lipid metabolism, whereas insulin cannot act
effectively due to obesity and dyslipidaemia (59, 60). The study by
Wang et al. (61) including nearly three hundred prepubertal and
pubertal, normal and overweight/obese children and adolescents,
demonstrated significant association between HOMA-IR and BMI
and serum 25(OH)D level based on the stepwise multiple linear
regression analysis of age, sex, pubertal maturation, BMI, WHItR,
TG, total cholesterol, HDL-C, LDL-C, 25(OH)D and HOMA-IR.
Several studies showed also the association between lipid profile,
CRP, uric acid and vitamin D deficit, but the serum 25(OH)D level,
predictive for vitamin D deficit-dependent metabolic disorders, has
not been strictly defined (11, 62-68). Reis et al. (69), based on cross-
sectional analysis of a group of more than three thousand
adolescents, reported that individuals with 25(OH)D levels lower
than 15 ng/ml are more likely to have fasting hyperglycemia, low
HDL-C, hypertriglyceridemia, hypertension and metabolic
syndrome compared to adolescents with 25(OH)D levels above
26 ng/ml. Rusconi et al. (62), among a group of more than one
hundred obese children with 25(OH)D levels above or below 20 ng/
ml, found higher total cholesterol and LDL-C levels in the group
with vitamin D deficit. It should be noted that the stage of puberty
also affects the relationship between vitamin D and the components
of metabolic syndrome in obese children (53, 70, 71). Pires et al.
(53) reported that the significant increase in TG, fasting insulin and
HOMA-IR, observed during puberty, was related to a decrease in
25(OH)D levels independent of sex, body mass and pubertal
Tanner stage.

Metabolic effects of vitamin D supplementation seem to be
dependent on the dose and time of intervention. Our analysis
showed that six months of vitamin D supplementation between
2000 to 4000 IU/day led mainly to a significant decrease in CRP,
total cholesterol and aminotransferases activity. We found also that
the increase in 25(OH)D levels resulted in a decrease in fasting
glucose and insulin secretion at 120’ during the OGTT. Moreover,
we noticed that after improvement of 25(OH)D level, a tendency for
negative correlation between vitamin D status and chemerin
appeared. Nader et al. (11) showed that twelve weeks of 2000 IU/
day vitamin D supplementation in obese adolescents did not lead to
detectable changes in fasting glucose, fasting insulin, HOMA-IR,
lipids and highly sensitive CRP. On the other hand, the
retrospective observational study by Pecoraro et al. (9), including
overweight and obese children with 25(OH)D levels below 25 ng/
ml, who underwent oral vitamin D supplementation (100 000 IU,
one vial/month) for six months, indicated that vitamin D
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TABLE 4 Comparison between biochemical parameters in the study group at baseline and after six months of vitamin D supplementation.
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BASELINE SIX MONTHS p value
25(0H)D (ng/ml) 16.0 (12.6 - 20.0) 27.1 (229 - 32.3) <0.001
Total cholesterol (mg/dl) 161.0 (142.0 - 181.0) 156.0 (139.0 - 171.0) <0.05
Triglycerides (TG) (mg/dl) 108.0 (83.0 - 161.0) 112.0 (84.0 - 150.0) ns
TG/HDL-C ratio 2.5 (2.0-4.2) 2.7 (1.9 - 3.7) ns
LDL-C (mg/dl) 943 +27.1 88.8 +25.8 ns
HDL-C (mg/dl) 434 +11.1 443 +11.8 ns
CRP (mg/dl) 05 - (0.5-0.7) 0.5 (0.5 - 0.5), <0.01
Glucose fasting (mg/dl) 86.0 (82.0 - 91.0) 85.2 (82.0 - 88.3) ns
Glucose 30' OGTT (mg/dl) 139.0 (127.0 - 156.3) 135.5 (122.2 - 155.8) ns
Glucose 60' OGTT (mg/dl) 120.0 (106.0 - 150.5) 120.6 (103.7 - 141.4) ns
Glucose 90' OGTT (mg/dl) 116.0 (102.9 - 136.8) 112.0 (99.0 - 127.0) ns
Glucose 120' OGTT (mg/dl) 110.0 (994 - 125.4) 105.8 (92.6 - 120.0) ns
Glucose 150' OGTT (mg/dl) 91.0 (79.0 - 106.2) 85.4 (76.0 - 104.0) <0.05
Glucose 180' OGTT (mg/dl) 75.9 (67.5 - 93.5) 75.0 (67.0 - 85.0) ns
Insulin fasting (uIU/ml) 14.7 (9.1 - 25.6) 14.6 (9.9 - 23.6) ns
Insulin 30' OGTT (uIU/ml) 93.7 (66.1 - 152.0) 91.8 (70.4 - 178.0) ns
Insulin 60' OGTT (ulU/ml) 92.2 (62.8 - 143.0) 96.9 (67.8 - 145.0) ns
Insulin 90' OGTT (uIU/ml) 89.8 (58.3 - 135.0) 81.7 (53.8 - 124.0) ns
Insulin 120' OGTT (uIU/ml) 76.3 (54.6 - 121.0) 72.0 (49.5 - 122.0) ns
Insulin 150' OGTT (ulU/ml) 61.3 (34.3 - 108.0) 459 (33.1 - 85.8) ns
Insulin 180" OGTT (uIU/ml) 35.0 (20.3 - 56.3) 25.3 (17.6 - 45.3) ns
HOMA-IR 3.0 (1.9 - 5.4) 3.4 (2.0 - 5.0) ns
QUICKI 0.3 (0.3 - 0.4) 0.3 (0.3 - 0.3) ns
HbAle (%) 5.2 (5.0 - 5.4) 5.2 (5.0 - 5.5) ns
chemerin (pg/ml) 212.0 (177.5 - 238.3) 206.8 (180.5 - 236.0) ns
AST (U/T) 28.0 (23.0 - 35.0) 25.0 (23.0 - 30.0) <0.01
ALT (U/T) 27.0 (21.0 - 36.0) 25.5 (20.0 - 35.0) <0.01
Uric acid (mg/dl) 5.85 (5.3 - 6.8) 59 (5.3 -6.9) ns

Data are presented as means + standard deviations score or as median with interquartile range, as appropriate. 25(OH)D, 25-hydroxyvitamin D; TG, triglycerides; LDL-C, low density lipoprotein
cholesterol; HDL-C, high density lipoprotein cholesterol; CRP, C-reactive protein; HOMA-IR, Homeostasis Model Assessment- Insulin Resistance, QUICKI, Quantitative Insulin Sensitivity
Check Index; HbAlc, Glycated Hemoglobin, AST, aspartate aminotransferase; ALT, alanine aminotransferase; ns, not significant.

supplementation was associated with a significant decrease in total
cholesterol, LDL-C and ALT serum levels and an increase in
HDL-C.

