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Summary.

Metabolic syndrome in children is a multifactorial disorder characterized by obesity, insulin resistance, and other
cardiometabolic risk factors, the pathogenesis of which involves complex immunological and biomolecular mechanisms.
Chronic low-grade inflammation and immune system dysregulation are hallmarks of the condition, fostering insulin resistance
and vascular dysfunction. Among the key molecular signaling pathways implicated in this process, the nuclear factor-kappa B
(NF-kB) cascade and the NLRP3 inflammasome are aberrantly activated in adipose tissue, linking nutrient excess to inflammatory
responses. Toll-like receptor 4 (TLR4) serves as a critical upstream sensor connecting innate immune signaling with metabolic
stress, triggering NF-kB activation and promoting fatty acid—induced insulin resistance. This sustained innate immune activation
leads to overproduction of pro-inflammatory cytokines (e.g., TNF-o, IL-15) and altered adipokine profiles, whereby leptin levels
rise while adiponectin falls — an imbalance that further exacerbates subclinical inflammation and insulin resistance. Genetic
predispositions — such as polymorphisms in immunoregulatory genes (e.g., NLRP3, STAT3) — and epigenetic modifications,
including diet-induced changes in DNA methylation and gene expression, further shape these immune—metabolic interactions.
Emerging evidence in pediatric populations underscores that immunometabolic crosstalk — encompassing adipose tissue
macrophage infiltration and adipokine signaling — contributes to the early development of metabolic syndrome. Understanding
these mechanisms provides a foundation for identifying biomarkers and developing targeted interventions to prevent or mitigate
pediatric metabolic syndrome and its long-term cardiometabolic complications.
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Introduction

Metabolic syndrome (MetS) in children is characterized
by a constellation of cardiometabolic risk factors — typically
central obesity, insulin resistance, dyslipidemia, and
hypertension — that often co-occur even in youth [1]. Its
prevalence has been rising in parallel with pediatric obesity
rates [2], and recent data indicate that approximately 10%
of adolescents meet pediatric MetS criteria [3] — figure
that exceeds even the prevalence of common childhood
conditions such as asthma. Children with MetS are at
heightened risk of progressing to type 2 diabetes and
cardiovascular disease in adulthood [4], a trajectory
that underscores the importance of understanding the
mechanistic foundations of MetS early in life.

Objective: to investigate the pathogenetic mechanisms
and patterns of metabolic syndrome development in
children.

Materials and methods: A systematic review of
international literature was conducted using the MEDLINE
and PubMed databases, covering publications from the past
5 years (2021-2025).

Results. Current research emphasizes that the
pathogenesis of MetS extends beyond metabolic
derangements to encompass chronic low-grade inflammation
and immune dysregulation [5]. Obesity-related MetS is
now viewed through the lens of immunometabolism — the
interplay between metabolic and immune processes [6] —
encompassing evolutionarily conserved interactions
between the immune and metabolic systems, the balance
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of which is crucial for health. Disruption of this balance
through overnutrition, for instance, can trigger a state of
persistent inflammation and metabolic stress that is central
to MetS pathophysiology [6]. In children, this crosstalk
is particularly salient: the developmental windows that
pattern metabolic physiology overlap with those guiding
immune system maturation. Early-life nutritional and
environmental factors can thus exert lasting effects on
both metabolic homeostasis and immune function, which
helps explain why childhood-onset metabolic syndrome so
frequently tracks into adult disease [7].

This literature review synthesizes current findings on
the immunological and biomolecular foundations of Met S.
The analysis focuses on the role of chronic inflammation,
immune system dysregulation, molecular signaling
pathways, and genetic and epigenetic factors, as well as
metabolism—immune interactions in children. Particular
attention is given to studies and reviews published over
the last decade, together with landmark discoveries
foundational to the field [8].

Metainflammation — a sustained, systemic low-grade
inflammatory state — is now recognized as a hallmark
of obesity and MetS across all age groups. Even in
children and adolescents, excess adiposity provokes
a significant inflammatory response. Far from a passive
fat depot, adipose tissue functions as an active endocrine
and immune organ. In the context of overnutrition,
hypertrophic adipocytes in white adipose tissue secrete
pro-inflammatory cytokines — including tumor necrosis
factor-a (TNF-a) and interleukin-6 (IL-6) — as well
as adipokines, while recruiting immune cells to tissue
sites [9]. Clinical studies in obese youth demonstrate
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that circulating markers of inflammation — such as
C-reactive protein (CRP), IL-6, and TNF-a — are frequently
elevated and correlate with insulin resistance and early
vascular changes [10]. Notably, high-sensitivity CRP
levels correlate directly with the homeostatic model
assessment of insulin resistance (HOMA-IR) and carotid
intima-media thickness in overweight children, thereby
linking inflammation with metabolic and cardiovascular
risk. Visceral fat accumulation is particularly associated
with a pro-inflammatory milieu in youth [11]. This This
subclinical inflammation is characterized by a shift in
immune cell balance and the chronic release of pro-
inflammatory mediators that interfere with normal
metabolic signaling [12].

