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Abstract:

Metabolic syndrome (MetS) in childhood and adolescence has emerged as a global health
concern due to its strong association with obesity, insulin resistance, dyslipidemia,
hypertension, and increased cardiometabolic risk in later life. Early identification of children
with metabolically unhealthy phenotypes is crucial for prevention of type 2 diabetes and
cardiovascular disease.
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Introduction:

Metabolic syndrome (MetS) is a complex disorder characterized by abdominal obesity, elevated blood pressure,
hyperlipidemia and elevated fasting blood glucose levels (1). Definitions of MetS in adults have been proposed
by several organizations, leading to a consensus on the presence of 3 of the following 5 criteria for its diagnosis:
(i) elevated waist circumference with cut-off based on the reference organization; (ii) blood pressure >130/85
mmHg or ongoing treatment for hypertension; (iii) fasting blood glucose >100 mg/dL or ongoing treatment for
diabetes; (iv) triglycerides (TGs) >150 mg/dL; (v) high-density lipoprotein (HDL) cholesterol < 40 mg/dL in
males and < 50 mg/dL in females or ongoing treatment for dyslipidemia. Currently, there is no consensus on the
definition of MetS in children and adolescents and the diagnosis is based on a combination of clinical findings
and laboratory tests (2).

Epidemiology of MetS in childhood

MetS is becoming increasingly common in children and adolescents and the disparity in consensus makes it
challenging for clinicians to compare studies that employ different diagnostic standards. Data obtained by de
Ferranti et al., using an adapted children definition of Adult Treatment Panel from the Third National Health and
Nutrition Examination Survey (NHANES III), identify a prevalence of 9.2% of children with MetS while nearly
64% of children present at least one metabolic alteration (2). The ambiguity in using different definitions became
evident in a recent comparative study of Reisinger C et al. where prevalence of pediatric MetS ranges between
2.1% using the IDF definition and 11.2% using Ferranti’s definition (3). There is however a consensus on the
most frequent metabolic alterations, where central obesity and dyslipidemia are the major determinants.

Pathophysiology of MetS

Hypertrophic adipocytes, as consequence of visceral fat expansion during obesity, secrete inflammatory
molecules which, coupled with the reduced insulin-mediated lipolysis suppression, results in increased release of
circulating free fatty acids (FFAs). FFAs accumulate in ectopic sites leading to lipotoxicity in pancreatic  cells
and inhibition of insulin signaling in liver and muscles (4).

The mechanism undergoing IR in muscle is based on the competition of FFAs with glucose as energy
substrate and the reduced expression of the glucose transporter 4 (GLUT4) (2). IR in the liver is limited to glucose
production, while insulin-induced lipolysis is preserved. This leads to an increased synthesis of triglycerides,
which are secreted into the circulation as atherogenic VLDLs causing dyslipidemia and increased risk of
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cardiovascular complications (4). Increased glucose production from hepatocytes and concomitant decreased
glucose uptake in skeletal muscle cells lead to hyperglycemia. Moreover, the concomitant presence of
proinflammatory signals activated in obesity, vasoconstriction induced by FFAs and decreased insulin-mediated
vasodilation may also explain hypertension (4). The underlying mechanism has been proposed to be mediated by
urotensin-II (U-II), a potent vasoconstrictor, whose serum levels are positively associated with hypertension, IR,
inflammation and with the clinical outcome of T2D and cardiovascular disease (5).
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Figure 1. Pathogenesis of MetS in children and adolescents
Non-modifiable risk factor of MetS: genetic predisposition

MetS is the result of a complex interplay between genetic predisposition and environmental factors. Figure
1 depicts risk factors and mechanisms underlying the pathophysiology of MetS in pediatric individuals. In Europe,
the herit ability estimates for MetS range from 10% to 30% depending on the diagnostic criteria used, meaning
that genetic predisposition can explain only a small part of the pathogenesis of MetS.