In our study we also aimed to investigate the role of chemerin as
a factor which could link vitamin D, insulin resistance and
dyslipidaemia in overweight and obese children and adolescents.
Those dependencies are not widely described, but some
experimental studies suggest that protective effects of vitamin D
supplementation could be exerted by reduction in chemerin levels
(13, 14, 72). The number of clinical studies in that field is scarce.
The cross-sectional study by Reyman et al. (12) revealed that
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vitamin D deficient obese children have significantly lower insulin
sensitivity coexisted with higher chemerin, cathepsin S and soluble
vascular adhesion molecule, which are known as pro-inflammatory,
pro-diabetic and pro-atherogenic factors.

The mechanisms explaining the relationship between vitamin D
status and chemerin are still not fully understood. Our multivariable
backward linear regression models revealed WHtR and ALT activity
as factors significantly positively associated with chemerin levels, both
baseline and after six months of vitamin D supplementation. Based
on our results we could presume that the relation between chemerin
and body fat and hepatic steatosis is stronger than its association with
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FIGURE 3

Correlation between changes in 25(0OH)D levels and changes in
fasting glucose in the study group after six months of vitamin D
supplementation.

vitamin D, especially in vitamin D deficient obese children (median
25(OH)D 16 ng/ml). Improvement of vitamin D status in our study
group (median 25(OH)D 27.1 ng/ml) revealed a tendency for
negative relationship between 25(OH)D and chemerin. In our
control group with normal body weight and median 25(OH)D 25.7
ng/ml the significant negative correlation between 25(OH)D and
chemerin levels was observed.

The study by Niklowitz et al. (25), including nearly one hundred
obese children, confirmed that weight loss was associated with a
decrease of chemerin levels and improvement of metabolic
syndrome parameters such as insulin, HDL-C and TG. The
associations between chemerin and weight loss were reported in
several studies in obese pediatric and adult population (73-77). A
study by Liu et al. (75) conducted among obese female adolescents
showed that chemerin reduction achieved as a result of lifestyle
changes correlated positively with fasting glucose, fasting insulin,
HOMA-IR, TG and total cholesterol.

R=0.39, p=0.012
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FIGURE 4

Correlation between chemerin levels and ALT activity in the study
group after six months of vitamin D supplementation.
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Gad et al. (78) revealed higher chemerin serum levels in obese
children with metabolic syndrome. In his study chemerin positively
correlated with fasting blood glucose and negatively with HDL-C.
Other studies confirmed positive relationship between chemerin and
insulin and HOMA-IR (25-27). In our study chemerin was related to
insulin levels secreted in the response to OGTT, this relationship was
present both before and after six months of vitamin D
supplementation. Our study showed also positive correlation between
chemerin and TG and TG/HDL-C ratio after the intervention.

Our study revealed positive correlation between chemerin levels
and ALT activity. Elevated liver enzymes are the markers of non-
alcoholic fatty liver disease (NAFLD), which is considered a liver
manifestation of metabolic syndrome (79). Hamza et al. (44) among a
group of fifty obese children also found a positive correlation between
chemerin and liver enzymes, moreover he noticed that the increase in
chemerin levels correlated positively with NAFLD severity.

Our study showed that vitamin D and chemerin are involved in
metabolic processes. Taking into account that both of them affect
adipose tissue and bone tissue, there may be some considerable overlap
between their action, but it requires further investigation. We intend to
continue our study on larger population and in longer follow-up.

Conclusion

Our study confirmed that vitamin D has positive effect on
metabolic profile in overweight and obese children. The
relationship between vitamin D and chemerin is not clear,
nevertheless we have observed a tendency to decrease chemerin
concentrations after improving vitamin D status, even without a
significant reduction in body fat mass. Taking into account the role
of chemerin as early indicator of obesity-related diseases, the studies
in this field seem to be valuable.
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Introduction: The prevalence of obesity constantly increases worldwide and
definitely increases the risk of premature death in early adulthood. While there is
no treatment yet with proven efficacy for the metabolic clamp such as arterial
hypertension, dyslipidemia, insulin resistance, diabetes type 2, and fatty liver
disease, it is imperative to find a way to decrease cardiometabolic complications.
Early prevention strategies beginning in childhood are the most logical step to
reduce future cardiovascular morbidity and mortality. Therefore, the aim of the
current study is to determine the most sensitive and specific predictive markers
of the metabolically unhealthy phenotype with high cardiometabolic risk in
overweight/obese adolescent boys.

Methods: This study was carried out at the Ternopil Regional Children's hospital
(Western Ukraine) and involved 254 randomly chosen adolescent overweight or
obese boys [median age was 16.0 (15.0,16.1) years]. A control group of 30 healthy
children with proportional body weight comparable in gender and age to the
main group was presented. A list of anthropometrical markers with biochemical
values of carbohydrate and lipid metabolism with hepatic enzymes was
determined. All overweight/obese boys were divided into three groups: 51.2%
of the boys with metabolic syndrome (MetS) based on the IDF criteria; 19.7% of
the boys were metabolically healthy obese (MHO) without hypertension,
dyslipidemia, and hyperglycemia; and the rest of the boys (29.1%) were
classified as metabolically unhealthy obese (MUO) with only one criterion
(hypertension, dyslipidemia, or hyperglycemia).
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Results: Based on multiple logistic regression analysis that included all
anthropometric and biochemical values and calculated indexes in boys from
the MHO group and MetS, it was revealed that the maximum likelihood in the
prediction of MetS makes the combination of triglyceride glucose index,
pediatric nonalcoholic fatty liver disease fibrosis index (PNFI), and triglyceride-
to-high-density lipoprotein cholesterol ratio (R? =0.713, p<0.000). By tracing the
receiver operating characteristic curve, the model is confirmed as a good
predictor of MetS (AUC=0.898, odds ratio=27.111 percentage correct=86.03%)
in overweight and obese boys.

Conclusion: Triglyceride glucose index, pediatric NAFLD fibrosis index, and
triglyceride-to-high-density lipoprotein cholesterol ratio are a valuable
combination of predictive markers of the metabolically unhealthy phenotype in

Ukrainian overweight/obese boys.