In pediatric obesity, studies have documented elevated
circulating levels of TNF-a and IL-6, accompanied by
a decrease in the anti-inflammatory adipokine adiponectin.
TNF-a and IL-6 are not merely biomarkers; they exert
direct pathogenic effects on metabolism. TNF-a binds to
its receptors on insulin-sensitive tissues, triggering serine
phosphorylation of insulin receptor substrate and reducing
GLUT4 glucose transporter translocation, thereby inducing
insulin resistance [13]. IL-6, produced in substantial
quantities by visceral fat, similarly inhibits insulin receptor
expression and suppresses adiponectin levels, further
impairing insulin action. Together, these mechanisms
create a vicious cycle in which inflammation drives
insulin resistance, which in turn promotes compensatory
hyperinsulinemia and broader metabolic disturbances —
core components of MetS [14].

The inflammatory state in obese children is systemic,
affecting multiple organs. The liver may develop steatosis
and inflammation (pediatric non-alcoholic fatty liver disease,
NAFLD), while the vasculature exhibits early endothelial
dysfunction — both linked to inflammatory pathways.
Chronic inflammation in adipose tissue can likewise
spill over to reduce immune competency. Obese children
frequently present with an altered baseline activation state
of immune cells and may exhibit impaired responses to
certain infections and vaccines [15]. This is evidenced by
the higher risk of severe infections — such as complicated
influenza or COVID-19 — in youth with obesity [16]. The
inflammatory burden of obesity thus compromises normal
immune surveillance, underscoring immune dysregulation
that extends beyond metabolic control.

Not all obese children exhibit metabolic syndrome —
a concept known as metabolically healthy obesity (MHO) —
and inflammation appears to be a key differentiator. Obese
youth who maintain normal insulin sensitivity tend to
have less ectopic fat and lower levels of inflammatory
markers than their metabolically unhealthy counterparts.
This suggests that early intervention aimed at reducing
inflammation — through dietary modification, physical
activity, or possibly anti-inflammatory agents — could
improve metabolic outcomes even where weight loss is
modest. Lifestyle interventions in children have been
shown to reduce CRP and IL-6 levels and improve insulin
sensitivity concurrently [17], reinforcing the view that
mitigating inflammation represents a therapeutic target in
pediatric Met S.

Obesity drives broad dysregulation of immune system
homeostasis, affecting both innate and adaptive immunity.
In adipose tissue, this is accompanied by immune cell
infiltration and phenotypic shift. Macrophages are the
prototypical mediators: in lean adipose tissue, they are
relatively sparse and tend toward an anti-inflammatory
M2 phenotype, supporting tissue remodeling and insulin
sensitivity. In obesity, however, macrophage content in
adipose tissue increases dramatically — macrophages
may constitute 40-50% of all cells in obese adipose
tissue — and shifts toward a classically activated M1
phenotype [18]. These M1 macrophages secrete TNF-a,
IL-1PB, and other cytokines, and form multicellular crown-
like structures around dead or stressed adipocytes. The
chemokine CCL2 (monocyte chemoattractant protein-1,
MCP-1), overproduced by hypertrophic adipocytes,
attracts circulating monocytes via CCR2 signaling, thereby
perpetuating macrophage recruitment. These findings are
supported by pediatric studies of subcutaneous fat biopsies
and blood samples: obese children exhibit higher circulating
levels of sCD163 — a marker of pro-inflammatory M1
macrophage polarization — compared to lean children [19],
indicating increased M1 polarization in vivo.

Other innate immune cells are likewise affected.
Neutrophils may be elevated and contribute to adipose
inflammation through the release of elastase and reactive
oxygen species, while mast cells and natural killer (NK)
cells in adipose tissue can modulate macrophage activity
and insulin sensitivity. Invariant NKT cells, which normally
help maintain adipose immune homeostasis, are reduced in
obese children. This reduction in anti-inflammatory NKT
cells — which characteristically produce IL-4 and IL-10 —
further exacerbates the inflammatory imbalance [20].