A large number of single nucleotide polymorphisms (SNPs) have been described in risk of T2D and
cardiovascular diseases. FTO fat mass and obesity associated gene, CETP cholesteryl ester transfer protein gene,
APOAYV apolipoprotein A-V gene, APOE Apolipoprotein E gene, TCF7L2 Transcription factor 7-like 2, MC4R
melanocortin-4 receptor gene, ADRBI1 beta-1 adrenergic receptor, BCAAs branched-chain amino acids, IRS-1
insulin receptor substrate 1, GLP-1 glucagon-like peptide 1, LPS lipopolysaccharides, SCFAs short-chain fatty
acids, FFAs free fatty acids, VLDL very-low-density lipoprotein, HDL high-density lipoprotein, TNF-a: tumor
necrosis factor alpha, IL-6 interleukin 6, IL 1B interleukin-1 beta relation to a single component of MetS; however,
only few genes have been associated with MetS as a whole (2).

The fat mass and obesity-associated gene (FTO) is located on chromosome 16 and plays a key role in weight
control and energy balance. Although the A/A phenotype in the risk allele rs9939609 (T/A) has been strongly
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associated with the occurrence of obesity, even in children (6), several lines of evidence suggest it plays a central
role in the development of MetS (7).

The cholesteryl ester transfer protein (CETP) gene, also located on chromosome 16, may be equally involved
in the pathogenesis of MetS. CETP encodes for a protein involved in reverse cholesterol transfer; in fact, high
levels of CETP result in lower circulation of HDL and consequentincreases of low-density lipoproteins (LDL)
and very low density lipoproteins (VLDL). Adult MetS is inversely associated with the presence of the Taq-1B
(rs708272) allele which, by reducing CETP expression, protects from dyslipidemia (7).

Apolipoproteins are responsible for lipid transport and some of them are encoded by genes whose
polymorphisms have been associated with MetS. The SNPs T1131C (rs662799) on the APOA-V gene was
correlated, both in adults and children, with high levels of triglycerides resulting from a lower ability to activate
lipoprotein lipase (8).

The transcription factor 7-like 2 (TCF7L2) gene encodes for a protein that affects incretin-induced insulin
secretion from pancreatic 3 cells and confers the strongest genetic predisposition to the development of T2D. A
study conducted on Caucasian and Asian adolescents associated the C allele of rs10749127 SNP with different
features of MetS. A meta-analysis of five studies showed that the rs7903146 T allele also increased the risk for
MetS in an adult population. Although this allele is com mon among Europeans, studies in childhood and adoles
cence are still lacking in European countries (2).

The melanocortin-4 receptor (MC4R) gene is critical for energy balance; it regulates food intake as well as
satiety in the hypothalamus and exerts its function at the peripheral level by preventing excessive fat deposition.
The presence of the most common mutation rs17782313 (T/C) has been associated with several MetS traits (higher
BMI and weight, higher triglycerides and lower HDL) as well as MetS itself in adults (9), but only with BMI in
children (6).

The Arg389Gly (rs1801253) SNP of the ADRB1 gene, which encodes for the B1 adrenergic receptor, was
found to be associated with childhood obesity and blood pressure control (10).

It has to be noted that studies aimed at investigating associations of genes with single MetS disorders do not
take into account that most genetic loci have a pleiotropic effect on more than one MetS component and thus
explain more than a single phenotypic trait; for example, a quantitative genetic analysis conducted on Hispanic
children with metabolic disorders found a pleiotropic effect among genes encoding for systolic blood pressure,
waist circumference and glucose, whereas a negative correlation was observed between HDL and waist
circumference genes. More over, Kraja AT et al. identified 25 genes whose SNPs are associated with at least two
metabolic traits of MetS and at least one marker of inflammation (2). These findings suggest the importance of
considering the disease as a whole; however, the lack of defined diagnostic criteria for MetS is a severe limitation,
as data are often not comparable between studies. In this scenario, assessing each SNP’s impact on MetS risk
would help quantify the role of genetic predisposition. Another limitation in estimating the herit ability of MetS
is the difficulty in identifying rare or minor SNPs (defined by a minor allele frequency lower than 5% and 0.5%,
respectively) that appear to be prevalent in children with obesity (9).

