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Abstract: Obesity and overweight are defined as abnormal fat accumulations. Adipose tissue consists
of more than merely adipocytes; each adipocyte is closely coupled with the extracellular matrix.
Adipose tissue stores excess energy through expansion. Obesity is caused by the abnormal expansion
of adipose tissue as a result of adipocyte hypertrophy and hyperplasia. The process of obesity is
controlled by several molecules, such as integrins, kindlins, or matrix metalloproteinases. In children
with obesity, metabolomics studies have provided insight into the existence of unique metabolic
profiles. As a result of low-grade inflammation in the system, abnormalities were observed in several
metabolites associated with lipid, carbohydrate, and amino acid pathways. In addition, obesity and
related hormones, such as leptin, play an instrumental role in regulating food intake and contributing
to childhood obesity. The World Health Organization states that physical activity benefits the heart,
the body, and the mind. Several noncommunicable diseases, such as cardiovascular disease, cancer,
and diabetes, can be prevented and managed through physical activity. In this work, we reviewed
pediatric studies that examined the molecular and hormonal control of obesity and the influence of
physical activity on children with obesity or overweight. The purpose of this review was to examine
some orchestrators involved in this disease and how they are related to pediatric populations. A
larger number of randomized clinical trials with larger sample sizes and long-term studies could
lead to the discovery of new key molecules as well as the detection of significant factors in the
coming years. In order to improve the health of the pediatric population, omics analyses and machine
learning techniques can be combined in order to improve treatment decisions.

Keywords: obesity; physical activity; hormones; children; adipose tissue

1. Introduction

In the context of health, overweight and obesity are defined as abnormal or excessive
fat accumulations [1]. Overweight is defined as having a body mass index (BMI) over 25,
while obesity is defined as having a BMI over 30 [2]. A global burden of disease study
indicates that over 4 million people die each year as a result of being overweight or obese, a
problem that has reached epidemic proportions [3]. In both adults and children, overweight
and obesity are on the rise. Overweight or obesity increased four-fold, from 4% to 18%,
among children and adolescents aged 5–19 years between 1975 and 2016 [4].

It is possible to calculate BMI in adults to determine obesity; however, it is more
difficult in children to determine it accurately [5]. Overweight and childhood obesity are

Int. J. Mol. Sci. 2022, 23, 15413. https://doi.org/10.3390/ijms232315413 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms232315413
https://doi.org/10.3390/ijms232315413
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-2550-6695
https://orcid.org/0000-0002-5171-9408
https://doi.org/10.3390/ijms232315413
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232315413?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 15413 2 of 22

currently classified according to three classification systems. They include the criteria
published in 2007 by the World Health Organization (WHO) [6], the data tables published
by the Centers for Disease Control and Prevention (CDC) in 2000 [7], and the guidelines
published by the International Obesity Task Force (IOTF or Cole-IOTF) [8]. According to
the WHO, overweight is considered as a body weight greater than one standard deviation
above the median of the WHO reference growth standard. Generally, obesity is classified
as a weight over two standard deviations above the median of the WHO growth reference
standard for height [6]. Overweight is defined by the CDC as a BMI exceeding the 85th
percentile but below the 95th percentile. Obesity is defined as a BMI exceeding the 95th
percentile, according to age and gender [7]. Using the cut-offs specified for adults as a
basis, Cole et al. developed BMI curves identifying overweight as 25–30 kg/m2 and obesity
as >30 kg/m2 by age group and gender [8]. Because of its simplicity and low cost, BMI
has become an increasingly popular indicator for identifying overweight and obesity [9].
BMI does not distinguish among increased mass in the form of fat, lean tissue, or bone,
and, consequently, it may lead to significant misclassification, especially in children and
adolescents [10]. Consequently, other electrical bioimpedance measurements are required
in order to provide a more complete estimate of additional body compartments [11,12].

In every region except sub-Saharan Africa and Asia, obesity is the primary cause of
malnutrition today. In low- and middle-income countries, particularly in urban settings,
overweight and obesity are rapidly increasing [13]. Once considered a problem only in
high-income countries, overweight and obesity have become a major public health concern.
Children living in developing countries are more likely to be overweight or obese, with a
rate of increase higher than that of developed countries [14].

There are a number of preventable and reversible causes of overweight and obesity.
The growth of this epidemic has, however, not yet been reversed in any country [15]. In
spite of the presence of other factors, obesity is fundamentally caused by an imbalance
between calories consumed and calories expended. Over the past few decades, there
has been an increase in the consumption of high-fat, high-sugar foods with high energy
density [16]. Increasing urbanization and the changing nature of many types of work have
also contributed to a decline in physical activity [17].

Increasing the portion of daily intake of fruit, vegetables, legumes, whole grains, and
nuts is one way to lower the risk of overweight and obesity. It is also important to engage in
regular physical activity (60 min per day for children and 150 min per week for adults) [18].
Infants who are exclusively breastfed from birth to six months of age are less likely to
become overweight or obese, according to studies [19].

Adipose tissue is more than simply a collection of adipocytes; each adipocyte is closely
connected to the extracellular matrix (ECM) [20,21]. Among the noncellular components
of the ECM are collagens, laminins, fibronectins, nidogens, and proteoglycans. There
are many types of these components and their structures are complex. In addition to
providing a unique and critical microenvironment for adipocytes, ECM molecules regulate
the bioactivity of these cells [20–22].

Excess energy is stored in adipose tissue through expansion. Adipocyte hypertrophy
and hyperplasia lead to obesity, which results from the abnormal expansion of adipose
tissue [22]. Besides causing adipose tissue dysfunction and ectopic lipid accumulation,
unhealthy expansion can also cause inflammation and metabolic diseases, such as diabetes
type 2 and insulin resistance [22,23]. Healthy expansion of adipose tissue depends on
the reorganization of the ECM, whereas fibrosis is a key feature of inflammation and
dysfunction in adipose tissue [24]. A significant amount of research is still needed to assess
the direct effects of impaired cell–matrix interaction on adipocyte function and insulin
sensitivity [24].

Adipocytes and adipose tissue are stimulated to accumulate and perform adipocyte
functions by estrogens, either directly or indirectly. According to evidence, estrogen
augments the sympathetic tone differentially according to the adipose tissue depot. This
favors lipid accumulation in the subcutaneous depot in women and visceral fat deposition
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in men. In the context of adipocyte function, estrogens and their receptors are known to
affect the extent to which fat cells expand. They achieve this by enhancing it at the level of
the subcutaneous depot and inhibiting it at the level of the abdominal depot [25].

There are several hormones and neurotransmitters that are involved in regulating
appetite and energy expenditure, such as leptin, cocaine- and amphetamine-regulated
transcription, and ghrelin. There are specific brain centers that are affected by these
hormones that are responsible for controlling the sensation of satiety [26]. There is a
possibility that weight gain can be triggered by mutations in these hormones or their
receptors [27]. It has been estimated that 40–70% of the genetic risk of obesity is associated
with this disorder. Several genetic loci have been found to be related to BMI and obesity
risk as a result of genome-wide association studies [28].

Currently, the American College of Sports Medicine (ACSM) recommends either
aerobic or anaerobic exercise. The term “aerobic exercise” refers to exercises that exhaust
the muscles’ oxygen supply [29]. However, oxygen consumption is sufficient to supply
the muscles with the energy that they need, without the need for any other source of
energy [30]. Alternatively, in anaerobic exercise (weight lifting or resistance training),
oxygen consumption is inadequate to meet the energy demands placed on the muscles,
and the muscles are forced to break down other energy sources, such as sugars, in order
to generate energy and lactic acid [31]. In addition to physical activity, structured exercise
plans and sessions may also be included in the exercise program [32].

Following COVID-19, the incidence of obesity in children has increased worldwide, and
the WHO has noted the various consequences of this problem [33]. As a result of the current
pandemic, children have been advised to remain at home. This results in restricted mobility
and a more sedentary lifestyle, which contributes to weight gain and diminishes the overall
function of the body [34]. Children and adolescents, who are at the beginning of their physical,
intellectual, and emotional development, have been particularly affected by the COVID-19
pandemic [35,36]. In Europe, approximately 20% of children aged 2–19 years are overweight
or obese, which has negative health consequences in adulthood [37].

A comprehensive literature search was conducted using electronic databases, includ-
ing Medline (PubMed), EMBASE, and the Cochrane Library. The keywords that we used
were “obesity”, “physical activity”, “exercise”, “hormones”, “childhood obesity”, “chil-
dren”, “extracellular matrix”, and “adipose tissue”. For additional relevant literature, we
searched the reference lists of the articles included in the review.

Therefore, the present review aimed to investigate the molecular and hormonal mech-
anisms recently analyzed in obesity. In addition, the present review aimed to investigate
the involvement of leptin in physical exercise and its relevance in the control of obesity,
especially in the child population.

2. Molecular Control in Obesity

Adipose tissue in mammals can be divided into two types: white adipose tissue (WAT),
which stores energy, and brown adipose tissue (BAT), which generates heat [38–40]. In
adults, BAT has limited therapeutic potential due to its capacity for energy expenditure.
However, the significant capacity of BAT for energy expenditure is an interesting mecha-
nism for the treatment of metabolic diseases [41]. The metabolic alterations associated with
obesity have not been studied separately in the context of adipose tissue using global omics
methods. Transcriptomics studies have shown that obesity is associated with the significant
dysregulation of adipose tissue [42]. Mitochondrion-related pathways are downregulated
in the adipose tissue transcriptome.

A variety of pathways are involved, including oxidative phosphorylation (OXPHOS), the
catabolism of branched-chain amino acids (BCAAs), fatty acid β-oxidation [43–45], and the
upregulation of inflammatory [43–47] and ECM organization pathways [46,47]. In individuals
with more severe insulin resistance, these findings become more obvious [45,47–49].

As well as these findings, microarray analyses of mature adipocytes [50–52] and
metabolome analyses of adipose stem cell cultures [53] have revealed that obesity is as-
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sociated with changes in glucose and amino acid metabolism, mitochondrial metabolism,
and inflammation. Factors such as the environment and genetics influence the storage of
adipose tissue. An individual’s lifestyle, such as his or her food intake and physical activity,
is generally influenced by the environment. Twin studies, adoption studies, and segregation
analyses have demonstrated the importance of genetic factors in obesity [42,54–56].

2.1. Structure and Components of ECM Related to Obesity

Bidirectional signaling between the cell adhesion to ECM proteins and cell–cell ad-
hesion is mediated by the integrin families of cell surface receptors. A number of studies
have demonstrated interactions between integrin receptors and other growth factor re-
ceptor tyrosine kinases [57–60] that modulate downstream signaling [61–63]. They have
been extensively studied since their discovery by Hynes in 1987 [64], and they transduce
signals through the plasma membrane for the activation of intracellular signaling. A trans-
membrane receptor called an integrin consists of both heterodimeric subunits, which are
composed of α- and β-subunits [65]. There are 24 distinct types of integrins, each of which
has different binding specificities and signaling properties [8]. An integrin contains a large
ectodomain that facilitates interactions with ligands, a transmembrane domain, and a
cytoplasmic tail that binds to the actomyosin cytoskeleton indirectly [20].

In order to activate them, a change from a bent-closed to extended-closed conformation
is necessary [20]. The activation of integrins is dependent upon intracellular adaptor
proteins, such as talins and kindlins. Integrins themselves do not have kinase activity, and
downstream signaling occurs through focal adhesion kinases (FAKs) and integrin-linked
kinases (ILKs) [66,67]. Tyrosine kinases such as FAK are involved in intracellular signaling,
cytoskeleton stabilization, and focal adhesion turnover. They are regulated by epidermal
growth factor receptors (EGFRs), fibroblast growth factor receptors (FGFRs), and insulin
receptors [20].

Adipose tissue FAK signaling is believed to control insulin sensitivity by regulating
adipocyte survival [65], whereas ILK interacts with the cytoplasmic domains of integrins,
as well as numerous cytoskeleton-associated proteins. A wide variety of proteins and
enzymes bind to integrin receptors, such as collagen, fibronectin, laminin, Arg–Gly–Asp
peptides (RGD), and leucocytes [68].

Approximately 50% of the non-cell mass of adipose tissue is composed of collagen,
which is the main component of the ECM. The adipocytes are primarily responsible for
the production of collagen, although endothelial cells, preadipocytes, and stem cells can
also produce it [69,70]. The strong external skeleton of mature adipocytes can reduce the
mechanical stress generated by storing energy as triglycerides. This is transferred from the
outside to the inside of the cell. As well as contributing to cell adhesion, migration, differ-
entiation, morphogenesis, and wound healing, collagen is an extremely crucial structural
component of adipose tissue. In the basement membranes of adipocytes, collagen IV plays
a major role in their survival [69,70].

Matrix metalloproteinases (MMP), metalloproteinase domain-containing pro-
tein(ADAM), and ADAM with a Thrombospondin type-1 motif are subfamilies of
the metzincin superfamily of zinc-dependent metalloproteinases [71]. Among the
most critical functions of MMPs is the degradation of ECM proteins using calcium-
dependent and zinc-containing endopeptidases [72,73]. As part of wound healing,
angiogenesis, and tumor cell metastasis, MMPs play a key role in regulating ECM
remodeling in both normal physiology and disease [73,74]. As well as expanding
adipose tissue, causing liver fibrosis, and promoting atherosclerosis, MMPs also play
an integral role in other biological processes [75].

Specific studies in children have shown that the plasma levels of MMP-9 and TIMP
metallopeptidase inhibitor 1 (TIMP-1) are elevated in obese children and adolescents [76].
Another study evaluating MMPs found that plasma MMP9 concentrations were signifi-
cantly higher in preterm babies when compared to term babies. Preterm deliveries were
associated with almost three-times-higher plasma MMP9 levels when compared to con-
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trols [77]. In children with obesity, MMP-9 genotypes and haplotypes are associated with
higher levels of MMP-9, suggesting that genetic factors can alter the relevant pathogenic
mechanisms involved in the development of cardiovascular complications associated with
obesity in childhood [78]. For MMP-2 polymorphism, similar results have been observed,
with CC genotypes being more common in subjects (controls and children with obesity)
with higher MMP-2 concentrations, while CT genotypes and the T allele are less common
in children with obesity [79]. In addition, the expression of genes related to the regulation
of the extracellular matrix (TNMD and NQO1) in visceral adipose tissue was higher in
children with obesity when compared with normal-weight prepubertal children [80].

Currently, the information about ECM proteins and obesity comes from in vitro study
models, and there is a need for more research that utilizes large populations of children.

2.2. Control of Differentiation in WAT

In terms of metabolism, WAT primarily stores triglycerides, which can be released
during times of energy demand, such as starvation or exercise [81].

The differentiation of mesenchymal stem cells into mature WAT takes place un-
der the control of various cellular receptors that act as transcription factors (Peroxisome
proliferator-activated receptor gamma, PPARγ; Peroxisome proliferator-activated receptor
alpha, PPARα; Peroxisome proliferator-activated receptor beta/delta, PPARβ/δ; Retinoid
X receptor (heterodimer with PPARγ) RXR [82]) and play a role in four physiological
processes: proliferation, mitotic cloning, early differentiation, and terminal differentiation.