Adaptive immunity is similarly altered: T lymphocytes
infiltrate adipose tissue at the early stages of obesity
development. In adults, a shift toward pro-inflammatory
Thl and cytotoxic CD8* T cells — which produce
interferon-y (IFN-y) and promote M1 macrophage
activation — alongside a concurrent decrease in regulatory T
cells (Tregs), has been documented in obese adipose tissue.
Although pediatric adipose T-cell profiles remain less
studied, blood analyses indicate that obese children have
higher levels of Th1-associated cytokines and lower IL-10
levels, suggestive of a comparable Th1/Treg imbalance.
B lymphocytes may contribute as well, secreting obesity-
induced IgG capable of activating macrophages. The net
effect is a state of chronic immune activation [21].

This immune dysregulation is reflected in systemic
inflammatory indices. The Systemic Immune-Inflammation
Index (SII) — a composite of neutrophil, platelet, and
lymphocyte counts — is significantly elevated in obese
children with MetS compared to those without. A recent
study demonstrated that SII has diagnostic value for
distinguishing MetS among obese youth, with an area
under the curve of 0.84. Such blood-based indices reflect
the heightened innate immune activity accompanying
metabolic risk. Detailed leukocyte phenotyping has
revealed increases in pro-inflammatory monocyte subsets —
such as CD14*CD16" monocytes — in obese adolescents,
with these subsets correlating with insulin resistance.
Innate lymphoid cells (ILCs), particularly ILC2s, which
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normally help maintain metabolic homeostasis, are altered
in obesity as well [22].

Obesity-driven immune changes can impair host
defense and tissue repair. Obese children show evidence
of chronic inflammatory pre-activation of leukocytes even
at baseline. While this baseline activation contributes to
insulin resistance, it may paradoxically render the host
less capable of mounting robust acute immune responses
to true pathogens [23]. During the COVID-19 pandemic,
clinical reports identified pediatric obesity as a risk factor
for severe infection outcomes, attributable in part to this
immune dysfunction. Vaccine studies have similarly found
reduced antibody responses in obese populations. These
observations underscore that in pediatric MetS, the immune
system is not only aberrantly overactive — promoting
inflammation in metabolic tissues — but also functionally
dysregulated, with a diminished capacity to respond
appropriately to external immunological challenges [24].

At the molecular level, several key signaling pathways
connect nutrient excess to inflammatory responses. One
pivotal mechanism involves innate pattern recognition
receptors, notably Toll-like receptor 4 (TLR4) on immune
cells. Nutrient-related molecules — such as free fatty
acids or bacterial endotoxin (lipopolysaccharide, LPS)
translocated from the gut — can engage TLR4 and related
receptors on tissue macrophages and adipocytes. This
triggers downstream inflammatory cascades, most notably
activation of the transcription factor NF-kB, which induces
expression of genes encoding TNF-a, IL-6, and other
cytokines. In obesity, adipose tissue and liver exhibit
chronic NF-kB activation, contributing to systemic
insulin resistance. The c-Jun N-terminal kinase (JNK)
pathway, another stress-responsive signaling mechanism,
is similarly overactivated in obesity and phosphorylates
insulin signaling intermediates, thereby impairing
their function [25]. These pathways were identified in
foundational studies demonstrating that deletion of TLR4
or JNK in mice confers protection against high-fat-diet-
induced insulin resistance. In children, these molecular
events are more difficult to measure directly; however,
elevated circulating LPS in obese youth — a phenomenon
termed metabolic endotoxemia — provides evidence of
TLR4 engagement. A study conducted in adolescents
demonstrated that plasma LPS and soluble CD14 (an LPS
co-receptor) levels were significantly higher in obese
compared to lean individuals, and that both normalized
with weight loss. These findings suggest increased gut
permeability and endotoxin-driven TLR4 stimulation in
pediatric obesity, linking gut microbiome dysbiosis to
systemic inflammation [26].

The NLRP3 inflammasome is another molecular
complex recognized as a central mediator of obesity-
induced inflammation. NLRP3 is a nutrient-sensing
inflammasome that, when activated by signals such as
excess fatty acids, ceramides, or LPS/TLR4-derived
stimuli, triggers the maturation of IL-1p and IL-18 via
caspase-1. Children and adolescents with obesity show
evidence of inflammasome activation: gene expression of
NLRP3 and its adapter molecules — including ASC and
caspase-1 — is upregulated in blood immune cells, and
circulating IL-1p and IL-18 levels are elevated compared
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to lean peers [27]. Rainone et al. (2016) demonstrated that
obese children had significantly higher LPS-stimulated
expression of inflammasome-related genes — including
NLRP3, NOD-like receptors, and IL-1p — alongside higher
baseline IL-1P and IL-18 concentrations, both of which
decreased following lifestyle intervention and weight
loss. IL-1B is particularly detrimental from a metabolic
standpoint, as it impairs both insulin secretion and action.
These findings parallel adult studies in which NLRP3
knockout mice are protected from insulin resistance [28],
highlighting the role of the inflammasome as a metabolic
trigger of inflammation.