KEYWORDS

MetS, TyG index, PNFI, predictive markers, obesity

1 Introduction

In the previous 20 years, the global childhood prevalence of
obesity increased from 0.70% in 1975 to 5.60% in 2016 in girls and
even higher in boys from 0.90% in 1975 to 7.80% in 2016 (1). In
Ukraine, the prevalence of obesity in children was much lower, but
a significant rise over the last decades has been seen from 0.08%
among 0-18 years old in 2003 to 1.34% in 2016 (2), and in school-
age children (6.0-18.9 years), the prevalence of obesity was 4.20% in
2018 by the World Health Organization (WHO) growth standard
criteria (3). Obesity and metabolic syndrome (MetS), in particular,
are associated with a higher risk of comorbidities such as arterial
hypertension (AH), cardiovascular disease (CVD), type 2 diabetes
mellitus (T2DM), liver disease, renal disease, psychological effects,
and even cancer. Moreover, childhood obesity tracks well into
adulthood and is tendentious to premature mortality in the case
of MetS (4, 5). Obese children have a 3 times higher risk of mortality
in early adulthood compared with the general population (6) and an
18 times higher risk of developing T2DM in young adulthood (7).
The definition of MetS in childhood was provided by the
International Diabetic Federation (IDF) in 2007 and is still widely
used (8). Nevertheless, MetS remains a controversial topic in
pediatrics for diagnostic criteria and treatment strategy. The
attention of modern studies shifted from strictly MetS criteria in
children to the differentiation between metabolically healthy and
unhealthy phenotypes in overweight and obese children for the
detection of early signs of CVD risk and prevention of progression
(9, 10), and further studies are much needed.

Acknowledging the potential implications for public health,
screening for well-known cardiometabolic comorbidities such as
abdominal obesity, hyperglycemia, dyslipidemia, and fatty liver
disease in overweight children is now recommended by the
American Academy of Pediatrics (AAP) (9, 11), the European
Society of Hypertension (12), and the Endocrine Society (13).

Frontiers in Endocrinology

However, in the last decade, multiple research studies have been
done to find early and sensitive markers of the basic pathogenic
component of MetS such as insulin resistance (IR) and impaired
hepatic metabolism of lipids and carbohydrates in childhood, for
instance, the homeostatic model assessment for insulin resistance
(HOMA-IR) (14), triglyceride (TG)-to-high-density lipoprotein
cholesterol (HDL-c) ratio, total cholesterol (TC)-to-HDL-c ratio
(15-17), triglyceride glucose index (18-20), and markers of
inflammation such as uric acid (10, 15, 21), alanine transaminase
(ALT), aspartate transaminase (AST), lactate dehydrogenase
(LDH), and gamma-glutamyltransferase (GGT) (22-24). Most of
the markers are sensitive and predictable in adults (21) but are still
controversial in children of different ages.

Fatty liver disease is among the most common comorbidities in
children with obesity (approximately 30%-70%) (25-27). Owing to
the coexistence of abdominal obesity, dyslipidemia, and IR,
nonalcoholic fatty liver disease (NAFLD) is considered to be the
hepatic manifestation of MetS but it was not included in the IDF
criteria for children despite evidence of close association (27, 28).
Recently, the new definition and diagnostic criteria of metabolic
dysfunction-associated fatty liver disease (MAFLD), formerly
named NAFLD, were established in adult patients (29) and
applied in the pediatric population (30). Based on this consensus,
two criteria are sufficient for the diagnosis of MAFLD: the
appearance of hepatic steatosis (detected by imaging techniques,
blood biomarkers/scores, or liver histology) and overweight or
obesity in person.

It is well-known that most of the non-communicable disorders
in adulthood such as lipid and glycemic abnormalities start in
childhood; however, little is known about dyslipidemia and
dysglycemia among Ukrainian adolescents.

At the same time, up to 30% of obese people do not display the
“typical” metabolic obesity-associated comorbidities and may be
classified as metabolically healthy obese (MHO) (10, 30-33). This
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phenotype, frequently defined by the absence of MetS components,
was first described during the early 1980s; a consensus-based
definition of pediatric MHO was introduced in 2018 by an
international panel of 46 experts in a four-round Delphi study
(31). The overall estimated prevalence of metabolically healthy
phenotype in children of all weight statuses varied from 7% to
21%, whereas the prevalence of MHO among overweight and obese
children varied from 3% to 87% (34). We noticed that little
attention is paid in the literature to overweight/obese patients
who cannot be classified MHO, as experience one of the
metabolic abnormalities and at the same time do not meet
enough criteria to be classified as MetS. In our opinion, they need
a more careful examination and study as a group with potential
manifestations of cardiometabolic complications in adolescence
and youth.

In the context of the childhood obesity pandemic, taking into
account the aforementioned, the detection of diagnostic criteria for
a particular subgroup of children with metabolically unhealthy
obesity (MUO), more prone to the development of CVD, is
crucial for practice even if the child is overweight now and not
experiencing all criteria of MetS yet.

Therefore, the aim of the current study is to determine the most
sensitive and specific predictive markers of the metabolically
unhealthy phenotype with high cardiometabolic risk in
overweight/obese adolescent boys.

2 Materials and methods

The research was conducted at the Department of Pediatrics Ne
2, I. Horbachevsky Ternopil National Medical University, and was
based on the Ternopil Regional Children’s Clinical Hospital
according to the ethical standards in the Helsinki Declaration of
1975, as revised in 2008 (5), as well as national law. The patient
safety rules and the ethical standards and procedures for research
on human beings (2000) were followed in carrying out the work.
The Ethics Committee of the I. Horbachevsky Ternopil National
Medical University approved the study (protocol number 58, 29
April 2020).

In 2017, the new guideline of the Endocrine Society concerning
the assessment, treatment, and prevention of overweight and
obesity in the pediatric population was adopted (13). We
accepted this Clinical Practice Guideline in our clinic and
collected a cohort of patients during this period. In the
examination algorithm, we strongly followed the recommendation
for screening for related comorbidities (prediabetes, DM,
dyslipidemia, hypertension, and NAFLD) in overweight and
obese children.

Initially, 305 boys agreed to participate in the study. In all cases,
informed consent was obtained from patients and their parents. The
inclusion criteria for the study were the following: age 12-17 years
and body mass index (BMI) above the 85th percentile (>1 SD)
according to WHO age-sex nomograms that were accepted
as national.

The exclusion criteria were as follows: obesity due to endocrine
diseases (hypercortisolism, hypopituitarism, hypothyroidism, and
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hypothalamic-pituitary injury), chronic somatic illness (bronchial
asthma, chronic renal failure, oncologic disease, liver disease, etc.),
patients receiving medications that might impact body weight
(glucocorticoids, antidiabetic, psychiatric drugs, or anticonvulsants),
and patients with hereditary and congenital disorders, or diabetes
mellitus, previously diagnosed.

Finally, 254 overweight or obese male adolescents were involved
and included in the research. Their median age was 16.0 (15.0,16.1)
years. Also, a control group of 30 healthy children with normal
body weight (BMI<85th percentile), who were of comparable
gender and age to comparison groups, was presented.