Other key molecules that are involved in differentiation are CCAAT/enhancer-binding
protein (C/EBP) family members (i.e., C/EBPα, C/EBPβ, and C/EBPδ), Krox20, KLFs,
CREB, and C/EBPβ and δ; they act early in terminal differentiation to induce the expression
of PPARγ and C/EBPα [83]. PPARγ and C/EBPα are responsible for providing a positive
feedback mechanism that locks differentiation in place [84,85]. Another form of positive
feedback is produced by PPARγ and C/EBPβ [86].

The liver-based receptors direct the deposition of energy into adipose tissue for storage
through alterations in liver metabolism [87]. Additionally, systemic hormones that bind
to their receptors in the liver, brain, and adipose tissue are able to alter food intake versus
energy intake (insulin receptor, estrogen receptors (α, β), androgen receptor, glucocorticoid
receptor, and thyroid hormone receptors (α, β)) [82].

Signal cascades involved in promoting the osteogenic or adipogenic differentiation
of mesenchymal stem cells are typically mediated by one or both of the two transcription
factors RUNX2 and PPARγ. PPARγ is generally regarded as the master regulator of
adipogenesis, with an anti-osteoblastogenic effect that is also well documented [88]. The
master regulator of osteogenesis, on the other hand, is known as RUNX2 [89]. Alkaline
phosphatase (ALP) and osteocalcin (OCN) are activated by RUNX2 and contribute to
collagen type I synthesis [90]. Several studies have shown that RUNX2 inhibits adipogenesis
when overexpressed [91].

The expression of pluripotent genes, adipogenic transcriptional factors, RUNX2, in-
flammatory mediators, insulin signaling proteins, and adipogenic and osteogenic differenti-
ation was compared in subjects with obesity and in healthy controls [92]. The cells derived
from the human adipose tissue of individuals with obesity showed diminished proliferation,
altered pluripotent genes, increased inflammation, and decreased osteogenesis [92].

As in the case of studies related to ECM and obesity, few studies have included
populations of children. Currently, a variety of novel proteins are being discovered and
linked to obesity [93–95], as childhood is often the optimal timeframe for treating obesity.

2.3. Genetics Underlying Childhood Obesity

The prevalence of childhood and adolescent obesity has reached epidemic proportions
in the United States [96]. Approximately 17% of US children are obese at present. There
are a number of aspects of a child’s health that can be affected by obesity, including
psychological and cardiovascular health; in addition, their overall physical health will also
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be affected by obesity. Obesity is a public health concern for children and adolescents due
to its association with other health conditions [96]. Ahmad et al. state that eight out of ten
adolescents aged 10 to 14 years, twenty-five percent of children aged under 5, and fifty
percent of children aged 6 to 9 years are at risk of becoming obese adults [97]. Despite
the fact that genetic influences likely operate within a wide range of weight groups, they
are particularly dominant during childhood-onset obesity and at either end of the BMI
distribution, i.e., underweight or severe obesity [98].

Metabolomics studies have provided insights into the existence of unique metabolic
profiles in children who have obesity [99,100]. It was observed that there were abnormalities
in several metabolites related to lipids, carbohydrates, and amino acids as a result of low-
grade inflammation in the system [101]. The carbon metabolism in obese children shifts
toward hypoxic conditions.

High levels of pyruvate, lactate, and alanine were detected in resting blood samples,
indicating altered metabolism in the early years of a child’s life [102–104]. Elevated pyruvate
levels suggest a deficiency in the enzyme pyruvate dehydrogenase (complex), which is
needed to make acetyl-CoA going forward [101]. Regarding lactate increases, it could show
deregulations in central carbon metabolism and a tendency to direct metabolism towards
fermentation conditions in children with obesity, which is called “aerobic glycolysis” or the
“Warburg effect” [105]. Therefore, from a physiological point of view, obesity corresponds
hand in hand with adipocyte hypertrophy, which is associated with local hypoxia, which
enhances lactate production [106]. As a result of the heterogeneities observed between
the studies reviewed, ethnicity, diet, and physical activity were identified as significant
influencing factors regarding the metabolome and lipidome [101]. Obesity and obesity-
related complications are linked to visceral adipose tissue. Despite this, it is unclear how
visceral adipose tissue interacts with obesity-related metabolic complications [107].

Studies with a cross-sectional observational design strongly suggest that childhood
obesity or childhood leanness is associated with certain family lines. The weight status
of parents is strongly correlated with the weight status of their offspring up to the age of
five [108]. In addition, it is associated with the risk of obesity in adulthood.

There is an association between birth weight and the risk of obesity later in life, with
low- and high-birth-weight babies being at greatest risk [108]. In addition, several genetic
mechanisms are involved in the life-course association between early growth phenotypes
and adult cardiometabolic disease [109].

Studies of twins, families, and adoptions have estimated the heritability of obesity
to range between 40% and 70% [110–112]. In line with this fact, genetic approaches can
be utilized in order to characterize the physiological and molecular mechanisms that are
responsible for controlling weight [110–113]. It is important to note that the evidence for
genes related to childhood obesity is very broad and may differ based on age range and
gender [114,115]. For this reason, Table 1 summarizes the main variables of the included
studies that dealt with genetics and the onset of childhood obesity.

The authors of a meta-analysis published in 2010 found that genetic factors play
an influential role in the variation in BMI at all ages. A substantial effect was also seen
in middle childhood by common environmental factors, but this effect disappeared in
adolescence [116]. FTO was the most important gene involved in obesity, which was also
implicated in the regulation of adipocyte thermogenesis [117].

Methylation of the long non-coding RNA ANRIL (encoded at CDKN2A) was associated
with adiposity in the birth tissue of ethnically diverse neonates, the peripheral blood of
adolescents, and the adipose tissue of adults. Perinatal methylation at gene function loci
may serve as a robust indicator of later adiposity [118].

A total of ten polymorphisms were evaluated in 730 Portuguese children aged 6 to 12
in order to assess their vulnerability to obesity. Methionine sulfoxide reductase A (MSRA),
transcription factor AP-2 beta (TFAP2B), melanocortin 4 receptor (MC4R), neurexin 3 (NRXN3),
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PPARGC1A), trans-
membrane protein 18 (TMEM18), homolog of Sec16 (SEC16B), homeobox B5 (HOXB5), and
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olfactomedin 4 (OLFM4) were evaluated [119]. The results of this study suggest that poly-
morphisms of the MC4R, PPARGC1A, MSRA, and TFAP2B genes may be associated with
obesity-related traits in a sample of Portuguese children [119].

Based on a meta-analysis that included 12 eligible studies with 5000 cases and 9853
controls, the FTO rs9939609 polymorphism was significantly associated with an increased
risk of obesity [120].

According to the meta-analysis of ALSPAC and Raine samples, a novel single-nucleotide
polymorphisms (SNP) was detected downstream of the FAM120AOS gene on chromosome
9 [121]. The association was triggered by differences in BMI at 8 years (T allele of rs944990
increased BMI, with a modest association with change in BMI over time) [121]. A locus
associated with childhood obesity (OLFM4) has reached genome-wide significance in relation
to BMI at age 8 and/or changes over time [121].

In addition, there is a strong association between the exonic rs8192678-T SNP of
PPARGC1A and a reduction in BMI z-score [122]. Another study has shown that SEC16B
and TMEM18 were associated with 27% and 40% increased odds of obesity, respectively, in
Hispanic/Latino children (22–88% frequency) [123]. According to the IDEFICS/I.Family
study, significant associations were found for five SNPs for the FTO and CETP genes [124].

Several studies have shown a significant association between the FTO rs9930506 and
MC4R rs17782313 polymorphisms and obesity in children [125]. These genetic variants
were associated with childhood obesity in Caucasians and Asians, according to stratified
analyses [125]. According to a recent systematic review, the polymorphisms rs9939609 FTO
and rs17782313 MC4R could be associated with overweight and obesity in children and
adolescents. This depends on the study population and ethnicity [126].

Table 1. Genetics and the onset of childhood obesity.

Gen or Polymorphism Type of
Polymorphism Type of Study Age Reference

In a UK twin sample, the FTO gene was found to be
associated with BMI beginning at age seven, and a

similar finding was also noted in Danish children. In
the UK study, the FTO gene explained only a small

portion of the genetic variation in BMI.

- Systematic review, nine twin and
five adoption studies up to 18 years old [116]

ANRIL methylation (encoded by CDKN2A) has been
associated with adiposity in the birth tissue of

ethnically diverse neonates, peripheral blood of
adolescents, and adipose tissue of adults.

- Prospective study, randomized
control trial

From birth to
6 years old [118]

It may be assumed that MC4R, PPARGC1A, MSRA,
and TFAP2B genes contribute to obesity risk in this

sample of Portuguese children.
- Prospective study with

730 children 2 to 6 years old [119]

FTO rs9939609 polymorphism was significantly
associated with an increased risk of obesity. SNP

Meta-analysis with 12 eligible
studies with 5000 cases and

9853 controls
up to 18 years old [120]

FAM120AOS gene was triggered by differences in
BMI at 8 years (T allele of rs944990 increased BMI,

with a modest association with change in BMI over
time). A locus associated with childhood obesity

(OLFM4) has reached genome-wide significance in
relation to BMI at age 8 and/or changes over time.

SNP
GWAS meta-analysis of BMI

trajectories from 1 to 17 years of
age in 9377 children

1 to 17 years of
age [121]

A strong association between the exonic rs8192678-T
SNP of PPARGC1A and a reduction in BMI z-score. SNP

Randomized, prospective,
double-blind, placebo-controlled,

multicenter trial, 134 children
aged 7 to 14 [122]

TMEM18 and SEC16B were associated with an
increased risk of obesity of 27% and 40%, respectively,

in Hispanic/Latino children (22–88% frequency).
SNP

Genome-wide association study
of childhood obesity in

1612 Hispanic/Latino children
and adolescents

2 to 18 years of
age [123]
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Table 1. Cont.

Gen or Polymorphism Type of
Polymorphism Type of Study Age Reference

Polymorphisms at FTO rs8050136 and CETP rs708272
have been identified as significant with childhood

metabolic syndrome.
SNP Prospective cohort study with

3067 children aged 2 to 10 years [124]

FTO rs9930506 and MC4R rs17782313 polymorphisms
and obesity in children. SNP

Meta-analysis with 13 studies on
MC4R rs17782313 and 18 studies

on FTO rs9939609
up to 18 years old [125]

FTO rs9939609 and MC4R rs17782313 polymorphisms
have been associated with overweight and obesity

in children.
SNP

Meta-analysis with 12 studies on
MC4R rs17782313 and FTO

rs9939609
up to 18 years old [126]

Abbreviations. BMI, body mass index; SNP, single-nucleotide polymorphisms.

A number of novel analyses have been introduced to identify functional enrichment
pathways, protein–protein interactions, and network analyses that aim to identify pathways
that target transcription factors, microRNA, and regulatory networks [107]. An overview
of these studies is provided below.

Using public datasets, one hundred and eighty-four differentially expressed genes in
the visceral adipose tissue were identified in children with obesity based on the selected
datasets [107]. From these 19 candidate hub genes, 19 target transcription factors and
miRNAs were analyzed. Several miRNAs identified in this study are linked to obesity-
related pathways and diseases [107].

According to the DisGeNET search, 191 genes are associated with childhood obe-
sity [127,128]. The protein–protein interaction network resulting from the study contained
twelve hub-bottleneck genes (INS, LEP, STAT3, POMC, ALB, TNF, BDNF, CAT, GCG,
PPARG, VEGFA, and ADIPOQ), as well as four functional clusters, with cluster 1 exhibit-
ing the highest interaction score [127,128]. There was an enrichment of genes associated
with inflammation, carbohydrate metabolism, and lipid metabolism within this cluster.
With the exception of POMC, all hub-bottleneck genes were found in cluster 1, which
contains genes with a high degree of connectivity that may play key roles in obesity-related
pathways [127,128].

After adjusting for sex and maturational status, 256 genes were differentially expressed
between fit and unfit children with overweight/obesity [129]. By analyzing the enriched
pathways, gene pathways associated with inflammation were identified (e.g., the dopamin-
ergic and GABAergic synapse pathways). A set of differentially expressed genes was
identified by in silico validation data mining to be associated with cardiovascular disease,
metabolic syndrome, hypertension, inflammation, and asthma [129].

Approximately 2% to 5% of individuals with childhood obesity have heterozygous
mutations in the MC4R gene, making it the most common gene for which highly penetrant
variants contribute to obesity [130,131].

The results of a follow-up study involving 1082 participants aged 12–13 years showed
that skinfold thickness was associated with gene variants being lower in children with
the MC4R TT genotype and the LEP AG genotype, but no associations were found with
BMI [132].

Certainly, there have been studies that have demonstrated that the genes associated
with severe obesity in experimental animals are also involved in childhood-onset obesity in
humans [133], often without developmental delay [98]. These mutations and their carriers
have been functionally and physiologically characterized in a manner that has demonstrated
a high degree of convergence between mechanisms that regulate energy balance among
mammalian species [98]. However, there is a need for more studies with larger sample sizes
in order to fully understand how genetics contribute to childhood obesity.
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3. Hormonal Control in Obesity

As a result of lipolysis, white adipocytes in WAT release a substantial amount of
free fatty acids (FFAs), causing elevated levels of FFA in the serum of obese subjects. It
has been hypothesized for several decades that this overflow of lipids from obese adi-
pose depots contributes to obesity-associated insulin resistance and hepatosteatosis [67,68].
Although FFA are often considered as a whole in this context, studies exploring the im-
pacts of individual lipid species have provided intriguing insights into adipocyte-secreted
lipid specificities [69]. The discovery of leptin as an adipokine secreted by adipose tis-
sue (adipokine) with potent anorexic properties in 1994 redefined WAT as an endocrine
organ [70]. Adipokines have been identified as critical regulators of lipid and glucose home-
ostasis over the past two decades, and this list continues to grow. Rosen and Spiegelman
(2006) [71] suggest that adipokines play an instrumental role in mediating the interac-
tion of adipose tissue with other key metabolic organs, including the liver, muscle, and
pancreas. Adipokine pathway dysfunction often leads to impaired organ communica-
tion and metabolic abnormalities in multiple tissues, which constitute a critical pathology
contributing to metabolic disease [72].

3.1. Leptin

Appetite and related hormones, such as leptin, play an active role in food intake
regulation and in the occurrence of obesity in children. Indeed, leptin plays a key permissive
role in the onset of puberty in boys and girls, given that leptin injection can significantly
accelerate the onset of puberty in juvenile female mice, by directly interacting with the
KiSS-1gene [134]. Thus, given the importance of the timing of normal puberty in boys and
girls, normal body weight and composition must be attained during childhood to avoid
pubertal dysfunction.

Leptin is a 16 kDa cytokine that acts as a satiety signal in the central nervous system
and is related to glucose and insulin metabolism [34]. It has been suggested that it could
be the link between obesity, diabetes, and cardiovascular risk [34]. The hypothalamic
leptin–melanocortin system is a key element in the regulation of hunger, satiety, and energy
balance [35]. Thus, genetic mutations that cause the absence of leptin or the leptin receptor
(LepR) produce metabolic changes that resemble those observed during an intense negative
energy balance, including hunger and the suppression of physiological processes that
expend energy [135]. Furthermore, genetic mutations could also alter the dynamics of the
release of FSH and LH secretion from the pituitary gland [136].