Adipose tissue produces a variety of adipokines
that modulate metabolism and immunity. Leptin, an
adipocyte-derived hormone, rises with increasing fat
mass and signals satiety in the hypothalamus. Beyond its
metabolic role, leptin is a potent modulator of the immune
system: it promotes Thl and pro-inflammatory immune
responses and enhances neutrophil and NK cell functions.
Hyperleptinemia in obesity may thus contribute to the
chronic inflammatory tone. Leptin has been characterized
as a cytokine-like hormone; it binds to Ob-R receptors on
immune cells, activating JAK-STAT and MAPK pathways,
which overlap with classical inflammatory signaling.
Adiponectin, by contrast, is abundant in lean individuals
and exerts anti-inflammatory effects — stimulating IL-10
production and dampening TNF secretion — but its levels
are suppressed in obesity [29]. The imbalance of elevated
leptin and reduced adiponectin in obese children is strongly
associated with components of Met S. Other adipokines
of interest include resistin, chemerin, and visfatin, which
further influence immune cell recruitment and activation.
Chemerin is elevated in pediatric obesity and has been
associated with endothelial dysfunction and inflammation,
particularly when adiponectin levels are concurrently
low [30].

Oxidative stress represents another important molecular
mechanism: overnutrition leads to excess substrates in
mitochondria, generating reactive oxygen species (ROS).
ROS activate NF-xB and drive NLRP3 inflammasome
activation, as ROS are a recognized danger signal for
inflammasomes. In obese placentas and adipose tissue,
researchers have documented mitochondrial dysfunction
and oxidative damage, which correlate with increases in
inflammatory markers. This oxidative stress—inflammation
axis may be particularly relevant in children born to obese
mothers, as discussed below [31].

The gut microbiota has emerged as a key mediator
linking diet, immunity, and metabolism. Diet-induced
obesity can alter gut microbial composition, favoring
microbes that increase energy harvest and LPS production.
In children with obesity, studies have documented
dysbiosis — including an elevated Firmicutes: Bacteroidetes
ratio — alongside increased bacterial metabolites that
influence immune responses [32]. Enhanced translocation
of LPS from the gut into the circulation, resulting from
increased intestinal permeability, stimulates TLR4 on
immune cells, as noted abov, and perpetuates systemic
inflammation — a process termed metabolic endotoxemia.
Modulation of the gut microbiota through prebiotics,
probiotics, or dietary intervention may therefore reduce
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inflammatory signaling and improve metabolic parameters
in youth; this remains an area of active investigation [33].

Genetic susceptibility plays a significant role in the
development of obesity and metabolic syndrome in
children. Family studies and genome-wide analyses
indicate that a substantial proportion of variance in
pediatric body mass index (BMI) and MetS risk is heritable.
The genetics of MetS is, however, complex and polygenic.
Over the past decade, hundreds of common genetic variants
have been associated with obesity and related traits, each
with small effect sizes. The fat-mass and obesity-associated
(FTO) gene is one notable example: polymorphisms
in FTO are among the strongest genetic contributors
to obesity risk. A 2025 meta-analysis by Song et al.
examined FTO variants in more than 50,000 children and
adolescents and found that carriers of risk alleles — such as
the A-allele of 1s9939609 — had significantly higher waist
circumference, blood pressure, and fasting insulin levels,
and were more likely to meet MetS criteria. The A allele
of FTO rs9939609 was associated with increased odds of
pediatric MetS, with carriers exhibiting greater central
adiposity and lower HDL levels. These findings suggest
that genetic differences in appetite regulation or adipocyte
biology — which FTO is thought to influence via epigenetic
mechanisms — may predispose children to the constellation
of MetS features [34].

Beyond common variants, monogenic disorders
illustrate how genetics can drive metabolic and immune
dysregulation. Rare mutations in single genes regulating
energy balance can lead to severe early-onset obesity —
often with MetS sequelae — in childhood. Congenital leptin
deficiency due to biallelic mutations in LEP, for example,
causes extreme obesity from infancy, accompanied
by immune impairments that render affected children
more susceptible to infection, until treated with leptin
therapy [35]. These cases highlight the dual role of leptin in
metabolism and immunity. Mutations in the melanocortin-4
receptor gene (MC4R) — the most common monogenic
cause of obesity — result in hyperphagia and obesity in
childhood. Although MC4R mutations primarily affect
energy balance, children with MC4R deficiency may
exhibit features of MetS, including hyperinsulinemia
and hepatic steatosis, at an early age, indicating how
a single gene can broadly perturb metabolic homeostasis.
Polymorphisms in genes encoding inflammatory cytokines
and their receptors have been investigated as well Certain
TNF-a promoter variants and IL-6 gene variants were
hypothesized to exacerbate obesity-related inflammation;
some studies found that an IL-6 promoter polymorphism
(—174G/C) was associated with higher IL-6 levels,
C-reactive protein (CRP), and insulin resistance in obese
youth, though findings have not been consistent across
populations [36].