2.1 Measurements of anthropometric
parameters and blood pressure

Anthropometric measurements were made and included the
following: body weight using electronic scales (with an accuracy of
within 0.1 kg), height using a stadiometer (within the accuracy of
0.1 cm), and waist circumference (WC) and hip circumference
(HC) using a flexible measuring tape (within the accuracy
of 0.1 cm). WC was measured with the tape measure at the
point midway between the iliac crest and the costal margin
(lower rib). HC was measured at the level of the greatest
protrusion of the buttocks. Next, the waist-to-hip ratio (WHR)
was calculated as WC divided by HC. The index was accessed by
WHO recommendation, and the cutoft point of abdominal obesity
was applied above 0.9 in men (35). The waist-to-height ratio
(WHtR) was defined as WC divided by height. Because there is
no national recommended threshold for abdominal obesity in
children and adolescents, a cutoff of 0.5 was used to separate
participants into having normal or elevated WHtR (36). BMI was
calculated according to the formula (body weight (kg)/height”
(m?)). To assess the physical development of each child, values of
body weight, height, height-SDS, BMI, and BMI-SDS were assessed
according to gender and age charts based on WHO
recommendations by AnthroPlus software (37).

Measurement of blood pressure (BP) was performed on both
upper limbs three times in a sitting position. After sitting quietly for
more than 10 min, BP was measured twice using a desktop mercury
sphygmomanometer with a 2-min interval between measurements.
The average systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were recorded.

2.2 Determination of lipid metabolism and
liver function test

Serum concentrations of total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-c), low-density lipoprotein
cholesterol (LDL-c), and triglycerides (TG) were measured by the
enzymatic colorimetric method, using the Cholesterol Reagent and
Cobas c111 automatic analyzer by Roche Diagnostics test systems
(Rotkreuz, Switzerland) and assessed by the American College of
Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines, 2018 (13, 38). We calculated some indexes and

frontiersin.org


https://doi.org/10.3389/fendo.2023.1124019
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Furdela et al.

ratios that were previously declared as informative for the detection
of MetS in obese children and compared their sensitivity, such as
TC/HDL-c ratio, LDL-¢/HDL-c ratio, TG/HDL-c ratio, triglyceride
to glucose index [TyG index=Logl0(TG/HDL-c)], the atherogenic
index (TC-/-HDL-c/HDL-c), and the pediatric NAFLD fibrosis
index (PNFI) (15, 17, 20, 39, 40) The pediatric NAFLD fibrosis
index was calculated using the original formula proposed by Nobili
et al. (40).

We have analyzed some of the biochemical markers of hepatic
metabolism (ALT, AST, and ALT/AST ratio), which might be
alternative predictors of an early stage of NAFLD/MAFLD (22,
29, 30, 41-44), but are not presented in the IDF definition of MetS.
Chronic viral hepatitis was excluded by the determination of anti-
HCV (ORTHO HCYV 3.0, Elisa Test) and HBsAg (Hepanostika
HBsAg Uni-Form II Lab Biomerieux) in all obese and overweight
cases with elevated hepatic enzymes.

2.3 Determination of glucose metabolism

A standard oral glucose tolerance test (OGTT) (1.75 g of
glucose/kg body weight up to 75 g with capillary blood samples
taken at 0, 60, and 120 min) was performed to evaluate glucose
metabolism in all patients. Altered glucose metabolism was defined
according to the American Diabetes Association criteria: impaired
fasting plasma glucose (IFG) was diagnosed if fasting plasma
glucose was from 5.6 to 6.9 mmol/L, impaired glucose tolerance
(IGT) was revealed if 2-h plasma glucose was from 7.8 to 11.0
mmol/L, and diabetes mellitus was confirmed if fasting plasma
glucose levels > 7.0 mmol/L or 2-h post-load >11.1 mmol/L during
OGTT (45).

2.4 Definition of overweight/obesity
phenotype

In order to determine MetS in adolescents, IDF diagnostic
criteria were used (8). Accordingly, only individuals with
abdominal obesity based on large WC (=90th percentile or >94
cm) as a mandatory condition and the presence of two or more
other clinical features—TG 21.7 mmol/L (150 mg/dl), HDL-c <1.03
mmol/L (<40 mg/dl), SBP 2130 mmHg or DBP >85 mmHg, fasting
plasma glucose >5.6 mmol/L (>100 mg/dl)—are diagnosed
with MetS.

Boys were defined as MHO by consensus-based definition in
children, which was generated by an international panel of 46 experts
in a four-round Delphi study in 2018 (31): the absence of AH, HDL-c
> 40 mg/dl (or >1.03 mmol/L), TG < 150 mg/dl (or <1.7 mmol/L),
and fasting plasma glucose < 5.6 mmol/L (<100 mg/dl). It was applied
because thresholds of hyperglycemia, hypertriglyceridemia, and
decreased HDL-c are identical to the IDF criteria of MetS. Only
AH is recommended to be confirmed by percentile tables (>90th
percentile). In the IDF criteria of MetS, the threshold of AH for
children from 10 years old and above is mentioned as >130/>85 mm
Hg, and we applied it in the study.
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In our cohort, subjects who could not be classified as either
MHO due to some metabolic abnormalities or MetS (due to lack of
criteria) were gathered to form a separate group, MUO. This
phenotype was defined as the presence of only one of the
following criteria: SBP 2130 mmHg or DBP >85 mmHg, fasting
plasma glucose =5.6 mmol/L (>100 mg/dl), TG=1.7 mmol/L (150
mg/dl), and HDL cholesterol <1.03 mmol/L (<40 mg/dl).

2.5 Statistical analysis

Statistical analysis was conducted using the Statistica 12.0
software package (StatSoft Inc., USA) and table editor Microsoft
Excel Version 2013. Normality of the distribution of features in the
variation series was assessed according to the Kolmogorov-Smirnov
criterion. Quantitative data were presented depending on the nature
of the characteristic’s distribution. In the case of the normal
distribution of features, the data were presented as the mean (M)
and standard deviation (SD). In cases of non-normal distribution,
the median (Me), lower quartile (Lq), and upper quartile (Uq) were
calculated. Comparisons between groups in continuous variables
were examined using the Student’s t-test for two independent
samples with normal distributions, and comparisons between
groups in continuous variables were examined using one-way
ANOVA for independent samples with normal distributions or
the Kruskal-Wallis test for independent groups of variables with
skewed distribution. Statistical differences in qualitative features
were determined using the chi-squared test (xz) with Fisher’s exact
test. Correlation analysis between quantitative variables was done
using the Pearson correlation coefficient. Multiple Logistic
Regression was used to predict which independent variables have
a major effect on MetS manifestation in children. The significance of
the differences between the values was considered significant
at p<0.05.

3 Results

In the general cohort of 254 boys, 81.50% were obese, 83.85%
have abdominal obesity, 62.99% have AH, 24.80% have IFG, 4.55%
have IGT, 26.38% have hypertriglyceridemia, and 34.64% have a
pathologically low level of HDL-c. In addition, in 38.58% of
overweight and obese subjects, ALAT was increased above >25 U/
L, the PNFI was elevated in 57.87 % of boys.