Leptin, mainly synthesized in adipocytes, exerts multiple functions. One key function
is as one of the key modulators in regulating food intake and energy metabolism, by pro-
voking energy expenditure and suppressing food intake via the hypothalamus [36]. During
weight maintenance, the most significant determinant of circulating leptin concentrations is
body fat mass and, indirectly, BMI [37]. Furthermore, leptin was shown to regulate the pro-
duction of neurohormones in the medio-basal hypothalamus, such as thyrotropin-releasing
hormone (TRH) neurons of the periventricular nucleus [137]. An increase in TRH release
was shown to lead to the higher pituitary secretion of TSH, which, in turn, stimulates
thyroid function and proliferation [138]. Moreover, leptin receptors have been found in the
anterior pituitary and thyroid gland. Direct inhibitory actions on TSH secretion and on the
expression of the Na+/I– symporter and thyroglobulin mRNA in thyroid cell lines have
been reported [139].

On the other hand, leptin levels fall rapidly in response to fasting and evoke profound
changes in energy balance and hormone levels. Low leptin levels induce overfeeding and
suppress energy expenditure, thyroid and reproductive hormones, and immunity [140].
In addition, leptin may also be critical for glycemic control, independent of its effects
on calorie intake and energy expenditure [141]. Indeed, there is growing evidence from
animal models that leptin plays a critical role in type 2 diabetes prevention and control by
promoting beta-cell function and survival, improving insulin sensitivity, and regulating
glucose metabolism [142]. This is because leptin is involved in the regulation of glucose
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homeostasis and insulin sensitivity. This is because these two hormones exert opposing
effects and regulate each other, so that leptin inhibits insulin, and insulin stimulates leptin
synthesis and secretion [143].

Humans with impaired leptin signaling exhibit intense hunger (hyperphagia), reduced
sympathetic tone, mild hypothyroidism, hypogonadism, and impaired immune system
functions. Those who have mutations in the leptin gene are treated with recombinant
human leptin administration [144–147]. In obese mice and humans with disrupted leptin
signaling, blood pressure is low compared to diet-induced obesity in rodents and obesity
in humans [148], and leptin appears to play a major role in the increase in blood pressure
that occurs with weight gain [98].

Patients with genetic mutations in the leptin gene or leptin receptor were found to
be obese, and the chronic repositioning of leptin caused the normalization of their body
weight [138]. However, most obese patients have hyperleptinemia but are resistant to the
anorexigenic central action of leptin [138]. Nowadays, the precise mechanism through
which hyperleptinemia leads to leptin resistance is not known. The causes of leptin
resistance appear to be heterogeneous but also include constitutive defects in the neural
circuit downstream of leptin [149]. Indeed, to date, all genes identified as Mendelian causes
of obesity in humans are expressed in the central nervous system. Most of these genes are
components of the neural circuit modulated by leptin [149].

3.2. Adiponectin

Adiponectin has a 30 kDa molecular weight and is secreted exclusively by WAT
adipocytes [150], and abundant levels in the circulation are eliminated by the liver. It is
significant to note that adiponectin is more abundant in subcutaneous WAT than in visceral
WAT, which makes it the most abundant and adipose-specific adipokine [151]. Adiponectin,
however, decreases before obesity and insulin resistance develop, and it attenuates inflam-
mation and insulin resistance [152]. Adiponectin is thought to play a significant role in
the pathogenesis of obesity, insulin resistance, and insulin resistance [152]. Furthermore,
adiponectin is a hormone with cardioprotective functions [153]. The cardioprotective prop-
erties are mostly due to inhibiting the expression of adhesion molecules, thereby reducing
the adherence of monocytes to endothelial cells. In addition, adiponectin reduces plaque
formation and increases plaque stability and nitric oxide production [154].

The adiponectin signal is transmitted through the ADIPOR1 and ADIPOR2 receptors,
followed by the docking of the adaptor protein APPL1 [155]. By activating the receptor,
the signaling pathway leads to metabolic improvements, including a reduction in hepatic
glycogenolysis [156]. This resulted in an increase in the oxidation of fatty acids in the liver
and skeletal muscle. In addition, there was an increase in the uptake of glucose in both the
skeletal muscle and WAT, and a reduction in inflammation in the WAT [157]. It is therefore
clear that the skeletal muscle, liver, and adipose tissue are highly enriched with adiponectin
receptors [158].

In addition, adiponectin receptors are found in the pancreas, where it inhibits fat stor-
age and reduces pancreatic cancer development by neutralizing inflammatory ceramides
and diacylglycerols [156]. The anti-inflammatory effects of adiponectin have been demon-
strated to extend to other cell types, such as macrophages and fibrogenic cells [157,159,160].
This anti-inflammatory effect is due to suppressing the expression of IL-8 in tumor necrosis
factor α (TNF-α)-stimulated human aortic endothelial cells [161]. It also suppresses the
expression of TNFα and monocyte chemoattractant protein 1 in several cell types (includ-
ing human circulating monocyte-derived macrophages, stromal vascular fraction cells
from human subcutaneous fat pads, and murine alveolar macrophages) [153]. In contrast,
however, in human monocyte-derived macrophages, adiponectin increases the expression
of the anti-inflammatory cytokine IL-10 [162].

Recently, increasing adiponectin levels have been associated with a lower risk of
developing diabetes across populations in a dose–response relationship; however, dysregu-
lation of adiponectin has been implicated in obesity, metabolic syndrome, type 2 diabetes,
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hypertension, and cardiovascular disease [163]. Indeed, Liu et al. concluded that circu-
lating adiponectin might serve as an available diagnostic biomarker to identify metabolic
syndrome subjects, especially in high-risk populations with insulin resistance [164]. Finally,
it appears that, similar to leptin, physical exercise exerts adiponectin-enhancing effects
comparable to those of some anti-diabetic drugs [165]. In addition, Becic et al. reported
that physical exercise in general, and aerobic exercise in particular, significantly increases
adiponectin levels in prediabetic and diabetic adults [154].

3.3. Resistin

The RETN gene encodes a cysteine-rich polypeptide known as resistin [166]. An inves-
tigation of thiazolidinedione targets in the white adipose tissue of mice led to the discovery
of this hormone, which plays a significant role in insulin resistance development [167].

As a result of the action of resistin, a hormone secreted by adipose tissue, glucose
homeostasis is impaired in mice. It is this process that leads to the development of type
2 diabetes mellitus. Visceral obesity and diabetes are linked by resistin [167,168]. The
circulatory system is abundant with resistin, a small secretory protein rich in cysteine and
cysteine [169]. To meet the energy needs of the body, adipose tissue secretes FFA [170].
Additionally, it secretes several small polypeptides that are specific to adipose tissue, such
as leptin, adiponectin, and resistin [170]. The expression of resistin in human adipose
tissue is very low, but it is highly expressed in circulating mononuclear leukocytes and
macrophages. These levels are reduced in obese and prediabetic individuals [170,171].

In a recent study, it was demonstrated that human resistin induces mitochondrial
dysfunction through the abnormal fission of mitochondria. Considering these findings,
the resistin–CAP1 complex may represent a potential therapeutic target for obesity-related
metabolic diseases such as diabetes and cardiometabolic disease [172].

4. Exercise and Leptin Control in Children with Obesity

Overweight and obesity are consequences of excess caloric intake and/or low levels of
energy expenditure [173]. However, the concomitant measurement of both total energy ex-
penditure and resting energy expenditure in children with obesity concluded that reduced
resting energy expenditure alone is not the primary cause of common obesity, but rather an
alteration of the hypothalamic pathways that regulate energy expenditure [174]. At rest,
energy expenditure is usually defined as that spent on metabolism to keep the organism
alive [175]. All of these processes generate heat and are therefore thermogenic, with lectin
being a key hormone [176].

According to the WHO, physical activity benefits the heart, body, and mind [177].
It is well known that physical activity contributes to the prevention and management
of noncommunicable diseases such as cardiovascular disease, cancer, and diabetes [177].
Depression and anxiety can be reduced by physical activity. By engaging in physical
activity, one improves one’s ability to think, learn, and judge [177]. In order for young
people to grow and develop in a healthy manner, physical activity is essential. The benefits
of physical activity extend to a better quality of life [177]. The global average for physical
activity is not met by one in four adults [177]. An insufficient level of physical activity is
associated with an increased risk of death by up to 30% when compared to an adequate
level of activity [177]. Insufficient physical activity is a problem for more than 80% of the
world’s adolescent population [177].

Based on the updated literature search, 21 systematic reviews were identified as rele-
vant [178]. The evidence reviewed (i.e., systematic reviews published in the past and those
that have been published recently) suggests that physical activity is associated with im-
proved health outcomes (primarily intermediate outcomes) when it is increased in amount
and intensity, and when it is undertaken in a variety of ways (e.g., aerobic exercises and
muscle and bone strengthening exercises) [178]. In 2010, the WHO guidelines did not
address the issue of limiting sedentary behaviors, which was supported by sufficient evi-
dence. There is, however, a lack of evidence to fully describe the dose–response relationship
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between physical activity and health outcomes, or whether these associations are associated
with specific types or domains of physical activity or sedentary behavior [178].

Recent studies show that compared to normal-weight children, children with obesity
tend to have higher circulating leptin that decreases with decreasing BMI. This is due to
insensitivity to circulating leptin and the disruption of leptin signaling in the hypotha-
lamus [179,180]. Low levels of leptin, which can be linked to a low body weight, were
associated with high physical activity in school children in rural Tanzania according to
Ludwig et al. [181]. The child population is characterized by an active lifestyle, e.g., an ac-
tive mode of traveling to school, playing outdoors during recess or after school, household
and agricultural chores, and very low screen time. Indeed, the current study considered
the daily number of steps (median of around 17,000 steps), with 57% of children reaching
the limit of 16,500 steps per day [181]. Thus, these results indicate an endocrine pathway
affecting physical activity levels. In addition, they have already shown signs of increased
physical activity in children with higher leptin levels. Furthermore, García-Hermoso et al.
believe that the longer the exercise time (≥60 min), the higher the energy expenditure
(≥800 kcal) and the lower the leptin concentration, which indicates that the duration of
exercise training and the time of exercise training are significantly negatively correlated
with the leptin level [182]. Therefore, it could be suggested that evidence points to a role
for the hormone leptin in modulating physical activity.

Physical activity is already known to be the most effective non-pharmacological rem-
edy to treat obesity or overweight because it increases energy expenditure, as well as
helping to balance energy levels [183]. It has been found that Spanish children who partici-
pate in a total of seven hours of physical activity per week have significantly lower values
of waist circumference, fat mass index, and homeostatic model assessment index [184]. The
result of a novel study show that it is important to stimulate greater collaboration among
family members and to increase exercise through extracurricular activities to promote the
activity of children during the growth stage [185].

Indeed, in children, the regular practice of moderate to vigorous physical activity could
improve endothelial function [186]. In their meta-analysis, Sirico et al. demonstrated that
physical exercise alone, without concurrent dietary modification or other lifestyle changes,
decreased plasma levels of leptin and IL-6, indicating a reduction in systemic inflammation
associated with obesity [187]. Regarding exercise duration, the available studies reported
mixed results, with insufficient data to draw conclusions about leptin’s response to different
modes of exercise [187]. Although aerobic exercise is considered optimal for reducing body
fat, resistance exercise leads to an increase in lean body mass [188]. Furthermore, Belcher
et al. concluded that leptin values predicted a decline in physical activity during the start
of puberty, independent of central adiposity. Indeed, it was found that girls with low leptin
levels had higher levels of physical activity than girls with high leptin levels at the start
of puberty [189]. Jimenez-Pavon et al. reported that vigorous physical activity and fitness
moderate the levels of leptin concentrations, regardless of relevant confounders, including
total body fat [190]. Hence, these results suggest that not only average physical activity but
also high-intensity physical activity could influence leptin concentrations independently
of physical fitness levels [190]. Likewise, Miyatake et al. described that the peak oxygen
uptake in men and physical activity in women were closely associated with circulating
leptin levels, even after adjusting for confounding factors [191]. Remmel et al. observed that
serum leptin concentrations were higher in overweight individuals than in normal-weight
individuals. In addition, we found that leptin was negatively correlated with total physical
activity and positively with sedentary time [192].

Briefly, the most effective recommendation for the prevention of obesity is to maintain
a healthy lifestyle through balanced nutrition and physical activity, but this may be im-
possible to adhere to once a person enters the circular reward–deficiency syndrome [193].
Therefore, future longitudinal studies are needed to clarify the role of physical activity
in weight control in overweight children. Figure 1 summarizes the main findings of the
present review.
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5. Future Perspectives

Overweight and obesity in children and adolescents are among the most important
health risks in the world [194]. One in five children and adolescents in the United States
suffer from childhood obesity. All children are at a risk of gaining weight above what is
considered healthy, but some groups of children are more affected than others [195]. A
child’s obesity likelihood is twice as high (23.2%) if he or she comes from a low-income
family as compared to a child from a high-income family (11.9%). The epidemic is more
prevalent in Spanish schools located in districts with elevated child poverty rates [194,196].

In spite of the alarming statistics regarding childhood obesity, there is still time to
improve the health of the subject. For this purpose, it is imperative to understand the
global prevalence of child and adolescent obesity and recognize the behavioral factors
that contribute to excessive weight gain in this age group. Nutrition and physical activity
are critical factors to consider in the management of child and adolescent obesity. We can
prevent childhood obesity by identifying a variety of strategies. During the diagnostic
and treatment process, it is necessary to discuss challenges specific to the country and
clinical scenarios that may be encountered. Therefore, physical exercise could be a critical
strategy to control obesity and the progression of an inflammatory status in the pediatric
population in relation to some adipocytokines. In fact, current studies on human models
of obesity, diabetes, and atherosclerosis have reported the potential role of adiponectin
and its receptors in these metabolic diseases. Since endogenous adiponectin production is
impaired as an effect of obesity and related pathologies, a practical therapeutic approach of
using pharmacological or dietary interventions to restore the ability of adipose tissue to
secrete adiponectin could be an interesting strategy to use.

Based on the results presented, future research should follow three clear directions.
The first is to elucidate the differential responses in aerobic capacity measures and hormonal
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responses based on the level of stimulation within a type of exercise. This will provide key
information that might be able to provide insight into the possible response depending
on the type of exercise proposed. Second, we must note that the various settings in which
exercise and physical activity programs are provided are significant, from examining the
role of the school system to be able to increase overall activity and the use of structured and
self-chosen exercise programs, to incorporating these programs to motivate overweight chil-
dren and adolescents. This will improve health and body composition, but also academic
progress, based on the idea that increased physical activity leads to improved academic
performance [197]. Finally, further examination of the effects of inactivity on physiological
and hormonal homeostasis during youth is crucial, as 45% of children aged 6–11 years fail
to achieve the recommended 60 min/day of moderate–vigorous physical activity, which is
even lower in the adolescent population [198,199].

In this review, we explored some orchestrators involved in this health condition
in pediatric populations and how they are interconnected. We could discover new key
molecules, as well as detect significant factors, in the coming years if more randomized
clinical trials with large sample sizes and long-term studies are conducted. By combining
omics analyses and machine learning techniques, it is possible to improve treatment
decisions for the pediatric population in order to improve their health.