Large-scale genomics efforts have identified loci
related to lipid metabolism, adipogenesis, and insulin
signaling that contribute to MetS risk in youth. These
include variants in PPARG, ADIPOQ (the adiponectin
gene), APOAS, and other loci that modulate triglyceride
levels or adipokine production. Genetic factors rarely act
in isolation, however; their penetrance is often mediated
by environmental exposures. A child with a high genetic

risk score for obesity is substantially more likely to
manifest MetS when exposed to a calorically dense diet
and sedentary lifestyle than when lean. Notable ethnic
differences exist in genetic risk and MetS expression
in children, with some ethnic groups exhibiting MetS
at lower BMI thresholds, underscoring that genetic
background and gene—environment interactions modulate
immunometabolic outcomes [37].

In summary, genetics provides a predisposition to
MetS by influencing baseline adiposity, fat distribution,
and the propensity for inflammatory responses. Given the
rapid rise of pediatric MetS in recent decades, however,
genetic factors cannot be solely responsible. This has
led to growing interest in epigenetic modifications and
early-life programming as mediating links between
genes, environment, and the development of MetS in
children [38].

Epigenetics refers to heritable changes in gene
expression that do not involve alterations to the underlying
DNA sequence — encompassing DNA methylation, histone
modifications, and non-coding RNA regulation. These
mechanisms are highly responsive to environmental
inputs, particularly during critical developmental periods.
Substantial evidence now indicates that the origins of
metabolic syndrome can be traced to early life through
epigenetic programming. Nutritional and hormonal
exposures in utero and in early childhood can establish
metabolic and immune trajectories that persist into later
childhood and adulthood [39].

Maternal obesity and overnutrition during pregnancy
have been linked to a higher risk of obesity and MetS
features in the offspring, independent of genetic inheritance.
The developing fetus in an obese mother is exposed to
excess metabolic substrates — including glucose and free
fatty acids —as well as pro-inflammatory cytokines crossing
the placenta, which can lead to fetal hyperinsulinemia and
an altered developmental milieu. Epigenetic analyses of
cord blood and placental tissue from such pregnancies have
demonstrated changes in DNA methylation at genes related to
insulin signaling, appetite regulation, and inflammation [40].
Genes regulating adipogenesis or the hypothalamic appetite
pathway may, for example, be hypomethylated — resulting
in higher expression — thereby predisposing the child to
adiposity. Maternal obesity is associated with increased
inflammation in the placenta as well, including NF-kB
activation and macrophage infiltration, which may induce
epigenetic changes in the placenta and fetus that affect
immune system development in the offspring. This concept
falls under the Developmental Origins of Health and
Disease (DOHaD) framework, which posits that early
environmental conditions can have lasting effects on disease
risk. Epigenetic marks established in utero — such as DNA
methylation at specific loci — have been correlated with later
adiposity and metabolic profile in the child [41].

Beyond the prenatal period, early infancy and childhood
nutrition exert epigenetic effects as well. Rapid infant
weight gain and high-protein diets in the first years of life
have been linked to differential DNA methylation patterns
in genes related to energy balance and inflammation —
including the pro-opiomelanocortin gene (POMC), which
is involved in satiety signaling. Environmental chemicals
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such as endocrine disruptors, as well as psychosocial
stress, can likewise alter the epigenome of metabolic
tissues and immune cells. Multiple studies have identified
associations between epigenetic markers and pediatric
obesity phenotypes; meta-analyses, in particular, have
identified consistent DNA methylation changes at several
genomic loci in blood cells of obese compared to lean
children. Profiles of circulating microRNAs — small
non-coding RNAs that regulate gene expression post-
transcriptionally — differ in obese children: Carolan et
al. reported that microRNA-33a and microRNA-33b
were upregulated 3-4-fold in obese children compared
to non-obese peers [42]. These miR-33 molecules are
known to target pathways involved in cholesterol and
fatty acid metabolism; their elevation may represent either
a compensatory response or a pathogenic mechanism
linking obesity to disturbed lipid homeostasis. Additional
microRNAs — including miR-122 and miR-146b — have
been proposed as biomarkers reflecting inflammation and
insulin sensitivity in youth [43].