Modifiable risk factors of MetS in childhood and adolescence
Early in life

Environmental factors, including behaviour of the mother during pregnancy and children lifestyle, can contribute
to the early development of MetS. Susceptibility for MetS already begins before birth, as high maternal weight
during pregnancy and associated gestational diabetes mellitus increase the risk to develop obesity and type 2
diabetes in the offspring.

Obesity, insulin resistance and sedentariness

A sedentary lifestyle, obesity and insulin resistance (IR) trigger MetS. The World Health Organization
indicates that IR is the common antecedent to all manifestations of MetS; other studies suggest that obesity is the
trigger of MetS. Considering that obesity and IR are closely related and most often occur together, it is correct to
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assume that both play an essential role in the pathogenesis of MetS and that neither factor is sufficient by itself to
determine all the metabolic complications. The Bogalusa Heart Study revealed that both childhood obesity and
IR can predict adult MetS development, but after adjustment for insulin and BMI respectively, only obesity
maintained a significant association. Two different obesity-associated metabolic conditions, namely metaboli
cally healthy obese (MHO) and metabolic unhealthy obese (MUO) have been described in children as well as in
adults (2).

An MHO phenotype during childhood is more likelyto be retained during adulthood. Furthermore, the
conversion of MHO children to MUO is determined by the loss of insulin sensitivity (11), thus corroborating the
hypothesis that MetS begins with obesity but requires IR to develop. It is important to note that a physiological
and transient IR occurs during pubertal development, and it could accelerate the onset of MetS in a pre-existing
state of obesity-dependent IR. The causal link between obesity and IR lies in the elevated levels of
proinflammatory adipokines, such as IL-6 and TNF-a, released by adipose tissue following fat accumulation,
which worsens tissue responses to insulin, thus resulting in T2D, dyslipidemia and hypertension (12).

Sedentariness and high fat diet take part in the development of obesity while elevated consumption of
fructose and branched-chain amino acids contributes to a state of IR through the serine phosphorylation of the
insulin receptor substrate-1 (IRS-1) and the resulting decrease in hepatic insulin sensitivity. In children, the most
common metabolic alterations are obesity and dyslipidemia with low HDL levels, whereas hypertension and
glucose intolerance develop later in life and are typical of adult MetS. Obesity and dysli pidemia are consequences
of poor dietary habits, whereas the age-specific decrease in HDL levels could be due to an androgen-sensitive
increase in hepatic lipase activity and the consequent increase of HDL catabolism (2).

Vitamin D deficiency, sleep disturbances and hypercortisolism

Vitamin D deficiency in youth has been associated with the presence of MetS (13); emerging evidence
suggests that adequate vitamin D levels may offer potential protection against the onset of metabolic
complications. This includes fostering improved glycemic control, enhancing vascular function and regeneration,
and reducing reactive oxygen species, thereby mitigating the risk of T2D and cardiovas cular events (14). Despite
these promising indica tions, a recent meta-analysis examining the impact of vitamin D supplementation in
overweight and obese children revealed that elevated 25(OH)D levels did not translate into clinically significant
outcomes (15). As a result, the controversy surrounding the effectiveness of supplementation treatment persists.

Moreover, sleep disturbances, namely insufficient sleep, poor sleep quality and/or insomnia and obstructive
sleep apnea, induce cortisol production by the adrenal cortex, which leads to a higher caloric intake and fat
accumulation in children (16).