Author Contributions: J.A.-V., J.A.-B.C., A.M.-R. and J.P.-D. participated in the bibliographic search,
discussion, and writing of the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Julio Plaza-Diaz is part of the “UGR Plan Propio de Investigación 2016” and the
“Excellence actions: Unit of Excellence on Exercise and Health (UCEES), University of Granada”. Julio
Plaza-Diaz is supported by a fellowship awarded to postdoctoral researchers at foreign universities
and research centers from the “Fundación Ramón Areces”, Madrid, Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fruh, S.M. Obesity: Risk factors, complications, and strategies for sustainable long-term weight management. J. Am. Assoc. Nurse

Pract. 2017, 29, S3–S14. [CrossRef] [PubMed]
2. Javed, A.; Jumean, M.; Murad, M.H.; Okorodudu, D.; Kumar, S.; Somers, V.K.; Sochor, O.; Lopez-Jimenez, F. Diagnostic

performance of body mass index to identify obesity as defined by body adiposity in children and adolescents: A systematic
review and meta-analysis. Pediatr. Obes. 2015, 10, 234–244. [CrossRef] [PubMed]

3. Hruby, A.; Hu, F.B. The Epidemiology of Obesity: A Big Picture. Pharmacoeconomics 2015, 33, 673–689. [CrossRef] [PubMed]
4. Di Cesare, M.; Soric, M.; Bovet, P.; Miranda, J.J.; Bhutta, Z.; Stevens, G.A.; Laxmaiah, A.; Kengne, A.P.; Bentham, J. The

epidemiological burden of obesity in childhood: A worldwide epidemic requiring urgent action. BMC Med. 2019, 17, 212.
[CrossRef] [PubMed]

5. Llorca-Colomer, F.; Murillo-Llorente, M.T.; Legidos-Garcia, M.E.; Palau-Ferre, A.; Perez-Bermejo, M. Differences in Classification
Standards For the Prevalence of Overweight and Obesity in Children. A Systematic Review and Meta-Analysis. Clin. Epidemiol.
2022, 14, 1031–1052. [CrossRef]

6. de Onis, M.; Garza, C.; Onyango, A.W.; Rolland-Cachera, M.F.; le Comité de nutrition de la Société française depédiatrie. WHO
growth standards for infants and young children. Arch. Pediatr. 2009, 16, 47–53. [CrossRef]

7. Ogden, C.L.; Kuczmarski, R.J.; Flegal, K.M.; Mei, Z.; Guo, S.; Wei, R.; Grummer-Strawn, L.M.; Curtin, L.R.; Roche, A.F.; Johnson,
C.L. Centers for Disease Control and Prevention 2000 growth charts for the United States: Improvements to the 1977 National
Center for Health Statistics version. Pediatrics 2002, 109, 45–60. [CrossRef]

8. Cole, T.J.; Lobstein, T. Extended international (IOTF) body mass index cut-offs for thinness, overweight and obesity. Pediatr. Obes.
2012, 7, 284–294. [CrossRef]

http://doi.org/10.1002/2327-6924.12510
http://www.ncbi.nlm.nih.gov/pubmed/29024553
http://doi.org/10.1111/ijpo.242
http://www.ncbi.nlm.nih.gov/pubmed/24961794
http://doi.org/10.1007/s40273-014-0243-x
http://www.ncbi.nlm.nih.gov/pubmed/25471927
http://doi.org/10.1186/s12916-019-1449-8
http://www.ncbi.nlm.nih.gov/pubmed/31760948
http://doi.org/10.2147/CLEP.S375981
http://doi.org/10.1016/j.arcped.2008.10.010
http://doi.org/10.1542/peds.109.1.45
http://doi.org/10.1111/j.2047-6310.2012.00064.x


Int. J. Mol. Sci. 2022, 23, 15413 15 of 22

9. Lopez-Sanchez, G.F.; Sgroi, M.; D’Ottavio, S.; Diaz-Suarez, A.; Gonzalez-Villora, S.; Veronese, N.; Smith, L. Body Composition
in Children and Adolescents Residing in Southern Europe: Prevalence of Overweight and Obesity According to Different
International References. Front. Physiol. 2019, 10, 130. [CrossRef]

10. Vanderwall, C.; Randall Clark, R.; Eickhoff, J.; Carrel, A.L. BMI is a poor predictor of adiposity in young overweight and obese
children. BMC Pediatr. 2017, 17, 135. [CrossRef]

11. Wall, C.R.; Hill, R.J.; Lovell, A.L.; Matsuyama, M.; Milne, T.; Grant, C.C.; Jiang, Y.; Chen, R.X.; Wouldes, T.A.; Davies, P.S. A
multicenter, double-blind, randomized, placebo-controlled trial to evaluate the effect of consuming Growing Up Milk “Lite” on
body composition in children aged 12–23 mo. Am. J. Clin. Nutr. 2019, 109, 576–585. [CrossRef]

12. Wood, K.; Mantzioris, E.; Lingwood, B.; Couper, J.; Makrides, M.; Gibson, R.; Muhlhausler, B. The effect of maternal DHA
supplementation on body fat mass in children at 7 years: Follow-up of the DOMInO randomized controlled trial. Prostaglandins
Leukot. Essent. Fat. Acids 2018, 139, 49–54. [CrossRef]

13. Jiwani, S.S.; Gatica-Dominguez, G.; Crochemore-Silva, I.; Maiga, A.; Walton, S.; Hazel, E.; Baille, B.; Bose, S.; Bosu, W.K.;
Busia, K.; et al. Trends and inequalities in the nutritional status of adolescent girls and adult women in sub-Saharan Africa since
2000: A cross-sectional series study. BMJ Glob. Health 2020, 5, e002948. [CrossRef]

14. Bhurosy, T.; Jeewon, R. Overweight and obesity epidemic in developing countries: A problem with diet, physical activity, or
socioeconomic status? Sci. World J. 2014, 2014, 964236. [CrossRef]

15. Lin, X.; Li, H. Obesity: Epidemiology, Pathophysiology, and Therapeutics. Front. Endocrinol. 2021, 12, 706978. [CrossRef]
16. Camacho, S.; Ruppel, A. Is the calorie concept a real solution to the obesity epidemic? Glob. Health Action 2017, 10, 1289650. [CrossRef]
17. Huang, N.C.; Kung, S.F.; Hu, S.C. The Relationship between Urbanization, the Built Environment, and Physical Activity among

Older Adults in Taiwan. Int. J. Environ. Res. Public Health 2018, 15, 836. [CrossRef]
18. World Health Organization (WHO). Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/

detail/obesity-and-overweight (accessed on 27 September 2022).
19. Yan, J.; Liu, L.; Zhu, Y.; Huang, G.; Wang, P.P. The association between breastfeeding and childhood obesity: A meta-analysis.

BMC Public Health 2014, 14, 1267. [CrossRef]
20. Ruiz-Ojeda, F.J.; Mendez-Gutierrez, A.; Aguilera, C.M.; Plaza-Diaz, J. Extracellular Matrix Remodeling of Adipose Tissue in

Obesity and Metabolic Diseases. Int. J. Mol. Sci. 2019, 20, 4888. [CrossRef]
21. Anguita-Ruiz, A.; Bustos-Aibar, M.; Plaza-Diaz, J.; Mendez-Gutierrez, A.; Alcala-Fdez, J.; Aguilera, C.M.; Ruiz-Ojeda, F.J. Omics

Approaches in Adipose Tissue and Skeletal Muscle Addressing the Role of Extracellular Matrix in Obesity and Metabolic
Dysfunction. Int. J. Mol. Sci. 2021, 22, 2756. [CrossRef]

22. Chen, H.J.; Yan, X.Y.; Sun, A.; Zhang, L.; Zhang, J.; Yan, Y.E. Adipose extracellular matrix deposition is an indicator of obesity and
metabolic disorders. J. Nutr. Biochem. 2022, 111, 109159. [CrossRef] [PubMed]

23. Ghaben, A.L.; Scherer, P.E. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242–258. [PubMed]
24. Ruiz-Ojeda, F.J.; Wang, J.; Backer, T.; Krueger, M.; Zamani, S.; Rosowski, S.; Gruber, T.; Onogi, Y.; Feuchtinger, A.; Schulz, T.J.; et al. Active

integrins regulate white adipose tissue insulin sensitivity and brown fat thermogenesis. Mol. Metab. 2021, 45, 101147. [CrossRef] [PubMed]
25. Palmer, B.F.; Clegg, D.J. The sexual dimorphism of obesity. Mol. Cell Endocrinol. 2015, 402, 113–119. [CrossRef]
26. Zamanian-Azodi, M.; Vafaee, R.; Azodi, T.; Omidi, R.; Gilanchi, S.; Azizi-Jalilian, F.; Khodarahmi, R. Molecular approaches in

obesity studies. Gastroenterol. Hepatol. Bed Bench 2013, 6, S23–S31.
27. Obradovic, M.; Sudar-Milovanovic, E.; Soskic, S.; Essack, M.; Arya, S.; Stewart, A.J.; Gojobori, T.; Isenovic, E.R. Leptin and

Obesity: Role and Clinical Implication. Front. Endocrinol. 2021, 12, 585887. [CrossRef]
28. Paquot, N.; De Flines, J.; Rorive, M. Obesity: A model of complex interactions between genetics and environment. Revue Médicale

Liège 2012, 67, 332–336.
29. Niemiro, G.M.; Rewane, A.; Algotar, A.M. Exercise and Fitness Effect On Obesity. In StatPearls; StatPearls Publishing: Treasure

Island, FL, USA, 2022.
30. Bateman, L.A.; Slentz, C.A.; Willis, L.H.; Shields, A.T.; Piner, L.W.; Bales, C.W.; Houmard, J.A.; Kraus, W.E. Comparison of aerobic

versus resistance exercise training effects on metabolic syndrome (from the Studies of a Targeted Risk Reduction Intervention
Through Defined Exercise—STRRIDE-AT/RT). Am. J. Cardiol. 2011, 108, 838–844. [CrossRef]

31. Radak, Z.; Zhao, Z.; Koltai, E.; Ohno, H.; Atalay, M. Oxygen consumption and usage during physical exercise: The balance
between oxidative stress and ROS-dependent adaptive signaling. Antioxid Redox Signal. 2013, 18, 1208–1246. [CrossRef]

32. Umpierre, D.; Ribeiro, P.A.; Kramer, C.K.; Leitao, C.B.; Zucatti, A.T.; Azevedo, M.J.; Gross, J.L.; Ribeiro, J.P.; Schaan, B.D. Physical
activity advice only or structured exercise training and association with HbA1c levels in type 2 diabetes: A systematic review and
meta-analysis. JAMA 2011, 305, 1790–1799. [CrossRef]

33. Nambi, G.; Alghadier, M.; Elnegamy, T.E.; Basuodan, R.M.; Alwhaibi, R.M.; Vellaiyan, A.; Nwihadh, N.A.; Aldhafian, O.R.; Verma,
A.; Pakkir Mohamed, S.H.; et al. Clinical (BMI and MRI) and Biochemical (Adiponectin, Leptin, TNF-alpha, and IL-6) Effects of
High-Intensity Aerobic Training with High-Protein Diet in Children with Obesity Following COVID-19 Infection. Int. J. Environ.
Res. Public Health 2022, 19, 7194. [CrossRef]

34. Aragon-Vela, J.; Delgado-Floody, P.; Guzman-Guzman, I.P.; Salas-Sanchez, J.; Martinez-Redondo, M.; Lucena Zurita, M.; Herrador
Sanchez, J.; Cardona Linares, A.J.; Consuegra Gonzalez, P.J.; Santos, E.C.M.A.; et al. Effect of COVID-19 confinement on physical
activity patterns in relation to sociodemographic parameters in Spanish population. J. Sports Med. Phys. Fit. 2022, 62, 830–837.
[CrossRef]

http://doi.org/10.3389/fphys.2019.00130
http://doi.org/10.1186/s12887-017-0891-z
http://doi.org/10.1093/ajcn/nqy302
http://doi.org/10.1016/j.plefa.2017.09.013
http://doi.org/10.1136/bmjgh-2020-002948
http://doi.org/10.1155/2014/964236
http://doi.org/10.3389/fendo.2021.706978
http://doi.org/10.1080/16549716.2017.1289650
http://doi.org/10.3390/ijerph15050836
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://doi.org/10.1186/1471-2458-14-1267
http://doi.org/10.3390/ijms20194888
http://doi.org/10.3390/ijms22052756
http://doi.org/10.1016/j.jnutbio.2022.109159
http://www.ncbi.nlm.nih.gov/pubmed/36162565
http://www.ncbi.nlm.nih.gov/pubmed/30610207
http://doi.org/10.1016/j.molmet.2020.101147
http://www.ncbi.nlm.nih.gov/pubmed/33359386
http://doi.org/10.1016/j.mce.2014.11.029
http://doi.org/10.3389/fendo.2021.585887
http://doi.org/10.1016/j.amjcard.2011.04.037
http://doi.org/10.1089/ars.2011.4498
http://doi.org/10.1001/jama.2011.576
http://doi.org/10.3390/ijerph19127194
http://doi.org/10.23736/S0022-4707.21.12468-5


Int. J. Mol. Sci. 2022, 23, 15413 16 of 22

35. Zachurzok, A.; Wojcik, M.; Gawlik, A.; Starzyk, J.B.; Mazur, A. An Attempt to Assess the Impact of Pandemic Restrictions on the
Lifestyle, Diet, and Body Mass Index of Children with Endocrine Diseases-Preliminary Results. Nutrients 2021, 14, 156. [CrossRef]

36. He, Y.; Luo, B.; Zhao, L.; Liao, S. Influences of the COVID-19 Pandemic on Obesity and Weight-Related Behaviors among Chinese
Children: A Multi-Center Longitudinal Study. Nutrients 2022, 14, 3744. [CrossRef]

37. Garcia-Hermoso, A.; Ramirez-Velez, R.; Saavedra, J.M. Exercise, health outcomes, and paediatric obesity: A systematic review of
meta-analyses. J. Sci. Med. Sport 2019, 22, 76–84. [CrossRef]

38. Rosenwald, M.; Perdikari, A.; Rülicke, T.; Wolfrum, C. Bi-directional interconversion of brite and white adipocytes. Nat. Cell Biol.
2013, 15, 659–667. [CrossRef]

39. Saito, M.; Okamatsu-Ogura, Y.; Matsushita, M.; Watanabe, K.; Yoneshiro, T.; Nio-Kobayashi, J.; Iwanaga, T.; Miyagawa, M.;
Kameya, T.; Nakada, K. High incidence of metabolically active brown adipose tissue in healthy adult humans: Effects of cold
exposure and adiposity. Diabetes 2009, 58, 1526–1531. [CrossRef]

40. Zingaretti, M.C.; Crosta, F.; Vitali, A.; Guerrieri, M.; Frontini, A.; Cannon, B.; Nedergaard, J.; Cinti, S. The presence of UCP1
demonstrates that metabolically active adipose tissue in the neck of adult humans truly represents brown adipose tissue. FASEB J.
2009, 23, 3113–3120. [CrossRef]