All overweight and obese patients were divided into three
groups based on their metabolic phenotype. Group 1 (MHO)
consisted of overweight/obese boys without AH, dyslipidemia,
and hyperglycemia (50/19.7%), group 3 consisted of 130 boys
(51.2%) with MetS based on the IDF criteria, and the remaining
74 boys (29.1%) comprised group 2 (MUO). The comparison of
parameters used as criteria to define metabolic phenotype in the
cohort and by groups are presented in Table 1.

As can be seen from Table 2, all groups are comparable by age,
but anthropometrical parameters of overweight/obese boys are
significantly different from healthy samples. In general, boys with
MetS are especially taller than boys in the control group. The
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TABLE 1 Comparison of parameters used as criteria to define the metabolic phenotype in an observed cohort.

Parameters Control group  All obese or Group 2 Group 3 Pearson chi-square
overweight MUO MetS P-value in general
Number 30 254/100% 50/19.7% 74/29.1% 130/51.2%
Age (years) 15.08 16.00 16.0 16.0 16.0 >0.05
(15.01, 16.0) (15.00, 16.01) (1.0, 16.5) (14.0, 16.1) (15.1, 16.1)
Waist > 90" perc 0 213/83.85%xx 16/ 67/90.54%xx/ | 130/100.00%xx/** <0.001
32.00%xx **
Arterial hypertension 0 160/62.99%xx 0 54/72.97%xx 106/81.54%xx <0.001
Fasting glucose, mmol/L 4.69 + 0.54 5.13 £ 0.74x 4.76 £ 0.58 4.92 £ 0.59 5.39 £ 0.78xx/
o[
IFG > 5.6 mmol/L 0 63/24.80%xx 0 5/6.76% 58/44.62%xx/**[## <0.001
(>100 mg/dl)
Triglycerides, mmol/L 091 +0.15 1.33 + 0.57xx 0.84 + 0.21 1.15 + 0.35%* 1.62 + 0.63xx/
[
Triglycerides > 1.7 mmol/L (>150 mg/ 0 67/26.38%xx 0 2/2.70% 65/50.00%xx/**[## <0.001
dl
HDL-cholesterol 1.30 + 0.14 1.17 + 0.26xx 135+ 0.18 1.25 +0.29 1.05 + 0.21xx/
mmol/L [
HDL-cholesterol < 1.03 mmol/L 0 88/34.64%xx 0 14/18.92%x/* | 74/56.92%xx/** [4# <0.05
(<40 mg/dl)

P-value with control <0.05 (x), <0.01 (xx); p-value with MHO <0.05 (*), <0.01 (**); p-value with MUO <0.01 (##).

p values of Pearson test of significant levels in multiple comparisons are bold.

percentage of overweight boys was the highest in group 1 (36.0%),
but also present in 13.5% and 14.5% in groups with MUO and MetS,
respectively. BMI and BMI-SDS significantly increase in boys from
groups 2 and 3 (<0.001). Anthropometrical indexes of metabolic
obesity such as WC >90th percentile, WHR >0.9, and WH{R >0.5
were identified in the vast majority of cases with MUO and MetS;
nevertheless, in the group of MHO, these indexes were positive in
some boys.

The AH was registered with the same high frequency in groups
2 and 3 while absent in control and group 1 (<0.001).

Fasting glucose, on average, was significantly higher only in the
group with MetS due to IFG in 44.6% of boys (<0.001) (Table 3).

TABLE 2 Anthropometrical parameters of the study cohort by groups.

We recorded altered 1-h post-load glucose (>8.6 mmol/L) and 2-h
post-load glucose from 6.6 to 7.8 mmol/L during OGTT, which
seemed to be more accurate in the early biomarker of dysglycemia
than the 2-h post-load glucose above 7.8 mmol/L (46-48) and
needed further study. In comparison, 15.38% of boys from group 3
were identified to have markers of dysglycemia by OGTT (excessive
1-h post-load glucose excursions >8.6 mmol/L and slow 2-h post-
load reduction 6.6-7.8 mmol/L), while in the same group, the IGT
was three times less frequent (4.62%) and DM was not confirmed in
any person.

Traditional markers of dyslipidemia by the IDF criteria (level of
triglycerides and HDL-cholesterol) are most prominently increased

Parameters Control group All obese or Group 1 Pearson chi-square
overweight MHO P-value in general
Height-SDS 0.24 + 0.97 0.79 + 1.07xx 0.51 +0.83 0.78 + 1.04x 0.92 + 1.13x/*
BMI 19.79 + 1.68 30.89 + 3.90xx 28.73 + 2.98xx 31.05 + 3.67xx/** 31.64 + 4.07xx/™
BMI-SDS ~0.11 + 0.66 250 + 0.63xx 2.15 + 0.49xx 2.58 % 0.66xx/** 262 % 0.75xx/**
Obesity 0 207/81.50%xx 32/64.00%xx 64/86.49%xx/** 111/85.38%xx/** <0.001
WHR 0.81 + 0.04 0.92 + 0.05xx 0.89 + 0.05xx 0.92 + 0.05xx/** 0.93 + 0.05xx/**
WHR > 0.9 0 173/68.11%xx 14/28.00%xx 54/72.97%xx/** 105/80.77%xx/** 0.001
WHIR 0.44 + 0.05 0.58 + 0.06xx 0.55 + 0.04xx 0.59 + 0.05xx/** 0.60 + 0.06xx/**
WHR > 0.5 0 212/83.46%xx 14/28.00%xx 68/91.89%xx/** 130/100.00%xx/** <0.001

P-value with control <0.05 (x), <0.01 (xx); p-value with MHO <0.05 (*), <0.01 (**).
p values of Pearson test of significant levels in multiple comparisons are bold.
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TABLE 3 Biochemical markers of glycose metabolism of the study cohort by groups.

Parameters Control group = All obese or overweight =~ Group 1 Pearson chi-square
MHO P-value in general
OGTT st hour 6.46 + 1.30 646 £0.82  639+140  6.49 + 1.40
1 h post-load glucose >8.6 mmol/L 0 26/10.24% 0 6/8.11%* 20/15.38%** <0.02
GTT 2nd hour 523 + 1.07 497 £0.82 | 500+ 1.00 549 + 1.15%/#
2 h post-load 6.6-7.8 mmol/L 0 26/10.24% 1/2.00% 5/6.76% 20/15.38%* <0.05
IGT = 2 h post-load >7.8 mmol/L 0 714.55% 0 1/1.35% 6/4.62% >0.05
2 h post-load >11.1 mmol/L 0 0 0 0 0

P-value with MHO <0.05 (*), <0.01 (**); p-value with MUO <0.05 (#).
p values of Pearson test of significant levels in multiple comparisons are bold.

in group 3; moreover, borderline high triglycerides and borderline
low HDL-cholesterol (13) were found in approximately 50% of the
boys in group 2 (MUO) and approximately 20% of boys with
MHO (Table 4).