Some epigenetic changes may be reversible with
targeted interventions. Weight loss in children has been
shown to partially normalize obesity-associated DNA
methylation changes and microRNA levels. Exercise in
adolescence can beneficially modulate epigenetic marks
in muscle and adipose tissue related to insulin signaling.
Evidence from animal models and human cohorts suggests
that improvements in maternal nutrition and metabolism —
such as treatment of gestational diabetes and adequate
micronutrient supplementation — can result in healthier
epigenetic profiles in offspring. These findings offer
hope that breaking the cycle of intergenerational obesity
and MetS may be achievable through early preventive
measures [44].

Epigenetic mechanisms thus serve as a bridge
between early-life environmental exposures and the later
development of metabolic syndrome. They help explain why,
even among children with similar genetic predispositions,
those with adverse early-life environments — characterized
by overnutrition, inflammation, and psychosocial stress —
have a higher propensity to develop Met S. Ongoing
research continues to unravel specific epigenetic markers as
both predictors of risk and potential targets for intervention,
including pharmacological agents that modify epigenetic
enzymes and lifestyle interventions timed to critical
developmental windows [45].

The relationship between metabolic regulation and
immune function is bidirectional and deeply intertwined —
a fact particularly evident in the context of metabolic
syndrome. In children, whose immune systems are still
developing, the impact of metabolic disturbances on
immunity, and vice versa, can shape health trajectories
for decades. Obesity and its metabolic sequelae constitute
a state of chronic immune activation — sterile inflammation
in the absence of infection — that is directed at restoring
homeostasis but instead contributes to pathology [46].
The term «immunometabolic setpoint» has been used
to describe how the body establishes a new equilibrium
in obesity: immune cells adapt to an environment of
excess nutrients by altering their energy utilization and
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activation state, while metabolic tissues adapt to persistent
inflammation by becoming insulin resistant [47]. This
aberrant setpoint underlies Met S. Under conditions of
energy excess, immune cells such as macrophages shift
to glycolytic metabolism — a hallmark of inflammatory
activation — thereby producing cytokines that impair
insulin signaling. Concurrently, insulin-resistant tissues
emit distress signals — including free fatty acids and
reactive oxygen species — that further activate immune
cells. A feed-forward loop between metabolic stress and
immune signaling is thus established.

Pediatric studies illustrate several of these interactions.
In one cohort, higher systemic IL-6 levels in obese
adolescents were associated with lower expression of
insulin receptors on mononuclear cells and adipose tissue,
linking an immune mediator to a metabolic effect [48].
Another study found that the degree of glycemic control
in obese youth with impaired glucose tolerance correlated
with T-cell cytokine profiles, suggesting that hyperglycemia
itself can skew immune responses. The presence of
metabolic syndrome in children has been correlated with
reduced gut microbiome diversity and altered microbial
metabolites — such as short-chain fatty acids — that influence
both metabolism and immune education [49].

Childhood represents a plastic period for both metabolic
and immune systems. Positive interventions — including
improved diet quality, physical activity, and adequate
sleep — have been shown not only to improve metabolic
parameters but also to reduce inflammatory markers and
normalize immune cell distributions [50]. A 12-week
exercise program in obese adolescents, for example,
can increase anti-inflammatory cytokines such as IL-10,
reduce pro-inflammatory monocytes, and improve NK
cell function, concurrently with reductions in visceral
fat. These findings reinforce the concept that targeting
immunometabolic inflammation at an early stage can
alter disease trajectory. Chronic psychosocial stress in
childhood, which activates stress hormone pathways,
has been linked to central fat deposition and a higher
inflammatory burden, potentially seeding MetS via
immune mechanisms [51].

Developmental timing is central to these interactions.
As noted, immune system maturation — from the neonatal
Th2-skewed profile toward a balanced immune repertoire —
overlaps with the period during which a significant
proportion of children begin to accumulate excess weight,
such as during the adiposity rebound in early childhood.
Obesity developing during this critical window may
durably shift the patterning of immune responses toward
a pro-inflammatory profile. This may partly explain
why adolescent-onset type 2 diabetes can follow a more
aggressive clinical course than adult-onset disease — the
immune-metabolic crosstalk has been perturbed earlier
and sustained over a longer proportion of that individual’s
life. The presence of MetS in childhood may accelerate
immunological aging, or inflammaging, as low-grade
inflammation drives cellular senescence in the immune
system [52].