41. Gonzalez Porras, M.A.; Stojkova, K.; Vaicik, M.K.; Pelowe, A.; Goddi, A.; Carmona, A.; Long, B.; Qutub, A.A.; Gonzalez, A.;
Cohen, R.N.; et al. Integrins and extracellular matrix proteins modulate adipocyte thermogenic capacity. Sci. Rep. 2021, 11, 5442.
[CrossRef]

42. van der Kolk, B.W.; Saari, S.; Lovric, A.; Arif, M.; Alvarez, M.; Ko, A.; Miao, Z.; Sahebekhtiari, N.; Muniandy, M.; Heinonen, S.;
et al. Molecular pathways behind acquired obesity: Adipose tissue and skeletal muscle multiomics in monozygotic twin pairs
discordant for BMI. Cell Rep. Med. 2021, 2, 100226. [CrossRef]

43. Muniandy, M.; Heinonen, S.; Yki-Järvinen, H.; Hakkarainen, A.; Lundbom, J.; Lundbom, N.; Kaprio, J.; Rissanen, A.; Ollikainen,
M.; Pietiläinen, K. Gene expression profile of subcutaneous adipose tissue in BMI-discordant monozygotic twin pairs unravels
molecular and clinical changes associated with sub-types of obesity. Int. J. Obes. 2017, 41, 1176–1184. [CrossRef]

44. Pietiläinen, K.H.; Naukkarinen, J.; Rissanen, A.; Saharinen, J.; Ellonen, P.; Keränen, H.; Suomalainen, A.; Götz, A.; Suortti, T.;
Yki-Järvinen, H. Global transcript profiles of fat in monozygotic twins discordant for BMI: Pathways behind acquired obesity.
PLoS Med. 2008, 5, e51. [CrossRef]

45. Soronen, J.; Laurila, P.-P.; Naukkarinen, J.; Surakka, I.; Ripatti, S.; Jauhiainen, M.; Olkkonen, V.M.; Yki-Järvinen, H. Adipose tissue
gene expression analysis reveals changes in inflammatory, mitochondrial respiratory and lipid metabolic pathways in obese
insulin-resistant subjects. BMC Med Genom. 2012, 5, 9. [CrossRef]

46. Das, S.K.; Ma, L.; Sharma, N. Adipose tissue gene expression and metabolic health of obese adults. Int. J. Obes. 2015, 39, 869–873.
[CrossRef]

47. Van der Kolk, B.W.; Kalafati, M.; Adriaens, M.; Van Greevenbroek, M.M.; Vogelzangs, N.; Saris, W.H.; Astrup, A.; Valsesia, A.;
Langin, D.; Van der Kallen, C.J. Subcutaneous adipose tissue and systemic inflammation are associated with peripheral but not
hepatic insulin resistance in humans. Diabetes 2019, 68, 2247–2258. [CrossRef]

48. Rydén, M.; Hrydziuszko, O.; Mileti, E.; Raman, A.; Bornholdt, J.; Boyd, M.; Toft, E.; Qvist, V.; Näslund, E.; Thorell, A. The adipose
transcriptional response to insulin is determined by obesity, not insulin sensitivity. Cell Rep. 2016, 16, 2317–2326. [CrossRef]

49. Wiklund, P.; Zhang, X.; Pekkala, S.; Autio, R.; Kong, L.; Yang, Y.; Keinänen-Kiukaanniemi, S.; Alen, M.; Cheng, S. Insulin resistance
is associated with altered amino acid metabolism and adipose tissue dysfunction in normoglycemic women. Sci. Rep. 2016, 6,
24540. [CrossRef]

50. Heinonen, S.; Saarinen, L.; Naukkarinen, J.; Rodríguez, A.; Frühbeck, G.; Hakkarainen, A.; Lundbom, J.; Lundbom, N.;
Vuolteenaho, K.; Moilanen, E. Adipocyte morphology and implications for metabolic derangements in acquired obesity. Int. J.
Obes. 2014, 38, 1423–1431. [CrossRef]

51. Yin, Z.; Deng, T.; Peterson, L.E.; Yu, R.; Lin, J.; Hamilton, D.J.; Reardon, P.R.; Sherman, V.; Winnier, G.E.; Zhan, M. Transcriptome
analysis of human adipocytes implicates the NOD-like receptor pathway in obesity-induced adipose inflammation. Mol. Cell.
Endocrinol. 2014, 394, 80–87. [CrossRef]

52. Kulyte, A.; Ehrlund, A.; Arner, P.; Dahlman, I. Global transcriptome profiling identifies KLF15 and SLC25A10 as modifiers of
adipocytes insulin sensitivity in obese women. PLoS ONE 2017, 12, e0178485. [CrossRef]

53. Mastrangelo, A.; Panadero, M.I.; Pérez, L.M.; Gálvez, B.G.; García, A.; Barbas, C.; Rupérez, F.J. New insight on obesity and
adipose-derived stem cells using comprehensive metabolomics. Biochem. J. 2016, 473, 2187–2203. [CrossRef]

54. Price, A.; Stunkard, A.J. Commingling analysis of obesity in twins. Hum. Hered. 1989, 39, 121–135. [CrossRef]
55. Price, R.A.; Ness, R.; Laskarzewski, P. Common major gene inheritance of extreme overweight. Hum. Biol. 1990, 62, 747–765.
56. Jagannadham, J.; Jaiswal, H.K.; Agrawal, S.; Rawal, K. Comprehensive Map of Molecules Implicated in Obesity. PLoS ONE 2016,

11, e0146759. [CrossRef]
57. Soung, Y.-H.; Clifford, J.L.; Chung, J. Crosstalk between integrin and receptor tyrosine kinase signaling in breast carcinoma

progression. BMB Rep. 2010, 43, 311–318. [CrossRef]
58. Beauvais, D.M.; Rapraeger, A.C. Syndecan-1 couples the insulin-like growth factor-1 receptor to inside-out integrin activation. J.

Cell Sci. 2010, 123, 3796–3807. [CrossRef]
59. Baron, W.; Decker, L.; Colognato, H. Regulation of integrin growth factor interactions in oligodendrocytes by lipid raft mi-

crodomains. Curr. Biol. 2003, 13, 151–155. [CrossRef]

http://doi.org/10.3390/nu14010156
http://doi.org/10.3390/nu14183744
http://doi.org/10.1016/j.jsams.2018.07.006
http://doi.org/10.1038/ncb2740
http://doi.org/10.2337/db09-0530
http://doi.org/10.1096/fj.09-133546
http://doi.org/10.1038/s41598-021-84828-z
http://doi.org/10.1016/j.xcrm.2021.100226
http://doi.org/10.1038/ijo.2017.95
http://doi.org/10.1371/journal.pmed.0050051
http://doi.org/10.1186/1755-8794-5-9
http://doi.org/10.1038/ijo.2014.210
http://doi.org/10.2337/db19-0560
http://doi.org/10.1016/j.celrep.2016.07.070
http://doi.org/10.1038/srep24540
http://doi.org/10.1038/ijo.2014.31
http://doi.org/10.1016/j.mce.2014.06.018
http://doi.org/10.1371/journal.pone.0178485
http://doi.org/10.1042/BCJ20160241
http://doi.org/10.1159/000153848
http://doi.org/10.1371/journal.pone.0146759
http://doi.org/10.5483/BMBRep.2010.43.5.311
http://doi.org/10.1242/jcs.067645
http://doi.org/10.1016/S0960-9822(02)01437-9


Int. J. Mol. Sci. 2022, 23, 15413 17 of 22

60. Seong, J.; Huang, M.; Sim, K.M.; Kim, H.; Wang, Y. FRET-based visualization of PDGF receptor activation at membrane
microdomains. Sci. Rep. 2017, 7, 1–11. [CrossRef]

61. Kim, Y.; Jung, K.; Baek, D.; Hong, S.; Kim, Y. Co-targeting of EGF receptor and neuropilin-1 overcomes cetuximab resistance in
pancreatic ductal adenocarcinoma with integrin β1-driven Src-Akt bypass signaling. Oncogene 2017, 36, 2543–2552. [CrossRef]

62. Seguin, L.; Kato, S.; Franovic, A.; Camargo, M.F.; Lesperance, J.; Elliott, K.C.; Yebra, M.; Mielgo, A.; Lowy, A.M.; Husain, H. An
integrin β3–KRAS–RalB complex drives tumour stemness and resistance to EGFR inhibition. Nat. Cell Biol. 2014, 16, 457–468.
[CrossRef]

63. Fujita, M.; Takada, Y.K.; Takada, Y. Insulin-like growth factor (IGF) signaling requires αvβ3-IGF1-IGF type 1 receptor (IGF1R)
ternary complex formation in anchorage independence, and the complex formation does not require IGF1R and Src activation. J.
Biol. Chem. 2013, 288, 3059–3069. [CrossRef]

64. Hynes, R.O. Integrins: A family of cell surface receptors. Cell 1987, 48, 549–554. [CrossRef] [PubMed]
65. Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673–687. [CrossRef]
66. Calderwood, D.A.; Campbell, I.D.; Critchley, D.R. Talins and kindlins: Partners in integrin-mediated adhesion. Nat. Rev. Mol. Cell

Biol. 2013, 14, 503–517. [CrossRef]
67. Sun, Z.; Costell, M.; Fässler, R. Integrin activation by talin, kindlin and mechanical forces. Nat. Cell biol. 2019, 21, 25–31. [CrossRef]
68. Williams, A.S.; Kang, L.; Wasserman, D.H. The extracellular matrix and insulin resistance. Trends Endocrinol. Metab. 2015, 26,

357–366. [CrossRef]
69. Lin, D.; Chun, T.-H.; Kang, L. Adipose extracellular matrix remodelling in obesity and insulin resistance. Biochem. Pharmacol.

2016, 119, 8–16. [CrossRef]
70. Mariman, E.; Wang, P. Adipocyte extracellular matrix composition, dynamics and role in obesity. Cell. Mol. Life Sci. 2010, 67,

1277–1292. [CrossRef]
71. Bauters, D.; Cobbaut, M.; Geys, L.; Van Lint, J.; Hemmeryckx, B.; Lijnen, H.R. Loss of ADAMTS5 enhances brown adipose tissue

mass and promotes browning of white adipose tissue via CREB signaling. Mol. Metab. 2017, 6, 715–724. [CrossRef]
72. Thrailkill, K.M.; Clay Bunn, R.; Fowlkes, J.L. Matrix metalloproteinases: Their potential role in the pathogenesis of diabetic

nephropathy. Endocrine 2009, 35, 1–10. [CrossRef]
73. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 2014,

15, 786–801.
74. Nagase, H.; Visse, R.; Murphy, G. Structure and function of matrix metalloproteinases and TIMPs. Cardiovasc. Res. 2006, 69,

562–573. [CrossRef]
75. Berg, G.; Miksztowicz, V.; Schreier, L. Metalloproteinases in metabolic syndrome. Clin. Chim. Acta 2011, 412, 1731–1739. [CrossRef]
76. Glowinska-Olszewska, B.; Urban, M. Elevated matrix metalloproteinase 9 and tissue inhibitor of metalloproteinase 1 in obese

children and adolescents. Metabolism 2007, 56, 799–805. [CrossRef]
77. Cuevas, N.; Salamanca, A.; Rodriguez-Nunez, I. Impact of obesity on autonomic control in healthy children. In Proceedings of

the Pediatric Research; Nature Publishing Group: Ney York, NY, USA, 2020; p. 1136.
78. Belo, V.A.; Souza-Costa, D.C.; Luizon, M.R.; Lanna, C.M.; Carneiro, P.C.; Izidoro-Toledo, T.C.; Ferraz, K.C.; Tanus-Santos, J.E.

Matrix metalloproteinase-9 genetic variations affect MMP-9 levels in obese children. Int. J. Obes. 2012, 36, 69–75. [CrossRef]
79. Belo, V.A.; Luizon, M.R.; Carneiro, P.C.; Gomes, V.A.; Lacchini, R.; Lanna, C.M.; Souza-Costa, D.C.; Tanus-Santos, J.E. Effect of

metabolic syndrome risk factors and MMP-2 genetic variations on circulating MMP-2 levels in childhood obesity. Mol. Biol. Rep.
2013, 40, 2697–2704. [CrossRef]

80. Aguilera, C.M.; Gomez-Llorente, C.; Tofe, I.; Gil-Campos, M.; Canete, R.; Gil, A. Genome-wide expression in visceral adipose
tissue from obese prepubertal children. Int. J. Mol. Sci. 2015, 16, 7723–7737. [CrossRef]

81. Rosen, E.D.; Spiegelman, B.M. What we talk about when we talk about fat. Cell 2014, 156, 20–44.
82. Lustig, R.H.; Collier, D.; Kassotis, C.; Roepke, T.A.; Kim, M.J.; Blanc, E.; Barouki, R.; Bansal, A.; Cave, M.C.; Chatterjee, S.; et al.

Obesity I: Overview and molecular and biochemical mechanisms. Biochem. Pharmacol. 2022, 199, 115012. [CrossRef] [PubMed]
83. Ma, X.; Lee, P.; Chisholm, D.J.; James, D.E. Control of adipocyte differentiation in different fat depots; implications for pathophys-

iology or therapy. Front. Endocrinol. 2015, 6, 1. [CrossRef]
84. Wu, Z.; Rosen, E.D.; Brun, R.; Hauser, S.; Adelmant, G.; Troy, A.E.; McKeon, C.; Darlington, G.J.; Spiegelman, B.M. Cross-

regulation of C/EBPα and PPARγ controls the transcriptional pathway of adipogenesis and insulin sensitivity. Mol. Cell 1999, 3,
151–158. [CrossRef]

85. Rosen, E.D.; Hsu, C.-H.; Wang, X.; Sakai, S.; Freeman, M.W.; Gonzalez, F.J.; Spiegelman, B.M. C/EBPα induces adipogenesis
through PPARγ: A unified pathway. Genes Dev. 2002, 16, 22–26. [CrossRef] [PubMed]

86. Park, B.O.; Ahrends, R.; Teruel, M.N. Consecutive positive feedback loops create a bistable switch that controls preadipocyte-to-
adipocyte conversion. Cell Rep. 2012, 2, 976–990. [CrossRef]

87. Moseti, D.; Regassa, A.; Kim, W.-K. Molecular regulation of adipogenesis and potential anti-adipogenic bioactive molecules. Int.
J. Mol. Sci. 2016, 17, 124. [CrossRef]

88. Lefterova, M.I.; Haakonsson, A.K.; Lazar, M.A.; Mandrup, S. PPARγ and the global map of adipogenesis and beyond. Trends
Endocrinol. Metab. 2014, 25, 293–302. [CrossRef]