In addition, we have analyzed other markers and indexes of
lipid metabolism and liver enzymes that were previously declared as
informative for the detection of MetS in obese/overweight (15-20,
22,23, 37, 38, 49, 50) children, which might be alternative sensitive
predictors of cardiovascular comorbidities (Table 5).

We have found that TC was prominently high in boys with
MetS (in 28.46%) and with MUO (in 13.51%) without some
difference between these groups (<0.05); however, the borderline
high level was registered even more often in these groups, in 35.14%
and 51.54%, respectively (<0.001). On average, LDL-cholesterol

levels slightly increased in overweight and obese boys compared
to the control group but without differences in the rest of the groups
(>0.05). A remarkably high level of LDL-c was identified in 23.85%
of cases in group 3, which is significantly higher in contrast to other
groups (<0.001). Nevertheless, borderline high level of LDL-
cholesterol was found at 43.08% of cases in group 3 and 33.78%
of cases in group 2, which is much more often than in the control or
group 1 (<0.001) but with no difference in-between (>0.05).

It is essential to state that calculated indexes of metabolic
disorders [TG/HDL-c ratio, TC/HDL-c ratio, Atherogenic index
(TC-HDL-¢/HDL-c), LDL-c/HDL-c ratio, and TyG index] are
prominently increased in boys with MetS and in cases with MUO
(<0.001) in comparison to the control group and the group with
MHO where they are in the normal range.

TABLE 4 Biochemical markers of lipid metabolism in the study cohort by groups.

Parameters Control group  All obese or overweight = Group 1 Pearson
MHO chi-square
P-value in
general
Total cholesterol 3.77 £ 0.56 4.25 + 0.89xx 3.74 £ 0.57 4.19 + 0.87 4.48 + 0.93xx/
mmol/L b
Cholesterol > 5.1 mmol/L (>200 mg/dl) 0 47/18.50%xx 0 10/13.51%** 37/28.46%**/# <0.05
Cholesterol Borderline high 0 94/37.00% 5/10.00%xx 26/ 67/51.54%xx/ <0.001
> 4.3 mmol/L (>170 mg/dl) 35.14%xx/** ** [
Triglycerides 3/10.00% 166/65.35%xx 12/24.00% 47/ 107/ <0.001
Borderline high 63.51%xx/** 82.30%xx/
>1 mmol/L (>90 mg/dl) s
HDL-cholesterol 0 140/55.12%xx 9/18.00%x 32/ 99/76.15%xx/ <0.001
Borderline low 43.24%xx/* ki
<1.20 mmol/L (<45 mg/dl)
LDL-cholesterol 2.04 = 0.37 2.55 + 0.80x 2.35 + 0.74x 2.49 + 0.75x 2.77 £ 0.83xx
mmol/L
LDL-cholesterol 0 39/15.35%x 0 8/10.81%* 31/23.85%xx/ <0.001
>3.4 mmol/L (>130 mg/dl) E2 3
LDL-cholesterol 2/6.66% 88/34.64%xx 5/10.00% 25/33.78%x/ 56/43.08%xx/ <0.001
Borderline high * b
>2.8 mmol/L (>110 mg/dl)

P-value with control <0.05 (x), <0.01 (xx); p-value with MHO <0.05 (*), <0.01 (**); p-value with

p values of Pearson test of significant levels in multiple comparisons are bold.
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TABLE 5 Additional biochemical markers in the study cohort by groups.

Pearson
chi-square
P-value in general

Parameters

Control group  All obese or overweight

TG/HDL-c ratio 1.72 £ 0.35 2.83 + 1.61xx 1.42 + 0.45 2.28 + 1.03x/* 3.69 + 1.65xx/**/##
TC/HDL-c ratio 3.01 +0.50 3.80 + 1.13xx 2.77 £0.51 3.49 + 0.97** 4.37 £ 1.04xx/**[##
Atherogenic index 2.01 +0.50 2.78 + 1.11x 1.77 + 0.51 2.45 + 0.87** 3.37 & 1.04xx/**[##
LDL-c/HDL-c ratio 1.72 £ 0.38 2.32 £ 0.96xx 1.64 + 0.50 2.07 £ 0.75xx/** 2.76 £ 0.97xx/**[##
TyG index 8.08 +0.23 8.49 + 0.46xx 8.01 +0.27 8.35 £ 0.35xx/** 8.77 £ 0.39xx/**[##
PNFI 0.44 £ 0.09 7.84 £ 2.60xx 4.85 £ 2.88xx 8.21 £ 2.17xx/** 8.78 + 1.74xx/**
ALAT U/L 16.37 £ 5.70 24.34 £ 12.22xx 16.12 + 4.67 25.04 £ 10.84xx/** 27.11 £ 13.22xx/**
ALAT >25 U/L 0 98/38.58%xx 3/6.00% 35/47.95%xx/** 60/48.46%xx/** <0.001
ASAT U/L 22.35 £ 6.26 22.13 £10.29 18.65 + 5.20 22.21 +10.07 23.42 + 11.55
ALAT/ASAT 0.74 £ 0.22 1.18 + 0.56xx 0.92 £ 0.38 1.21 £ 0.52xx/* 1.27 + 0.61xx/**
ALAT/ASAT >1.5 0 69/27.16%xx 5/10.20% 19/26.03%xx/* 45/34.62%xx/**[# <0.005

P-value with control <0.05 (x), <0.01 (xx); p-value with MHO <0.05 (*), <0.01 (**); p-value with MUO <0.05 (#), <0.01 (##).

p values of Pearson test of significant levels in multiple comparisons are bold.

Regarding markers of MAFLD, we have identified the same
trend. The average absolute level of ALAT was significantly higher
in boys from groups 2 and 3 in comparison to control and group 1
(<0.001) but no significant difference in-between (>0.05), as well as
in frequency (47.95% and 48.46%, respectively, p>0.05). We also
found no significant difference between groups in the level of ASAT
at all; at the same time, the ALAT/ASAT ratio increases in groups 2
and 3 in comparison to the control and the group with MHO
(<0.05) but without difference in-between (>0.05).

Thereby, despite all boys in our cohort being adolescents and
the fact that the impact of a temporary IR typical for puberty may be
relevant, we recognized almost 20% of obese or overweight boys
without evidence of metabolic comorbidities and cardiometabolic
risk (group 1). At the same time, we identified no significant
difference between groups 2 and 3 based on all biochemical
markers. Thus, we can conclude that patients from group 2
(MUO) are very close to patients with MetS and they are also at
high cardiometabolic risk.