Systemic and tissue inflammation

MetS is accompanied by a chronic low-grade inflammation that is ascribable to obesity and could increase
the risk of cardiovascular diseases later in life, as children appear to be more sensitive to oxidative stress than
adults (2). This is supported by the evidence that diet-induced weight loss exerts anti-inflammatory effects,
resulting in improvements in metabolic parameters, lipid levels, and cytokine profiles (17). A central role in the
development of inflammation is associated to the activation of Toll-like receptors (TLRs), which triggers
inflammatory signaling pathways and leads to the release of cytokines (4). Obesity in children exhibits similar
inflammatory-mediated mechanisms as in adults, with similarly altered levels of cytokines and adipokines and
increased expression of TLR2 and TLR4 (2). Here, we will focus on the description of inflammatory markers that
have shown changes in children with single or multiple MetS traits.

Alteration of the gut microbiota

The human intestinal microbiota is composed by a large number of microorganisms with the vast majority
of bacteria belonging to the Firmicutes, Bacteroidetes, Actino bacteria, Proteobacteria, Fusobacteria and
Verrucomicrobia phyla (18, 19). Metabolic syndrome has been associated with a higher Firmicutes/Bacteroidetes
ratio (F/B) (20). In studies conducted by Gallardo-Becerra et al. (20) in children, a higher abundance of
Firmicutes and a lower abundance of Bacteroidetes were found in patients with MetS. These differences were
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statistically significant when obese patients with MetS were compared with normal-weight subjects; however,
obese patients without MetS also showed an increase in the F/B ratio (20). Given that obesity plays a central role
in the development of MetS, it’s not surprising that dysbiosis goes in the same direction. However, as both obesity
and IR have been independently associated with an increased F/B ratio in children (21), the timing of changes in
gut microbiota composition during the natural history of MetS is unclear.

Screening

Clinicians should recognize children who are obese and overweight and at risk for T2DM and CVD. It is
important to screen these children for behavioral and medical risks, including persistent obesity, as well as its
associated co-morbidities. A significant risk factor for childhood obesity that needs to be considered during the
screening evaluation is the presence of obese parents. The history and physical examination are the first steps in
the comorbidity screening process. Clinicians should request information about the signs and symptoms for
associated comorbidities that may be present, such as PCOS, liver disease, and obstructive sleep apnea, which can
be confirmed as a comorbidity with polysomnography. Serum alanine aminotransferase and aspartate
aminotransferase levels are respectably effective screening tests for fatty liver disease. When values are double
the upper limit of normal, a pediatric hepatologist should be consulted. Bi-annual liver disease screening is
recommended starting at the age of 10 years for children with obesity or those who are overweight with other risk
factors (22).

Screening for T2DM is recommended in overweight (>85th percentile) or obese (>95th percentile) children
and adolescents with >1 of the following risk factors: (I) Family history of T2DM in first- or second-degree
relatives; (II) at risk race or ethnicity (Native American, African American, Latino, Asian American, and Pacific
Islander); (III) signs of insulin resistance or associated conditions, such as acanthosis nigricans, hypertension,
dyslipidemia, PCOS, or a history of being born small for gestational age; and (IV) maternal history of diabetes or
gestational diabetes during the child’s gestation. The ADA recommends starting screening at the age of 10 years
or at the onset of puberty, whichever arrives earlier, and be repeated every three years. Generally, fasting plasma
glucose, 2-hour plasma glucose measured during the 75-gram oral glucose tolerance test, and the glycated
hemoglobin test are equally appropriate for diagnostic screening (22).

Starting at age 3 years, blood pressure should be obtained annually at all regular health check-ups, and results
should be compared to reference ranges from tables issued by the NHLBI. Finally, children should be routinely
screened for dyslipidemia with universal lipid screening between 9—11 years of age with a non fasting, non-HDL
lipid profile. Screening children 2—8 years of age with fasting lipid profiles is recommended for obese children
since obesity is considered a moderate- to high-risk factor. The NHLBI recommends repeating lipid profiling in
overweight adolescents at 12—16 years of age. The level of abnormality, the presence of additional known risk
factors, and the presence of high-risk diseases should determine whether to pursue dietary or medicinal
intervention (22).