89. Vimalraj, S.; Arumugam, B.; Miranda, P.; Selvamurugan, N. Runx2: Structure, function, and phosphorylation in osteoblast
differentiation. Int. J. Biol. Macromol. 2015, 78, 202–208. [CrossRef]

http://doi.org/10.1038/s41598-017-01789-y
http://doi.org/10.1038/onc.2016.407
http://doi.org/10.1038/ncb2953
http://doi.org/10.1074/jbc.M112.412536
http://doi.org/10.1016/0092-8674(87)90233-9
http://www.ncbi.nlm.nih.gov/pubmed/3028640
http://doi.org/10.1016/S0092-8674(02)00971-6
http://doi.org/10.1038/nrm3624
http://doi.org/10.1038/s41556-018-0234-9
http://doi.org/10.1016/j.tem.2015.05.006
http://doi.org/10.1016/j.bcp.2016.05.005
http://doi.org/10.1007/s00018-010-0263-4
http://doi.org/10.1016/j.molmet.2017.05.004
http://doi.org/10.1007/s12020-008-9114-6
http://doi.org/10.1016/j.cardiores.2005.12.002
http://doi.org/10.1016/j.cca.2011.06.013
http://doi.org/10.1016/j.metabol.2007.01.011
http://doi.org/10.1038/ijo.2011.169
http://doi.org/10.1007/s11033-012-2356-7
http://doi.org/10.3390/ijms16047723
http://doi.org/10.1016/j.bcp.2022.115012
http://www.ncbi.nlm.nih.gov/pubmed/35393120
http://doi.org/10.3389/fendo.2015.00001
http://doi.org/10.1016/S1097-2765(00)80306-8
http://doi.org/10.1101/gad.948702
http://www.ncbi.nlm.nih.gov/pubmed/11782441
http://doi.org/10.1016/j.celrep.2012.08.038
http://doi.org/10.3390/ijms17010124
http://doi.org/10.1016/j.tem.2014.04.001
http://doi.org/10.1016/j.ijbiomac.2015.04.008


Int. J. Mol. Sci. 2022, 23, 15413 18 of 22

90. Huang, W.; Yang, S.; Shao, J.; Li, Y.-P. Signaling and transcriptional regulation in osteoblast commitment and differentiation.
Front. Biosci. A J. Virtual Libr. 2007, 12, 3068. [CrossRef]

91. Zhang, Y.-y.; Li, X.; Qian, S.-w.; Guo, L.; Huang, H.-y.; He, Q.; Liu, Y.; Ma, C.-g.; Tang, Q.-Q. Down-regulation of type I Runx2
mediated by dexamethasone is required for 3T3-L1 adipogenesis. Mol. Endocrinol. 2012, 26, 798–808. [CrossRef]

92. Rawal, K.; Patel, T.P.; Purohit, K.M.; Israni, K.; Kataria, V.; Bhatt, H.; Gupta, S. Influence of obese phenotype on metabolic profile,
inflammatory mediators and stemness of hADSC in adipose tissue. Clin. Nutr. 2020, 39, 3829–3835. [CrossRef]

93. Ruiz-Ojeda, F.J.; Anguita-Ruiz, A.; Rico, M.C.; Leis, R.; Bueno, G.; Gil-Campos, M.; Gil, Á.; Aguilera, C.M. Serum levels of the
novel adipokine isthmin-1 are associated with obesity in pubertal boys. medRxiv 2022. [CrossRef]

94. Heeren, J.; Scheja, L. Isthmin 1—A novel insulin-like adipokine. Nat. Rev. Endocrinol. 2021, 17, 709–710. [CrossRef]
95. Jiang, Z.; Zhao, M.; Voilquin, L.; Jung, Y.; Aikio, M.A.; Sahai, T.; Dou, F.Y.; Roche, A.M.; Carcamo-Orive, I.; Knowles, J.W.

Isthmin-1 is an adipokine that promotes glucose uptake and improves glucose tolerance and hepatic steatosis. Cell Metab. 2021,
33, 1836–1852.e1811. [CrossRef]

96. Sanyaolu, A.; Okorie, C.; Qi, X.; Locke, J.; Rehman, S. Childhood and Adolescent Obesity in the United States: A Public Health
Concern. Glob. Pediatr. Health 2019, 6, 2333794X19891305. [CrossRef]

97. Ahmad, Q.I.; Ahmad, C.B.; Ahmad, S.M. Childhood obesity. Indian J. Endocrinol. Metab. 2010, 14, 19.
98. van der Klaauw, A.A.; Farooqi, I.S. The hunger genes: Pathways to obesity. Cell 2015, 161, 119–132. [CrossRef]
99. Handakas, E.; Chang, K.; Khandpur, N.; Vamos, E.P.; Millett, C.; Sassi, F.; Vineis, P.; Robinson, O. Metabolic profiles of ultra-

processed food consumption and their role in obesity risk in British children. Clin. Nutr. 2022, 41, 2537–2548. [CrossRef]
100. Gonzalez-Dominguez, A.; Armeni, M.; Savolainen, O.; Lechuga-Sancho, A.M.; Landberg, R.; Gonzalez-Dominguez, R. Untargeted

Metabolomics Based on Liquid Chromatography-Mass Spectrometry for the Analysis of Plasma and Erythrocyte Samples in
Childhood Obesity. Methods Mol. Biol. 2023, 2571, 115–122. [CrossRef]

101. De Spiegeleer, M.; De Paepe, E.; Van Meulebroek, L.; Gies, I.; De Schepper, J.; Vanhaecke, L. Paediatric obesity: A systematic
review and pathway mapping of metabolic alterations underlying early disease processes. Mol. Med. 2021, 27, 145. [CrossRef]
[PubMed]

102. Hosking, J.; Pinkney, J.; Jeffery, A.; Cominetti, O.; Da Silva, L.; Collino, S.; Kussmann, M.; Hager, J.; Martin, F.P. Insulin Resistance
during normal child growth and development is associated with a distinct blood metabolic phenotype (Earlybird 72). Pediatr.
Diabetes 2019, 20, 832–841. [CrossRef] [PubMed]

103. Martos-Moreno, G.A.; Mastrangelo, A.; Barrios, V.; Garcia, A.; Chowen, J.A.; Ruperez, F.J.; Barbas, C.; Argente, J. Metabolomics
allows the discrimination of the pathophysiological relevance of hyperinsulinism in obese prepubertal children. Int. J. Obes. 2017,
41, 1473–1480. [CrossRef] [PubMed]

104. Perng, W.; Tang, L.; Song, P.X.K.; Tellez-Rojo, M.M.; Cantoral, A.; Peterson, K.E. Metabolomic profiles and development of
metabolic risk during the pubertal transition: A prospective study in the ELEMENT Project. Pediatr. Res. 2019, 85, 262–268.
[CrossRef] [PubMed]

105. Wu, Y.; Dong, Y.; Atefi, M.; Liu, Y.; Elshimali, Y.; Vadgama, J.V. Lactate, a Neglected Factor for Diabetes and Cancer Interaction.
Mediat. Inflamm. 2016, 2016, 6456018. [CrossRef] [PubMed]

106. Longo, M.; Zatterale, F.; Naderi, J.; Parrillo, L.; Formisano, P.; Raciti, G.A.; Beguinot, F.; Miele, C. Adipose Tissue Dysfunction as
Determinant of Obesity-Associated Metabolic Complications. Int. J. Mol. Sci. 2019, 20, 2358. [CrossRef]

107. Roy, D.; Modi, A.; Ghosh, R.; Ghosh, R.; Benito-Leon, J. Visceral Adipose Tissue Molecular Networks and Regulatory microRNA
in Pediatric Obesity: An In Silico Approach. Int. J. Mol. Sci. 2022, 23, 1036. [CrossRef]

108. Bouchard, C. Childhood obesity: Are genetic differences involved? Am. J. Clin. Nutr. 2009, 89, 1494S–1501S. [CrossRef]
109. Horikoshi, M.; Beaumont, R.N.; Day, F.R.; Warrington, N.M.; Kooijman, M.N.; Fernandez-Tajes, J.; Feenstra, B.; van Zuydam,

N.R.; Gaulton, K.J.; Grarup, N.; et al. Genome-wide associations for birth weight and correlations with adult disease. Nature 2016,
538, 248–252. [CrossRef]

110. Maes, H.H.; Neale, M.C.; Eaves, L.J. Genetic and environmental factors in relative body weight and human adiposity. Behav.
Genet. 1997, 27, 325–351. [CrossRef] [PubMed]

111. Elks, C.E.; Den Hoed, M.; Zhao, J.H.; Sharp, S.J.; Wareham, N.J.; Loos, R.J.; Ong, K.K. Variability in the heritability of body mass
index: A systematic review and meta-regression. Front. Endocrinol. 2012, 3, 29. [CrossRef]

112. Loos, R.J.F.; Yeo, G.S.H. The genetics of obesity: From discovery to biology. Nat. Rev. Genet. 2022, 23, 120–133. [CrossRef]
113. Shungin, D.; Winkler, T.W.; Croteau-Chonka, D.C.; Ferreira, T.; Locke, A.E.; Magi, R.; Strawbridge, R.J.; Pers, T.H.; Fischer, K.;

Justice, A.E.; et al. New genetic loci link adipose and insulin biology to body fat distribution. Nature 2015, 518, 187–196. [CrossRef]
114. Lagou, V.; Magi, R.; Hottenga, J.J.; Grallert, H.; Perry, J.R.B.; Bouatia-Naji, N.; Marullo, L.; Rybin, D.; Jansen, R.; Min, J.L.; et al.

Sex-dimorphic genetic effects and novel loci for fasting glucose and insulin variability. Nat. Commun. 2021, 12, 24. [CrossRef]
115. Wang, C.; Xu, Y. Mechanisms for Sex Differences in Energy Homeostasis. J. Mol. Endocrinol. 2019, 62, R129–R143. [CrossRef]

[PubMed]
116. Silventoinen, K.; Rokholm, B.; Kaprio, J.; Sorensen, T.I. The genetic and environmental influences on childhood obesity: A

systematic review of twin and adoption studies. Int. J. Obes. 2010, 34, 29–40. [CrossRef]
117. Claussnitzer, M.; Dankel, S.N.; Kim, K.H.; Quon, G.; Meuleman, W.; Haugen, C.; Glunk, V.; Sousa, I.S.; Beaudry, J.L.; Puviindran,

V.; et al. FTO Obesity Variant Circuitry and Adipocyte Browning in Humans. N. Engl. J. Med. 2015, 373, 895–907. [CrossRef]
[PubMed]

http://doi.org/10.2741/2296
http://doi.org/10.1210/me.2011-1287
http://doi.org/10.1016/j.clnu.2020.02.032
http://doi.org/10.1101/2022.03.02.22271664
http://doi.org/10.1038/s41574-021-00569-z
http://doi.org/10.1016/j.cmet.2021.07.010
http://doi.org/10.1177/2333794X19891305
http://doi.org/10.1016/j.cell.2015.03.008
http://doi.org/10.1016/j.clnu.2022.09.002
http://doi.org/10.1007/978-1-0716-2699-3_11
http://doi.org/10.1186/s10020-021-00394-0
http://www.ncbi.nlm.nih.gov/pubmed/34742239
http://doi.org/10.1111/pedi.12884
http://www.ncbi.nlm.nih.gov/pubmed/31254470
http://doi.org/10.1038/ijo.2017.137
http://www.ncbi.nlm.nih.gov/pubmed/28588306
http://doi.org/10.1038/s41390-018-0195-5
http://www.ncbi.nlm.nih.gov/pubmed/30297880
http://doi.org/10.1155/2016/6456018
http://www.ncbi.nlm.nih.gov/pubmed/28077918
http://doi.org/10.3390/ijms20092358
http://doi.org/10.3390/ijms231911036
http://doi.org/10.3945/ajcn.2009.27113C
http://doi.org/10.1038/nature19806
http://doi.org/10.1023/A:1025635913927
http://www.ncbi.nlm.nih.gov/pubmed/9519560
http://doi.org/10.3389/fendo.2012.00029
http://doi.org/10.1038/s41576-021-00414-z
http://doi.org/10.1038/nature14132
http://doi.org/10.1038/s41467-020-19366-9
http://doi.org/10.1530/JME-18-0165
http://www.ncbi.nlm.nih.gov/pubmed/31130779
http://doi.org/10.1038/ijo.2009.177
http://doi.org/10.1056/NEJMoa1502214
http://www.ncbi.nlm.nih.gov/pubmed/26287746


Int. J. Mol. Sci. 2022, 23, 15413 19 of 22

118. Lillycrop, K.; Murray, R.; Cheong, C.; Teh, A.L.; Clarke-Harris, R.; Barton, S.; Costello, P.; Garratt, E.; Cook, E.; Titcombe, P.; et al.
ANRIL Promoter DNA Methylation: A Perinatal Marker for Later Adiposity. EBioMedicine 2017, 19, 60–72. [CrossRef]

119. Albuquerque, D.; Nobrega, C.; Rodriguez-Lopez, R.; Manco, L. Association study of common polymorphisms in MSRA, TFAP2B,
MC4R, NRXN3, PPARGC1A, TMEM18, SEC16B, HOXB5 and OLFM4 genes with obesity-related traits among Portuguese
children. J. Hum. Genet. 2014, 59, 307–313. [CrossRef] [PubMed]

120. Quan, L.L.; Wang, H.; Tian, Y.; Mu, X.; Zhang, Y.; Tao, K. Association of fat-mass and obesity-associated gene FTO rs9939609
polymorphism with the risk of obesity among children and adolescents: A meta-analysis. Eur. Rev. Med. Pharmacol. Sci. 2015, 19,
614–623.