Several specific immune-metabolic intersections
merit consideration. Adipose tissue Tregs normally
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restrain inflammation and promote insulin sensitivity;
their reduction in childhood obesity removes a critical
check on metabolic inflammation. . B cells in obesity can
produce autoimmune-like antibodies against modified
self-antigens — such as oxidized low-density lipoprotein
(LDL) — thereby linking dyslipidemia to immune
activation. The liver’s Kupffer cells, resident macrophages
that become activated in insulin-resistant states, contribute
to hepatic inflammation; non-alcoholic fatty liver disease
in children is now considered the hepatic manifestation
of MetS, driven by immune cell recruitment to the liver.
Each organ system implicated in MetS — adipose tissue,
liver, muscle, pancreas, and vasculature — exhibits an
immunometabolic dialog in which immune cells respond
to metabolic stress and, in turn, exacerbate or modulate
that stress [53,54].

The pediatric immune and metabolic systems do
not operate in isolation; they constitute a coupled axis.
Current research demonstrates that chronic inflammation
and immune dysregulation are not merely byproducts of
pediatric MetS but fundamental drivers of its development.
Effective interventions may therefore need to be two-
pronged, targeting both the improvement of metabolic
parameters and the restoration of healthy immune
function. As understanding in this area advances, new
therapeutic possibilities emerge — including the use of anti-
inflammatory agents or nutraceuticals such as omega-3
fatty acids, which exert immune-modulating effects, as
adjuncts to lifestyle modification in high-risk obese youth.
Identifying immunological and biomolecular markers in
childhood — such as cytokine profiles or specific epigenetic
signatures — could improve early identification of children
at risk of developing severe MetS, enabling more timely
and personalized intervention [55].

Conclusion

Metabolic syndrome in children is a multifactorial
condition arising from complex interactions among excess
nutrition, genetic predisposition, and immune system
dysregulation. Contemporary evidence highlights that
inflammation and immune dysregulation are central to
the pathogenesis of pediatric Met S. In an obese child,
adipose tissue becomes an immune organ that secretes
cytokines and recruits immune cells, leading to insulin
resistance and organ damage. Molecular pathways —
ranging from TLR4/NF-«B activation by lipids to NLRP3
inflammasome-driven IL-1f release — generate a state of
chronic inflammation that underlies every component of
MetS, including glucose intolerance, hypertension, and
dyslipidemia. Genetic factors such as FTO variants may
establish a predisposition by increasing the propensity for
adiposity or heightened inflammatory responses, while
epigenetic modifications — shaped by maternal and early-
life influences — modulate gene expression in ways that
can either protect against or predispose a child to Met S.
MetS is increasingly characterized as an immunometabolic
disorder: an inappropriate inflammatory response to caloric
excess and sedentary lifestyle, superimposed on individual
genetic and epigenetic backgrounds.

These insights into the immunological and biomolecular
foundations of pediatric MetS have practical implications.

They suggest that effective prevention and treatment should
incorporate strategies to reduce inflammation — such as
improving diet quality to lower gut endotoxemia and provide
anti-inflammatory nutrients, encouraging physical activity
for its anti-inflammatory effects on adipose tissue and
muscle, and potentially using pharmacological agents that
target inflammatory pathways — including IL-1 antagonists
or inhibitors of NF-kB activation — in the highest-risk youth.
These findings equally highlight the importance of early-
life interventions: optimizing maternal health and nutrition,
promoting breastfeeding, and avoiding rapid weight gain in
infancy may establish an epigenome and microbiome that
confer resistance to the development of Met S.

Research is ongoing into pediatric-specific aspects of
MetS, including how the maturing immune system may offer
unique opportunities for resetting the immunometabolic
balance. As the mechanisms by which inflammation and
metabolism co-evolve in a child with MetS become better
understood, more nuanced approaches to risk prediction
emerge — encompassing inflammatory biomarkers and
epigenetic testing for early MetS — alongside innovative
interventions that extend beyond dietary restriction and
increased physical activity to address the inflammatory
overdrive of the immune system. Such integrated approaches
are essential to mitigating the growing epidemic of pediatric
metabolic syndrome and reducing its progression to serious
adult disease.

Prospects for Further Research. Further research
should prioritize large-scale, multicenter longitudinal
studies aimed at identifying early immunological and
biomolecular predictors of metabolic syndrome progression
in children. Particular attention should be directed
toward epigenetic regulation, gut microbiota—immune
system interactions, and the role of chronic low-grade
inflammation in metabolic programming.

The integration of multi-omics approaches —
encompassing genomics, transcriptomics, proteomics,
and metabolomics — may yield deeper insights into
individualized risk stratification and personalized
therapeutic strategies. Future investigations should explore
targeted immunomodulatory interventions and preventive
strategies aimed at modifying inflammatory pathways in
pediatric populations at high risk for metabolic syndrome.
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CYYACHI IMYHOJIOTTYHI TA BIOMOJIEKYJISIPHI OCHOBU METABOJIYHOI'O CUHAPOMY V JITEN
1II. Myxameooea, I1l. I'anicsa, O. booocsa, /. Xaiiomosa

Byxapcbkuii gep:kaBHUII MeAMYHMI iHCTHTYT
(M. Byxapa, Pecny0Ousika Y30ekucran)

Pesrome.