Based on multiple logistic regression analysis, which includes all
anthropometric and biochemical values and calculated indexes in
boys from groups 1 and 3, it was assumed that the maximum
likelihood in the prediction of MetS makes the combination of TyG
index, PNFI, and TG/HDL ratio (R2 =0.713, p<0.000). By tracing
the receiver operating characteristic (ROC) curve, the model is
confirmed as a good predictor of MetS (AUC=0.898, odds
ratio=27.111, percentage correct=86.03%) (Figure 1).

4 Discussion

There are a lot of discussions about the existence of a
metabolically healthy phenotype, associated with a lower
cardiovascular risk, in obese adolescents. A recent publication
suggests the existence of a subgroup of overweight individuals
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with a metabolically healthy phenotype and a low risk of CVD
(50). Although this low cardiovascular risk group is observed in
clinical practice and was recognized in the current study, the
definition of MHO 1is not widely agreed upon by experts
and practitioners.

The prevalence of MetS in our study is 51.2%, which is almost
higher than that reported by previous pediatric studies in European
countries (51) but similar to other regions in Ukraine (52). The
reasons for this difference may be attributed to age, ethnicity,
socioeconomic status, environment, and the interactions among
these variables. The prevalence of MHO in our cohort of obese and
overweight boys is 19.7%. In publications, these proportions vary
widely from 3% to 87%, depending on definitions, obesity criteria,
cutoff values, age of the participants, sample sizes, and
characteristics (10, 31, 32, 34, 53, 54). In the research of

Receiver Operating Characteristic (ROC) Curve
TyG index, PNFI,TG/HDL-c ratio
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FIGURE 1
Receiver operating charactristic curve analysis of TyG index, PNFI
and TG/HDL-c ratio for detection of metabolic syndrome in boys.
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Jankowska et al., the prevalence of MetS based on IDF criteria in
boys in neighboring Poland was 14.6%; MHO, 39.2%; and MUO,
46.2%, but the cohort included younger children (10-12 years) (55).
In comparison, in the report from BIOSHARE-EU, the prevalence
of MetS in obese men ranged from 43% to 78% and substantially
exceeded MHO values (33).

To avoid conflicts concerning the definition of overweight and
obesity, experts recommend using the WHO definition of overweight
(one standard deviation BMI for age and sex and obesity; two
standard deviations BMI for age and sex) in children and
adolescents (42). However, BMI is considered insufficient to assess
abdominal obesity in children and adolescents, as it does not provide
information about the percentage of body fat or the distribution of fat
in a body. It is important to note that in the IDF criteria of MetS,
WC>90th percentile is used as a marker of abdominal obesity, not
BMI (8). Therefore, alternative screening tests to assess obesity in
childhood and adolescence have been suggested as being superior to
BMI in predicting CVD risks such as waist-to-height ratio (WHIR)
and waist-to-hip ratio (WHR) (10, 35, 36, 56). The WHR as a marker
of abdominal obesity was approved by WHO for adults without age
restrictions and with high sensitivity in young people (35). WHtR is a
simple, quick, and sensitive indicator of obesity in general. The cutoff
value, which is age and gender independent, is above 0.5 (36). The
debate is still ongoing on whether WHR and WHIR are criteria for
obesity in general or abdominal obesity as a separate type (56). The
results of our study showed that WHtR and WHR are significantly
higher in subjects with MUO and MetS than in those with MHO and
the control group, which might indicate a higher risk of CVD as it
was recognized in other studies (10, 53, 57).

In our cohort, boys with MUO and MetS have higher BMI and
BMI-SDS, which may show a negative correlation with insulin
sensitivity, as has been shown in large-cohort studies across various
ethnic and age groups. At the same time, the pattern of stronger
lipid deposition determines the IR in a body more than the degree of
obesity (58); namely, the abdominal type of obesity (WC>90th
percentile) was recognized in predominant cases of our patients
with MUO and MetS. In addition, our results revealed that
overweight boys may have also experienced metabolic
comorbidities; 13.51% and 14.62% of patients were overweight in
groups 2 and 3, respectively.

The results of last years studies convincingly show that
overweight adolescents and obese ones may also experience AH,
dyslipidemia, and dysglycemia and may be at risk of CVD (22, 32,
49, 50, 59-63). In the recent review, 142,142 children and
adolescents from 76 eligible articles were included to compute the
pooled prevalence of MetS and its components in low- and middle-
income countries. MetS among the overweight and obese
population was computed from 20 articles with the pooled
prevalence of 24.09%, 36.5%, and 56.32% in IDF, ATP III, and de
Ferranti criteria, respectively. Similarly, a total of 56 articles were
eligible to compute the pooled prevalence of MetS in the general
population of children and adolescents. Hence, MetS was found in
3.98% (IDF), 6.71% (ATP III), and 8.91% (de Ferranti) of study
subjects (64).

Thereby, in our opinion, applying the criteria of MetS in
overweight adolescents is reasonable, as the criteria help to
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recognize children with higher CVD risk earlier, as soon as they
experience metabolic comorbidities.

It is a well-known fact that the underground of MetS is IR and
MAFLD is the hepatic expression of MetS, though it is still
controversial whether IR is a risk factor or a consequence of fat
liver accumulation (21, 23, 28, 30). There is yet no treatment with
proven efficacy for these conditions, but it is imperative to find a
way to decrease cardiometabolic complications, and early detection
in childhood is paramount (42). That is why studies of predictive
biochemical markers of IR in children are actively established, most
of which have different sensitivities and specificities, depending on
age, gender, ethnicity, etc.

IFG may be a clinical sign of IR and a component of MetS. A
large prospective cohort study in Sweden confirms that the pediatric
obese population has a markedly higher prevalence of T2DM in
early adulthood in comparison with a population-based group. In
adults, IFG results in a cumulative incidence of T2DM over 6-9
years have been reported to range from 29% to 39%, but in children
and adolescents, it is associated with lesser risk (7). In the current
research, the prevalence of IFG in the whole cohort of overweight
and obese boys was 24.08%, and 44.62% in patients with MetS in
particular. It is much higher than that in Germany (3.9%) and in
Sweden (17.1%) in children from 2 to 18 years old (65). Despite the
high frequency of IFG in our cohort, the prevalence of IGT by
OGTT was expectedly much less (4.55%), as was shown in other
research (66, 67). These differences may occur as IFG is an unstable
condition, which reacts to stress; therefore, repeated fasting glucose
measurements might be provided to establish a more accurate rate.

OGTT is a validated diagnostic tool for early signs of dysglycemia
detection (48, 68), not only for IGT. The results of our study revealed
that increasing 1-h post-load glucose >8.6 mmol/L and 2-h post-load
glucose between 6.6 and 7.8 mmol/L in boys with MetS occurs three
times more often (15.38%) than IGT (4.62%). According to recently
published data, these values are more sensitive predictors of the mid-
term and long-term incidents of T2DM in adults and adolescents
than IFG or IGT (46-48). However, in puberty, such dysglycemia
may be transient due to physiological light IR. It was shown that 22%
to 52% of children and adolescents with prediabetes return to normal
glycemia or normal glucose tolerance levels without intervention over
6 months to 2 years (69) but the rest of adolescents’ dysglycemia
might persist in adulthood. Thus, the importance of screening for
prediabetes in asymptomatic children and adolescents for health
outcomes is still controversial.