121. Warrington, N.M.; Howe, L.D.; Paternoster, L.; Kaakinen, M.; Herrala, S.; Huikari, V.; Wu, Y.Y.; Kemp, J.P.; Timpson, N.J.; St
Pourcain, B.; et al. A genome-wide association study of body mass index across early life and childhood. Int. J. Epidemiol. 2015,
44, 700–712. [CrossRef] [PubMed]

122. Pastor-Villaescusa, B.; Anguita-Ruiz, A.; Cañete, M.D.; Hoyos, R.; Maldonado Lozano, J.; Bueno-Lozano, G.; Leis Trabazo, M.R.;
Gil, Á.; Cañete, R.; Aguilera, C.M. Genetic polymorphism of PPAR gamma modified the effects of metformin on BMI z-score in
obese children. Ann. Nutr. Metab. 2017, 71, 354. [CrossRef]

123. Fernández-Rhodes, L.; Graff, M.; Bradfield, J.; Wang, Y.; Parra, E.J.; Cruz, M.; Peralta-Romero, J.; Audirac-Chalifour, A.; Hidalgo,
B.; Highland, H.; et al. The association of common genetic loci with childhood obesity in 1,612 hispanic/latino children and
adolescents from across the United States and Mexico. Circulation 2017, 135, AP140. [CrossRef]

124. Nagrani, R.; Foraita, R.; Gianfagna, F.; Iacoviello, L.; Marild, S.; Michels, N.; Molnar, D.; Moreno, L.; Russo, P.; Veidebaum, T.; et al.
Common genetic variation in obesity, lipid transfer genes and risk of Metabolic Syndrome: Results from IDEFICS/I.Family study
and meta-analysis. Sci. Rep. 2020, 10, 7189. [CrossRef]

125. Dastgheib, S.A.; Bahrami, R.; Setayesh, S.; Salari, S.; Mirjalili, S.R.; Noorishadkam, M.; Sadeghizadeh-Yazdi, J.; Akbarian, E.;
Neamatzadeh, H. Evidence from a meta-analysis for association of MC4R rs17782313 and FTO rs9939609 polymorphisms with
susceptibility to obesity in children. Diabetes Metab. Syndr. 2021, 15, 102234. [CrossRef]

126. Resende, C.M.M.; Silva, H.; Campello, C.P.; Ferraz, L.A.A.; de Lima, E.L.S.; Beserra, M.A.; Muniz, M.T.C.; da Silva, L.M.P.
Polymorphisms on rs9939609 FTO and rs17782313 MC4R genes in children and adolescent obesity: A systematic review. Nutrition
2021, 91–92, 111474. [CrossRef] [PubMed]

127. Mateus Pellenz, F.; Crispim, D.; Silveira Assmann, T. Systems biology approach identifies key genes and related pathways in
childhood obesity. Gene 2022, 830, 146512. [CrossRef] [PubMed]

128. Crispim, D.; Pellenz, F.M.; Assmann, T.S. Identification of Key Genes and Pathways for Childhood Obesity Using System Biology
Approach Based on Comprehensive Gene Information. J. Endocr. Soc. 2021, 5, A49–A50. [CrossRef]

129. Plaza-Florido, A.; Altmae, S.; Esteban, F.J.; Lof, M.; Radom-Aizik, S.; Ortega, F.B. Cardiorespiratory fitness in children with
overweight/obesity: Insights into the molecular mechanisms. Scand J. Med. Sci. Sport. 2021, 31, 2083–2091. [CrossRef] [PubMed]

130. Farooqi, I.S.; Yeo, G.S.; Keogh, J.M.; Aminian, S.; Jebb, S.A.; Butler, G.; Cheetham, T.; O’Rahilly, S. Dominant and recessive
inheritance of morbid obesity associated with melanocortin 4 receptor deficiency. J. Clin. Investig. 2000, 106, 271–279. [CrossRef]

131. Vaisse, C.; Clement, K.; Durand, E.; Hercberg, S.; Guy-Grand, B.; Froguel, P. Melanocortin-4 receptor mutations are a frequent and
heterogeneous cause of morbid obesity. J. Clin. Investig. 2000, 106, 253–262. [CrossRef] [PubMed]

132. Raskiliene, A.; Smalinskiene, A.; Kriaucioniene, V.; Lesauskaite, V.; Petkeviciene, J. Associations of MC4R, LEP, and LEPR
Polymorphisms with Obesity-Related Parameters in Childhood and Adulthood. Genes 2021, 12, 949. [CrossRef]

133. Locke, A.E.; Kahali, B.; Berndt, S.I.; Justice, A.E.; Pers, T.H.; Day, F.R.; Powell, C.; Vedantam, S.; Buchkovich, M.L.; Yang, J.; et al.
Genetic studies of body mass index yield new insights for obesity biology. Nature 2015, 518, 197–206. [CrossRef]

134. Alotaibi, M.F. Physiology of puberty in boys and girls and pathological disorders affecting its onset. J. Adolesc. 2019, 71, 63–71.
[CrossRef] [PubMed]

135. Teixeira, P.D.S.; Ramos-Lobo, A.M.; Rosolen Tavares, M.; Wasinski, F.; Frazao, R.; Donato, J., Jr. Characterization of the onset of
leptin effects on the regulation of energy balance. J. Endocrinol. 2021, 249, 239–251. [CrossRef] [PubMed]

136. Ohga, H.; Ito, K.; Kakino, K.; Mon, H.; Kusakabe, T.; Lee, J.M.; Matsuyama, M. Leptin Is an Important Endocrine Player That
Directly Activates Gonadotropic Cells in Teleost Fish, Chub Mackerel. Cells 2021, 10, 3505. [CrossRef] [PubMed]

137. Park, H.K.; Ahima, R.S. Physiology of leptin: Energy homeostasis, neuroendocrine function and metabolism. Metabolism 2015, 64,
24–34. [CrossRef]

138. Teixeira, P.; Dos Santos, P.B.; Pazos-Moura, C.C. The role of thyroid hormone in metabolism and metabolic syndrome. Ther. Adv.
Endocrinol. Metab. 2020, 11, 2042018820917869. [CrossRef]

139. Isozaki, O.; Tsushima, T.; Nozoe, Y.; Miyakawa, M.; Takano, K. Leptin regulation of the thyroids: Negative regulation on thyroid
hormone levels in euthyroid subjects and inhibitory effects on iodide uptake and Na+/I- symporter mRNA expression in rat
FRTL-5 cells. Endocr. J. 2004, 51, 415–423. [CrossRef]

140. Rashad, N.M.; Sayed, S.E.; Sherif, M.H.; Sitohy, M.Z. Effect of a 24-week weight management program on serum leptin level in
correlation to anthropometric measures in obese female: A randomized controlled clinical trial. Diabetes Metab. Syndr. 2019, 13,
2230–2235. [CrossRef]

141. Bidulescu, A.; Dinh, P.C., Jr.; Sarwary, S.; Forsyth, E.; Luetke, M.C.; King, D.B.; Liu, J.; Davis, S.K.; Correa, A. Associations of
leptin and adiponectin with incident type 2 diabetes and interactions among African Americans: The Jackson heart study. BMC
Endocr. Disord. 2020, 20, 31. [CrossRef]

http://doi.org/10.1016/j.ebiom.2017.03.037
http://doi.org/10.1038/jhg.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/24670271
http://doi.org/10.1093/ije/dyv077
http://www.ncbi.nlm.nih.gov/pubmed/25953783
http://doi.org/10.1159/000480486
http://doi.org/10.1161/circ.135.suppl_1.p140
http://doi.org/10.1038/s41598-020-64031-2
http://doi.org/10.1016/j.dsx.2021.102234
http://doi.org/10.1016/j.nut.2021.111474
http://www.ncbi.nlm.nih.gov/pubmed/34628278
http://doi.org/10.1016/j.gene.2022.146512
http://www.ncbi.nlm.nih.gov/pubmed/35447237
http://doi.org/10.1210/jendso/bvab048.098
http://doi.org/10.1111/sms.14028
http://www.ncbi.nlm.nih.gov/pubmed/34333829
http://doi.org/10.1172/JCI9397
http://doi.org/10.1172/JCI9238
http://www.ncbi.nlm.nih.gov/pubmed/10903341
http://doi.org/10.3390/genes12060949
http://doi.org/10.1038/nature14177
http://doi.org/10.1016/j.adolescence.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30639665
http://doi.org/10.1530/JOE-20-0076
http://www.ncbi.nlm.nih.gov/pubmed/33969825
http://doi.org/10.3390/cells10123505
http://www.ncbi.nlm.nih.gov/pubmed/34944013
http://doi.org/10.1016/j.metabol.2014.08.004
http://doi.org/10.1177/2042018820917869
http://doi.org/10.1507/endocrj.51.415
http://doi.org/10.1016/j.dsx.2019.05.027
http://doi.org/10.1186/s12902-020-0511-z


Int. J. Mol. Sci. 2022, 23, 15413 20 of 22

142. Meek, T.H.; Morton, G.J. Leptin, diabetes, and the brain. Indian J. Endocrinol. Metab. 2012, 16, S534–S542. [CrossRef]
143. Olza, J.; Ruperez, A.I.; Gil-Campos, M.; Leis, R.; Canete, R.; Tojo, R.; Gil, A.; Aguilera, C.M. Leptin Receptor Gene Variant

rs11804091 Is Associated with BMI and Insulin Resistance in Spanish Female Obese Children: A Case-Control Study. Int. J. Mol.
Sci. 2017, 18, 1690. [CrossRef]

144. Farooqi, I.S.; Jebb, S.A.; Langmack, G.; Lawrence, E.; Cheetham, C.H.; Prentice, A.M.; Hughes, I.A.; McCamish, M.A.; O’Rahilly, S.
Effects of recombinant leptin therapy in a child with congenital leptin deficiency. N. Engl. J. Med. 1999, 341, 879–884. [CrossRef]
[PubMed]

145. Farooqi, I.S.; Matarese, G.; Lord, G.M.; Keogh, J.M.; Lawrence, E.; Agwu, C.; Sanna, V.; Jebb, S.A.; Perna, F.; Fontana, S. Beneficial
effects of leptin on obesity, T cell hyporesponsiveness, and neuroendocrine/metabolic dysfunction of human congenital leptin
deficiency. J. Clin. Investig. 2002, 110, 1093–1103. [CrossRef] [PubMed]

146. Licinio, J.; Caglayan, S.; Ozata, M.; Yildiz, B.O.; De Miranda, P.B.; O’Kirwan, F.; Whitby, R.; Liang, L.; Cohen, P.; Bhasin, S.
Phenotypic effects of leptin replacement on morbid obesity, diabetes mellitus, hypogonadism, and behavior in leptin-deficient
adults. Proc. Natl. Acad. Sci. USA 2004, 101, 4531–4536. [CrossRef] [PubMed]

147. Ozata, M.; Ozdemir, I.C.; Licinio, J. Human leptin deficiency caused by a missense mutation: Multiple endocrine defects, decreased
sympathetic tone, and immune system dysfunction indicate new targets for leptin action, greater central than peripheral resistance
to the effects of leptin, and spontaneous correction of leptin-mediated defects. J. Clin. Endocrinol. Metab. 1999, 84, 3686–3695.

148. Simonds, S.E.; Pryor, J.T.; Ravussin, E.; Greenway, F.L.; Dileone, R.; Allen, A.M.; Bassi, J.; Elmquist, J.K.; Keogh, J.M.; Henning, E.
Leptin mediates the increase in blood pressure associated with obesity. Cell 2014, 159, 1404–1416. [CrossRef]

149. Friedman, J.M. Leptin and the endocrine control of energy balance. Nat. Metab. 2019, 1, 754–764. [CrossRef]
150. Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A novel serum protein similar to C1q, produced exclusively in

adipocytes. J. Biol. Chem. 1995, 270, 26746–26749. [CrossRef]
151. Fain, J.N.; Madan, A.K.; Hiler, M.L.; Cheema, P.; Bahouth, S.W. Comparison of the release of adipokines by adipose tissue, adipose

tissue matrix, and adipocytes from visceral and subcutaneous abdominal adipose tissues of obese humans. Endocrinology 2004,
145, 2273–2282. [CrossRef]

152. Ahima, R.S. Metabolic actions of adipocyte hormones: Focus on adiponectin. Obesity 2006, 14, 9S–15S. [CrossRef]
153. Ohashi, K.; Parker, J.L.; Ouchi, N.; Higuchi, A.; Vita, J.A.; Gokce, N.; Pedersen, A.A.; Kalthoff, C.; Tullin, S.; Sams, A.; et al.

Adiponectin promotes macrophage polarization toward an anti-inflammatory phenotype. J. Biol. Chem. 2010, 285, 6153–6160.
[CrossRef]

154. Becic, T.; Studenik, C.; Hoffmann, G. Exercise Increases Adiponectin and Reduces Leptin Levels in Prediabetic and Diabetic
Individuals: Systematic Review and Meta-Analysis of Randomized Controlled Trials. Med. Sci. 2018, 6, 97. [CrossRef]

155. Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.; Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.; Tsunoda, M. Cloning
of adiponectin receptors that mediate antidiabetic metabolic effects. Nature 2003, 423, 762–769. [CrossRef] [PubMed]

156. Chait, A.; den Hartigh, L.J. Adipose Tissue Distribution, Inflammation and Its Metabolic Consequences, Including Diabetes and
Cardiovascular Disease. Front. Cardiovasc. Med. 2020, 7, 22. [CrossRef] [PubMed]

157. Fang, H.; Judd, R. Adiponectin regulation and function. Compr. Physiol. 2018, 8, 1031–1063. [PubMed]
158. Ye, R.; Wang, M.; Wang, Q.A.; Scherer, P.E. Adiponectin-mediated antilipotoxic effects in regenerating pancreatic islets. Endocrinol-

ogy 2015, 156, 2019–2028. [PubMed]
159. Mandal, P.; Pratt, B.T.; Barnes, M.; McMullen, M.R.; Nagy, L.E. Molecular mechanism for adiponectin-dependent M2 macrophage

polarization: Link between the metabolic and innate immune activity of full-length adiponectin. J. Biol. Chem. 2011, 286,
13460–13469. [PubMed]

160. Caligiuri, A.; Bertolani, C.; Guerra, C.T.; Aleffi, S.; Galastri, S.; Trappoliere, M.; Vizzutti, F.; Gelmini, S.; Laffi, G.; Pinzani, M.
Adenosine monophosphate–activated protein kinase modulates the activated phenotype of hepatic stellate cells. Hepatology 2008,
47, 668–676. [CrossRef]

161. Kobashi, C.; Urakaze, M.; Kishida, M.; Kibayashi, E.; Kobayashi, H.; Kihara, S.; Funahashi, T.; Takata, M.; Temaru, R.; Sato, A.;
et al. Adiponectin inhibits endothelial synthesis of interleukin-8. Circ. Res. 2005, 97, 1245–1252. [CrossRef]

162. Kumada, M.; Kihara, S.; Ouchi, N.; Kobayashi, H.; Okamoto, Y.; Ohashi, K.; Maeda, K.; Nagaretani, H.; Kishida, K.; Maeda, N.;
et al. Adiponectin specifically increased tissue inhibitor of metalloproteinase-1 through interleukin-10 expression in human
macrophages. Circulation 2004, 109, 2046–2049. [CrossRef]

163. Tu, W.J.; Qiu, H.C.; Liu, Y.K.; Liu, Q.; Zeng, X.; Zhao, J. Elevated levels of adiponectin associated with major adverse cardiovascular
and cerebrovascular events and mortality risk in ischemic stroke. Cardiovasc. Diabetol. 2020, 19, 125. [CrossRef]

164. Liu, Z.; Liang, S.; Que, S.; Zhou, L.; Zheng, S.; Mardinoglu, A. Meta-Analysis of Adiponectin as a Biomarker for the Detection of
Metabolic Syndrome. Front. Physiol. 2018, 9, 1238. [CrossRef] [PubMed]

165. Achari, A.E.; Jain, S.K. Adiponectin, a Therapeutic Target for Obesity, Diabetes, and Endothelial Dysfunction. Int. J. Mol. Sci.
2017, 18, 1321. [CrossRef] [PubMed]

166. Wang, H.; Chu, W.S.; Hemphill, C.; Elbein, S.C. Human resistin gene: Molecular scanning and evaluation of association with
insulin sensitivity and type 2 diabetes in Caucasians. J. Clin. Endocrinol. Metab. 2002, 87, 2520–2524. [CrossRef] [PubMed]