MetabomiyHiA CHHAPOM Y IiTel — e OaratoakTOpHE 3aXBOPIOBAHHS, 1[0 XapaKTEPU3YETHCS OKUPIHHAM, PE3UCTCHTHICTIO JI0
IHCYJNIHY Ta IHIIMMH KapIioMeTa0OoMiYHUMHU (HaKTOpaMH PU3UKY. Y IMaToreHe3i MeTa0oIiYHOTO CHHAPOMY 3aIisiHi CKIIaJHI IMyHOJIO-
riuHi Ta 610MOJIEKYIISIpHI MEeXaHi3MH. XPOHIYHE, C1a00 BUPAXKCHE 3alaJICHHS Ta MOPYIICHHS PEryssiiii IMyHHOI CHCTEMHU € OCHOBHIMU
(akxTopamu, 10 CIPUSIOTH PE3UCTEHTHOCTI A0 1HCYIIHY Ta CyIUHHIN mucdyHkmii. KitouoBi MoJeKyssipHiI CUTHAIIBHI OUISXH, 30KpeMa
Kackap simepHoro ¢akropy-kanmna B (NF-«kB) ta indaamacomy NLRP3, aHoMansHO akTUBYIOTBCS B )KHPOBill TKaHUHI, TTOB’SI3YI0UN
HA/IJTAIIOK TIOKUBHHAX PEYOBHH 13 3anasibHIMU peakuisMu. Toll — moniouuit peuentop 4 (TLR4) cinyxuTh HalBaXXTHBIIIMM BHCXiTHUM
JIATYAKOM, SIKHH OB’ SI3y€ CHTHAJI3a1IiI0 BPOIKEHOTO IMYHITETY 3 MeTabOJIIYHIM CTPECcOoM, 3arryckatrouu akTuBaiiro NF-kB i cipustoun
PE3UCTEHTHOCTI /10 1HCY/IiHY, BUKJIMKAHOT JKUPHUMH KHCIOoTaMu. L5 cTilika akTHBAaIlisi BPOIKEHOTO IMyHITETY IPH3BOJUTH JIO IMiABUIICHOT
MPOIYKILIi Mpo3amnaibHuX HUTOKiHIB (Hanpukinaa, TNF-a, IL-1P) i 3mMiHI0€ ipodinb agumnokiniB. PiBeHb IeNTHHY MiABUITYETHCS, @ aJIH-
MOHEKTUHY 3HWKYEThCS, 10 CIPUYUHSE AUCOATaHC Ta IIOCUIIIOE CYOKITIHIYHE 3allaeHHs Ta PE3UCTEHTHICTh 10 iHCYIiHy. [eHeTn4Ha
CXUJIBHICTB, TaKa sIK MOJIIMOp(i3M B iMyHOperyasTopHuX rerax (Harmpukian, NLRP3, STAT3), i enirenernyni mogudikamii (iHayKoBaHi
nieroro 3minn MetwtroBanHs JJHK 1 excripecii reHiB) Takok BIUIMBAIOTH HA IIi iMyHHO—MeTa0omiuHi B3aemonii. HoBi maHi, oTpumani
B MeiaTpUYHIN MOMYJALIT, ITi IKPECITIOI0Th, U0 MIEPEXPECHI IMyHOMETa0O0IIUHI IIEPEUIKOH, BKITFOYAI0UN 1H(UIBTpAIlifo MaKpodaramMu
JKUPOBOI TKAHWMHH 1 Hepe/iady CUTHANIB aJ[HIIOKIHIB, CIIPUSIOTh PAHHBOMY PO3BHTKY METa0OIIYHOrO CHHAPOMY. PO3yMiHHS LUX Me-
XaHI3MiB 3a0e31euye OCHOBY JUTS BHABJICHHS OioMapKepiB Ta po3po0KH iIeCHpsIMOBAHHUX 3aXOIiB IS 3a1I00iraHHs a00 MOM’ IKIICHHS
HACITIIKIB METa0OMIYHOTO CHHAPOMY B JIITEH Ta HOTO TOBTOCTPOKOBHX KapAiOMETa0OIIYHUX YCKIIaTHCHb.

KuarouoBi cjioBa: meraGoniunuit cunapom y aiteit; XpoHiuHe 3anageHHs; NOPYILEHHs iMyHHOT peryisiii; iMyHoMeTabosism;
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