Prevention of Metabolic Syndrome

Pediatric obesity prevention involves promoting healthy diet and increasing physical activity as the primary
prevention strategies in order to avoid MetS in children. Lifestyle modifications to achieve a healthy diet include
increasing consumption of vegetables and fruits; increasing fiber intake while reducing dietary fat; and avoiding
carbonated beverages, refined carbohydrates, high-fructose corn syrup, high sodium, and processed foods. Fruit
juice should be replaced with whole fruits for additional nutritional value. Physical activity is also recommended
3-5 days per week with >20 min of vigorous short bursts to improve metabolic measures in children and
adolescents, which may prevent obesity. Adopting healthy sleep habits, limiting non-academic screen time,
involving the entire family and community in prevention efforts, and using school-based programs and community
engagement for the prevention of pediatric obesity are additional lifestyle changes that can lower the risk of
developing obesity (22).
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Treatment of Metabolic Syndrome

In general, childhood MetS is treated through weight reduction by lifestyle modifications, including dietary
intervention, increased physical activity, and the management of various disease-specific factors. Pharmacological
treatments and bariatric surgery are other alternatives for managing obesity.

1) Lifestyle modifications and behavioral treatment

For the first step to change, clinicians should assess patients and families. In this way, family and patient
interventions will be more easily incorporated. When compared to programs focused solely on the child, those
that involved the entire family in lifestyle change were found to have favorable outcomes for lowering BMI.
Comprehensive weight reduction programs, including nutritional, physical activity, education, and behavioral
therapy, have been linked to improvements in a number of metabolic parameters, including blood pressure and
lipid profile indices in obese children and adolescents. Obese children and adolescents should be screened for
mental health, including eating disorders, depression, and other mood disorders. Support and referral to available
behavioral health resources for those disorders are essential.

a- Dietary intervention

Basic dietary recommendations are mostly based on low-fat diets and, recently, low carbohydrate diets are
gaining popularity. Recent Endocrine Society guidelines recommended avoiding beverages sweetened with sugar,
elimination of fructose-rich corn syrup, and decreased consumption of processed foods high in salt and saturated
dietary fat in children over 2 years of age and adolescents. Furthermore, consumption of dietary fibers, vegetables,
and whole fruits other than fruit juice or carbonated drinks is encouraged. Additionally advocated for nutritional
intervention are education about portion control, improved product labeling, and the consumption of frequent
meals to prevent snacking. In addition, because eating fast and the risk of developing T2DM are highly associated,
slow eating should be taught as an important eating habit (23).

b- Physical activity

The second-most important behavioral intervention is physical activity. The AAP and the European Society
for Pediatric Endocrinology advise engaging in physical activity regardless of weight status, aiming for at least
30 minutes of daily moderate to vigorous activity, and keeping non-academic screen time to no more than one to
two hours per day (24). It is recognized that inactivity can decrease insulin sensitivity in skeletal muscle, which
can be reversed by increasing physical activity. Physical activity is also helpful in improving the lipid profile by
lowering LDL and triglyceride concentrations and increasing the HDL concentration. Regular physical activity
increases cardiorespiratory fitness by reducing blood pressure, arterial stiffness, and abdominal fat. Most children,
including children with obesity, do not achieve these recommendations. Exercise physiologists and physical
therapists can help these children by developing individual exercise plans, especially when movement is limited
by gross motor delay or musculoskeletal pain (24).

2) Pharmacological therapies

As previously stated, lifestyle modification therapy is the primary form of treatment for MetS. When patients
are unable to achieve their weight loss objectives with lifestyle modification therapy alone, pharmacotherapy is
the next logical treatment option to consider (25). The indication for pharmacotherapy to treat pediatric obesity
includes an age of >10 years and a BMI in the >95th percentile with weight-related co-morbidities or a BMI that
is >120% of the 95th percentile, regardless of comorbidities, without an appropriate response to lifestyle
modification. Intense lifestyle modification programs should be considered along with pharmacotherapy.