167. Steppan, C.M.; Bailey, S.T.; Bhat, S.; Brown, E.J.; Banerjee, R.R.; Wright, C.M.; Patel, H.R.; Ahima, R.S.; Lazar, M.A. The hormone
resistin links obesity to diabetes. Nature 2001, 409, 307–312. [CrossRef] [PubMed]

http://doi.org/10.4103/2230-8210.105568
http://doi.org/10.3390/ijms18081690
http://doi.org/10.1056/NEJM199909163411204
http://www.ncbi.nlm.nih.gov/pubmed/10486419
http://doi.org/10.1172/JCI0215693
http://www.ncbi.nlm.nih.gov/pubmed/12393845
http://doi.org/10.1073/pnas.0308767101
http://www.ncbi.nlm.nih.gov/pubmed/15070752
http://doi.org/10.1016/j.cell.2014.10.058
http://doi.org/10.1038/s42255-019-0095-y
http://doi.org/10.1074/jbc.270.45.26746
http://doi.org/10.1210/en.2003-1336
http://doi.org/10.1038/oby.2006.276
http://doi.org/10.1074/jbc.M109.088708
http://doi.org/10.3390/medsci6040097
http://doi.org/10.1038/nature01705
http://www.ncbi.nlm.nih.gov/pubmed/12802337
http://doi.org/10.3389/fcvm.2020.00022
http://www.ncbi.nlm.nih.gov/pubmed/32158768
http://www.ncbi.nlm.nih.gov/pubmed/29978896
http://www.ncbi.nlm.nih.gov/pubmed/25815422
http://www.ncbi.nlm.nih.gov/pubmed/21357416
http://doi.org/10.1002/hep.21995
http://doi.org/10.1161/01.RES.0000194328.57164.36
http://doi.org/10.1161/01.CIR.0000127953.98131.ED
http://doi.org/10.1186/s12933-020-01096-3
http://doi.org/10.3389/fphys.2018.01238
http://www.ncbi.nlm.nih.gov/pubmed/30333754
http://doi.org/10.3390/ijms18061321
http://www.ncbi.nlm.nih.gov/pubmed/28635626
http://doi.org/10.1210/jcem.87.6.8528
http://www.ncbi.nlm.nih.gov/pubmed/12050208
http://doi.org/10.1038/35053000
http://www.ncbi.nlm.nih.gov/pubmed/11201732


Int. J. Mol. Sci. 2022, 23, 15413 21 of 22

168. Kim, K.-H.; Lee, K.; Moon, Y.S.; Sul, H.S. A cysteine-rich adipose tissue-specific secretory factor inhibits adipocyte differentiation.
J. Biol. Chem. 2001, 276, 11252–11256. [CrossRef]

169. Steppan, C.M.; Brown, E.J.; Wright, C.M.; Bhat, S.; Banerjee, R.R.; Dai, C.Y.; Enders, G.H.; Silberg, D.G.; Wen, X.; Wu, G.D. A
family of tissue-specific resistin-like molecules. Proc. Natl. Acad. Sci. USA 2001, 98, 502–506. [CrossRef] [PubMed]

170. Tripathi, D.; Kant, S.; Pandey, S.; Ehtesham, N.Z. Resistin in metabolism, inflammation, and disease. FEBS J. 2020, 287, 3141–3149.
[CrossRef]

171. Trujillo, M.; Scherer, P.E. Adiponectin–journey from an adipocyte secretory protein to biomarker of the metabolic syndrome. J.
Intern. Med. 2005, 257, 167–175. [CrossRef]

172. Yang, H.M.; Kim, J.; Shin, D.; Kim, J.Y.; You, J.; Lee, H.C.; Jang, H.D.; Kim, H.S. Resistin impairs mitochondrial homeostasis
via cyclase-associated protein 1-mediated fission, leading to obesity-induced metabolic diseases. Metabolism 2022, 138, 155343.
[CrossRef]

173. Zapata, J.K.; Catalan, V.; Rodriguez, A.; Ramirez, B.; Silva, C.; Escalada, J.; Salvador, J.; Calamita, G.; Azcona-Sanjulian, M.C.;
Fruhbeck, G.; et al. Resting Energy Expenditure Is Not Altered in Children and Adolescents with Obesity. Effect of Age and
Gender and Association with Serum Leptin Levels. Nutrients 2021, 13, 1216. [CrossRef]

174. Abawi, O.; Koster, E.C.; Welling, M.S.; Boeters, S.C.M.; van Rossum, E.F.C.; van Haelst, M.M.; van der Voorn, B.; de Groot, C.J.; van
den Akker, E.L.T. Resting Energy Expenditure and Body Composition in Children and Adolescents With Genetic, Hypothalamic,
Medication-Induced or Multifactorial Severe Obesity. Front. Endocrinol. 2022, 13, 862817. [CrossRef] [PubMed]

175. Rosenbaum, M.; Leibel, R.L. Adaptive thermogenesis in humans. Int. J. Obes. 2010, 34 (Suppl. S1), S47–S55. [CrossRef] [PubMed]
176. Pandit, R.; Beerens, S.; Adan, R.A.H. Role of leptin in energy expenditure: The hypothalamic perspective. Am. J. Physiol. Regul.

Integr. Comp. Physiol. 2017, 312, R938–R947. [CrossRef] [PubMed]
177. World Health Organization (WHO). Physical Activity. Available online: https://www.who.int/news-room/fact-sheets/detail/

physical-activity (accessed on 25 October 2022).
178. Chaput, J.P.; Willumsen, J.; Bull, F.; Chou, R.; Ekelund, U.; Firth, J.; Jago, R.; Ortega, F.B.; Katzmarzyk, P.T. 2020 WHO guidelines

on physical activity and sedentary behaviour for children and adolescents aged 5–17 years: Summary of the evidence. Int. J.
Behav. Nutr. Phys. Act. 2020, 17, 141. [CrossRef]

179. Cohen, T.R.; Hazell, T.J.; Vanstone, C.A.; Rodd, C.; Weiler, H.A. Changes in eating behavior and plasma leptin in children with
obesity participating in a family-centered lifestyle intervention. Appetite 2018, 125, 81–89. [CrossRef]

180. Reichelt, A.C.; Westbrook, R.F.; Morris, M.J. Integration of reward signalling and appetite regulating peptide systems in the
control of food-cue responses. Br. J. Pharmacol. 2015, 172, 5225–5238. [CrossRef] [PubMed]

181. Ludwig, C.; Knoll-Pientka, N.; Mwanri, A.; Erfle, C.; Onywera, V.; Tremblay, M.S.; Buhlmeier, J.; Luzak, A.; Ferland, M.; Schulz,
H.; et al. Low leptin levels are associated with elevated physical activity among lean school children in rural Tanzania. BMC
Public Health 2022, 22, 933. [CrossRef] [PubMed]

182. Li, C.; Lyu, S.; Zhang, J. Effects of Aerobic Exercise on the Serum Leptin Level and Heart Rate Variability in the Obese Girl
Children. Comput. Intell. Neurosci. 2022, 2022, 2298994. [CrossRef] [PubMed]

183. Salahshoornezhad, S.; Sohrabi, Z.; Mani, A.; Abdelbasset, W.K.; Mehrabi, M.; Zare, M.; Mehrabani, S.; Gerami, S.; Haghighat,
N.; Akbarzadeh, M.; et al. Effect of a multi-disciplinary program on anthropometric and biochemical parameters in obese and
overweight elementary school girls: A randomized clinical trial. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 1982–1989. [CrossRef]

184. Cordova, A.; Villa, G.; Sureda, A.; Rodriguez-Marroyo, J.A.; Sanchez-Collado, M.P. Physical activity and cardiovascular risk
factors in Spanish children aged 11-13 years. Rev. Esp. Cardiol. 2012, 65, 620–626. [CrossRef]

185. Leis, R.; Jurado-Castro, J.M.; Llorente-Cantarero, F.J.; Anguita-Ruiz, A.; Iris-Ruperez, A.; Bedoya-Carpente, J.J.; Vazquez-Cobela,
R.; Aguilera, C.M.; Bueno, G.; Gil-Campos, M. Cluster Analysis of Physical Activity Patterns, and Relationship with Sedentary
Behavior and Healthy Lifestyles in Prepubertal Children: Genobox Cohort. Nutrients 2020, 12, 1288. [CrossRef] [PubMed]

186. Ascenso, A.; Palmeira, A.; Pedro, L.M.; Martins, S.; Fonseca, H. Physical activity and cardiorespiratory fitness, but not sedentary
behavior, are associated with carotid intima-media thickness in obese adolescents. Eur. J. Pediatr. 2016, 175, 391–398. [CrossRef]
[PubMed]

187. Sirico, F.; Bianco, A.; D’Alicandro, G.; Castaldo, C.; Montagnani, S.; Spera, R.; Di Meglio, F.; Nurzynska, D. Effects of Physical
Exercise on Adiponectin, Leptin, and Inflammatory Markers in Childhood Obesity: Systematic Review and Meta-Analysis. Child.
Obes. 2018, 14, 207–217. [CrossRef] [PubMed]

188. Willis, L.H.; Slentz, C.A.; Bateman, L.A.; Shields, A.T.; Piner, L.W.; Bales, C.W.; Houmard, J.A.; Kraus, W.E. Effects of aerobic
and/or resistance training on body mass and fat mass in overweight or obese adults. J. Appl. Physiol. 2012, 113, 1831–1837.
[CrossRef]

189. Belcher, B.R.; Chou, C.P.; Nguyen-Rodriguez, S.T.; Hsu, Y.W.; Byrd-Williams, C.E.; McClain, A.D.; Weigensberg, M.J.; Spuijt-Metz,
D. Leptin predicts a decline in moderate to vigorous physical activity in minority female children at risk for obesity. Pediatr. Obes.
2013, 8, 70–77. [CrossRef]

190. Jimenez-Pavon, D.; Ortega, F.B.; Artero, E.G.; Labayen, I.; Vicente-Rodriguez, G.; Huybrechts, I.; Moreno, L.A.; Manios, Y.; Beghin,
L.; Polito, A.; et al. Physical activity, fitness, and serum leptin concentrations in adolescents. J. Pediatr. 2012, 160, 598–603.e592.
[CrossRef]

191. Miyatake, N.; Murakami, H.; Kawakami, R.; Tabata, I.; Miyachi, M.; Group, N.S. Circulating leptin levels are associated with
physical activity or physical fitness in Japanese. Environ. Health Prev. Med. 2014, 19, 362–366. [CrossRef]

http://doi.org/10.1074/jbc.C100028200
http://doi.org/10.1073/pnas.98.2.502
http://www.ncbi.nlm.nih.gov/pubmed/11209052
http://doi.org/10.1111/febs.15322
http://doi.org/10.1111/j.1365-2796.2004.01426.x
http://doi.org/10.1016/j.metabol.2022.155343
http://doi.org/10.3390/nu13041216
http://doi.org/10.3389/fendo.2022.862817
http://www.ncbi.nlm.nih.gov/pubmed/35898454
http://doi.org/10.1038/ijo.2010.184
http://www.ncbi.nlm.nih.gov/pubmed/20935667
http://doi.org/10.1152/ajpregu.00045.2016
http://www.ncbi.nlm.nih.gov/pubmed/28356295
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://www.who.int/news-room/fact-sheets/detail/physical-activity
http://doi.org/10.1186/s12966-020-01037-z
http://doi.org/10.1016/j.appet.2018.01.017
http://doi.org/10.1111/bph.13321
http://www.ncbi.nlm.nih.gov/pubmed/26403657
http://doi.org/10.1186/s12889-022-12949-9
http://www.ncbi.nlm.nih.gov/pubmed/35538440
http://doi.org/10.1155/2022/2298994
http://www.ncbi.nlm.nih.gov/pubmed/35720911
http://doi.org/10.1016/j.numecd.2022.04.014
http://doi.org/10.1016/j.recesp.2012.01.026
http://doi.org/10.3390/nu12051288
http://www.ncbi.nlm.nih.gov/pubmed/32370020
http://doi.org/10.1007/s00431-015-2654-x
http://www.ncbi.nlm.nih.gov/pubmed/26490566
http://doi.org/10.1089/chi.2017.0269
http://www.ncbi.nlm.nih.gov/pubmed/29762052
http://doi.org/10.1152/japplphysiol.01370.2011
http://doi.org/10.1111/j.2047-6310.2012.00091.x
http://doi.org/10.1016/j.jpeds.2011.09.058
http://doi.org/10.1007/s12199-014-0398-2


Int. J. Mol. Sci. 2022, 23, 15413 22 of 22

192. Remmel, L.; Tillmann, V.; Purge, P.; Latt, E.; Jurimae, J. Associations of serum leptin, ghrelin and peptide YY levels with physical
activity and cardiorespiratory fitness in adolescent boys with different BMI values. Biol. Sport 2017, 34, 345–352. [CrossRef]

193. Mangge, H.; Ciardi, C.; Becker, K.; Strasser, B.; Fuchs, D.; Gostner, J.M. Influence of Antioxidants on Leptin Metabolism and its
Role in the Pathogenesis of Obesity. Adv. Exp. Med. Biol. 2017, 960, 399–413. [CrossRef]

194. Gomez, S.F.; Rajmil, L. Advertising, obesity and child health: The case of Spain. BMJ Paediatr. Open 2022, 6, e001482. [CrossRef]
195. Centers for Disease Control and Prevention (CDC). Childhood Overweight & Obesity. Available online: https://www.cdc.gov/

obesity/childhood/index.html (accessed on 29 October 2022).
196. Garcia-Solano, M.; Gutierrez-Gonzalez, E.; Lopez-Sobaler, A.M.; Ruiz-Alvarez, M.; Bermejo Lopez, L.M.; Aparicio, A.; Garcia-

Lopez, M.A.; Yusta-Boyo, M.J.; Robledo de Dios, T.; Villar Villalba, C.; et al. Weight status in the 6- to 9-year-old school population
in Spain: Results of the ALADINO 2019 Study. Nutr. Hosp. 2021, 38, 943–953. [CrossRef] [PubMed]

197. Pedro Angel, L.R.; Beatriz, B.A.; Jeronimo, A.V.; Antonio, P.V. Effects of a 10-week active recess program in school setting on
physical fitness, school aptitudes, creativity and cognitive flexibility in elementary school children. A randomised-controlled trial.
J. Sports Sci. 2021, 39, 1277–1286. [CrossRef] [PubMed]

198. Santiago-Rodriguez, M.E.; Chen, J.; Pfeiffer, K.A.; Marquez, D.X.; Odoms-Young, A.; Bustamante, E.E. Developmental disparities
in sedentary time by period of the day among US youth: A cross-sectional study. BMC Public Health 2022, 22, 2047. [CrossRef]
[PubMed]

199. Brazendale, K.; Beets, M.W.; Armstrong, B.; Weaver, R.G.; Hunt, E.T.; Pate, R.R.; Brusseau, T.A.; Bohnert, A.M.; Olds, T.; Tassitano,
R.M.; et al. Children’s moderate-to-vigorous physical activity on weekdays versus weekend days: A multi-country analysis. Int.
J. Behav. Nutr. Phys. Act. 2021, 18, 28. [CrossRef]

http://doi.org/10.5114/biolsport.2017.69822
http://doi.org/10.1007/978-3-319-48382-5_17
http://doi.org/10.1136/bmjpo-2022-001482
https://www.cdc.gov/obesity/childhood/index.html
https://www.cdc.gov/obesity/childhood/index.html
http://doi.org/10.20960/nh.03618
http://www.ncbi.nlm.nih.gov/pubmed/34304573
http://doi.org/10.1080/02640414.2020.1864985
http://www.ncbi.nlm.nih.gov/pubmed/33407022
http://doi.org/10.1186/s12889-022-14447-4
http://www.ncbi.nlm.nih.gov/pubmed/36348336
http://doi.org/10.1186/s12966-021-01095-x

	Introduction 
	Molecular Control in Obesity 
	Structure and Components of ECM Related to Obesity 
	Control of Differentiation in WAT 
	Genetics Underlying Childhood Obesity 

	Hormonal Control in Obesity 
	Leptin 
	Adiponectin 
	Resistin 

	Exercise and Leptin Control in Children with Obesity 
	Future Perspectives 
	References