At the same time, the prevalence of dyslipidemia (at least one of
the lipid disorders) in our cohort of obese and overweight boys was
74.0%, which is close to the result reported by another Ukrainian
center (70) and it is much higher than the dysglycemia rate. The
obtained data revealed hypertriglyceridemia (TG>1.7 mmol/L) in
26.38%, hypercholesterolemia (TC>5.2 mmol/L) in 18.50%, HDL-
cholesterol <1.03 mmol/L in 34.64%, and LDL-cholesterol >3.4
mmol/L in 15.35%. The study by Brzezinski et al. that included
1,948 overweight or obese Polish patients from 6 to 14 years old
showed that at least one lipid disorder occurred in 40.51% of boys
(59). The most common lipid disorders were decreased HDL-c levels
(23.79% of the boys), elevated LDL-c (14.25%), and elevated TC
(13.94%), which is close to our results, but the elevated TG was much
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more frequent in our cohort. In comparison, in the United States,
between 2011 and 2014, in individuals aged 6 to 19 years with obesity,
the reported frequency of dyslipidemia was 43.3%, with decreased
HDL-c levels in 33.2% and elevated LDL-c in 16.7% (71). In Turkish
children, Elmaogullar1 et al. have reported that 42.9% of obese
patients (2-18 years) met the dyslipidemia criteria: 21.7% of the
patients had hypertriglyceridemia, 19.7% had low levels of HDL-C,
18.6% had hypercholesterolemia, and 13.7% had high levels of LDL-C
(72). In the majority of published studies, dyslipidemia (low HDL
and/or high TG) was the most frequent risk factor of MetS, whereas
high fasting glucose was the least frequent (10, 51).

The role of atherogenic dyslipidemia in CVD complications is
well-established in adults and is the leading cause of morbidity and
mortality worldwide. A recently published prospective study
conducted among 1,779 adolescents who were 15 years old and
followed up for 9 years until 24 years of age revealed that almost 1 in 5
adolescents had elevated lipids or dyslipidemia at age 15 years. The
prevalence of elevated lipids and dyslipidemia increased to 1 in 4
young adults, 9 years later (73). Moreover, the researchers observed
that lipid treatment intervention at 24 years failed to stop worsening
atherosclerosis while lipid treatment intervention at the age of 17
effectively stopped and reversed atherosclerosis progression. Thus,
early control of pediatric dyslipidemia is certainly necessary to slow
down the progression of CVD in young adulthood.

The current study revealed quite a high percentage of borderline
dyslipidemia in Ukrainian overweight adolescents based on cutoft
values from the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines, 2018 (38).

As disturbance of lipid metabolism is found much more often in
boys with MUO and MetS than dysglycemia, it is reasonable to
suggest that cholesterol fraction levels have a higher sensitivity
compared to blood glucose levels. In the last decades, some indexes
were proposed and tested as markers of IR and NAFLD at first and,
eventually, MetS in adolescents and adults, such as WHR, WtHR,
LDL-¢/HDL-c ratio, TyG index TG/HDL-c ratio, atherogenic index,
ALAT/ASAT, and PNFIL In our research, we tested all markers
simultaneously in the cohort of normal, overweight, and obese boys
with MHO or MetS and, based on multiple logistic regression
analysis, assumed the most sensitive and specific combination of
three predictors (TyG index, PNFI, and TG/HDL ratio), which is
one of the main strengths of our study.

Interestingly, the TyG index is widely tested in different
populations and age groups and was confirmed superior to
HOMA-IR in terms of detection of T2DM (18, 19, 74). In a
recently published systematic review of eight cross-sectional
studies with individuals aged >2 and <20 years old from the
United States, Korea, Mexico, Brazil, and Iran, the authors
concluded that the TyG index was positively associated with
other IR prediction methods and appears to be advantageous in
terms of predicting IR risk and other cardiometabolic risk factors in
children and adolescents (20).

Also, the TG/HDL ratio was tested and proved to be a good
predictor of IR and MetS in childhood (15, 16). A large-cohort
Korean study that included data from 2,721 adolescents (1,436 boys
and 1,285 girls) aged 10-18 years showed significant associations
between TG/HDL-C ratio and MetS. Furthermore, in boys, unlike
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in girls, areas under the ROC curve to identify MetS were 0.947 for
TG/HDL-C, which was higher than that of HOMA-IR (0.822) (17).

In recent studies, less attention has been paid to the PNFI,
which was proposed and tested by Nobili et al. in 2009 (40).
However, in a recently published study that enrolled 286
adolescents with biopsy-proven NAFLD, the data confirmed that
the PNFI remains the best non-invasive score in pediatric age for
NAFLD prediction (75).

Remarkably, all three indexes (TyG index, PNFI, and TG/HDL
ratio) are based on TG levels, which might be more sensitive than
glucose or transaminase levels alone and may help to recognize
MUO even if the combination of classic MetS criteria is
insufficient yet.

One of the limitations of this study is the lack of insulin
detection and HOMA index for the detection of IR. Nevertheless,
plenty of studies, neither in adults nor in adolescents, established
convincing evidence that IR is the key and driving factor in the
development of MetS (coexistence of abdominal obesity,
dyslipidemia, dysglycemia, MAFLD, and AH) (9, 10, 15, 16, 18,
20, 23, 42). However, there is no well-defined cutoff point that
differentiates normal from abnormal insulin sensitivity in youth
and there is no universally accepted, clinically useful, numeric
expression in the HOMA-index that defines insulin resistance. In
pediatrics, the transient puberty-related insulin resistance that
occurs with the completion of puberty further complicates this. In
addition, our study is based on boys recruited from a tertiary care
center, which may influence the true prevalence of metabolically
healthy and unhealthy phenotypes in adolescents in our population,
as patients are present in hospitals with some signs and symptoms.

The most interesting cohort in our study is group 2 (MUO) as,
based on all other biochemical markers, these patients are very close
to patients with MetS in contrast to the control group or boys with
MHO. Thus, we can assume that they are also at high CVD risk and
need further follow up and monitoring.

In conclusion, our study showed that the combination of the
lipid indexes—TyG index, PNFI, and TG/HDL ratio—was a good
predictor for cardiometabolic risk in overweight and obese
adolescent boys and may be better than traditional lipid and
glucose examinations. These ratios can provide a beneficial and
significant value to assessing CVD risk in adolescence in the absence
of certain blood biomarkers and in resource-limited settings.
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