Options for pharmacotherapy to treat pediatric obesity are limited. Orlistat, a lipase inhibitor that blocks the
absorption of fats from the human diet, is the only medicine recognized by the American Food and Drug
Administration (FDA) for long-term use in the treatment of pediatric obesity (>12 years of age). However, due to
its modest efficacy (2.61-kg weight loss after one year of treatment), its therapeutic application is somewhat
limited, and many adolescents may find its side effects unpleasant (flatulence; oily, spotty stools; and diarrhea)
(22).
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Glucagon-like peptide-1 receptor (GLP-1) agonists include exenatide and liraglutide. Exenatide has FDA
approval for adult T2DM, and a liraglutide 3.0-mg injection has FDA approval for adult obesity. Recently, a
liraglutide 3.0-mg injection received FDA approval for the treatment of obesity in adolescents (aged 12—17 years)
with a body weight>60 kg and an initial BMI>30 kg/m? combined with a reduced-calorie diet and increased
physical activity. GLP-1 agonist—associated weight reduction appears to be related to decreased gastric emptying
and increased satiety and appetite suppression. Recently, a randomized controlled trial of adolescent obesity with
a 56-week liraglutide treatment period reported that the use of a liraglutide 3.0-mg injection combined with
lifestyle modification led to significant reduction in BMI z-score (26). In patients with syndromic and
hypothalamic obesity with hyperphagia, GLP-1 agonist therapy has the potential for weight reduction and weight
stabilization (25).

Metformin, a biguanide primarily used for glycemic control, has been used off-label to achieve weight loss
in children. Meformin is FDA-approved for children>10 years of age for T2DM. Currently, in a systematic review
of randomized controlled trials on children and adolescents. Several studies reported improvements in fasting
plasma glucose and insulin resistance, but not in lipid levels. As compared to a placebo, metformin was associated
with double the number of gastrointestinal adverse effects. By this finding, the question of whether metformin is
an appropriate adjuvant therapy to lifestyle change for the treatment of pediatric obesity is raised (22).

3) Surgical therapies

As a standard course of treatment, surgical intervention for childhood and adolescent obesity is still not
approved. In children and adolescents, research on the effects of surgery on growth and development is limited.
Thus, it should only be considered when growth and puberty are complete. Also, surgical treatment for children
and adolescents in growing process should be limited to strict standards. Before considering surgical treatment,
evaluation for previous treatment, such as multidisciplinary treatment and pharmacotherapy, should be conducted.
Furthermore, adolescents and their families should have psychological stability and competence, availability for
appropriate follow-up care, and a demonstrated ability to comply with healthy dietary and activity routines. It is
also very important that the patient has a reliable caretaker who can provide physical and psychosocial support
through the entire process. Recently, metabolic and bariatric surgery (MBS) has been shown to be an effective
treatment for severe obesity in adolescences, and studies have reported significant improvements in co-morbidities
associated with obesity (22).

According to the most recent recommendations issued by the American Society for Metabolic and Bariatric
Surgical Pediatric Committee, MBS could be considered for children >10 years of age with a BMI that is >120%
of the 95th percentile who also have a weight-related co-morbidity, such as T2DM, hypertension, NAFLD, and/or
obstructive sleep apnea, or those with a BMI that is >140% of the 95™ percentile regardless of co-morbidities.
According to the recommendations, treatment should be provided to adolescents who have previously attempted
to reduce weight, have a low Tanner stage, and have immature bone growth. Lack of evidence, however, suggests
that MBS may have a negative impact on a child's pubertal status as determined by Tanner staging, linear
development, or height. The impact of MBS on children's pubertal development should therefore be the subject
of additional research. MBS has the potential to result in both macro- and micronutrient deficit, therefore lifetime
supplemental protein, iron, calcium, and vitamins are necessary to prevent deficiencies (22).
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