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Abstract

Pediatric obesity is a chronic, multifactorial neuroendocrine disease in which disrupted
gut–brain signaling, hypothalamic appetite regulation, adipose tissue dysfunction, and al-
tered inter-organ communication sustain positive energy balance. Incretin-based therapies
translate this biology into mechanism-based treatment, yet their developmental implica-
tions remain incompletely defined. This narrative review integrates evidence on GLP-1 and
GIP receptor signaling with pediatric trial data and clinical implementation, with particular
attention to developmental modifiers of gut–brain signaling and treatment during growth
and puberty. We describe how GLP-1 receptor agonists act across central and periph-
eral tissues to reduce appetite, delay gastric emptying, and enhance glucose-dependent
insulin secretion and examine the rationale for dual GIP/GLP-1 receptor agonism. Ran-
domized pediatric trials demonstrate clinically meaningful BMI reduction with liraglutide
and semaglutide, with the largest mean effect reported for semaglutide in adolescents;
however, long-term effects on growth, puberty, bone health, body composition, and weight
maintenance remain uncertain. Tirzepatide has shown greater weight-loss efficacy than
selective GLP-1 receptor agonism in adults, but no randomized trial has evaluated it in
pediatric obesity without diabetes. Incretin-based therapies should be integrated with nu-
tritional, behavioral, psychological, and family-based care. Their future value will depend
on durable efficacy, developmental safety, equitable access, and identification of patients
most likely to benefit.

Keywords: pediatric obesity; GLP-1 receptor agonists; GIP/GLP-1 receptor agonists;
tirzepatide; semaglutide; liraglutide; gut–brain axis; neuroendocrine regulation

1. Introduction
Pediatric obesity has emerged as one of the major challenges facing modern medicine.

It is now recognized as a chronic, relapsing, and multifactorial disease arising from complex
interactions among genetic susceptibility, neuroendocrine regulation, metabolic dysfunc-
tion, environmental exposures, and behavioral factors. In children and adolescents, these
mechanisms operate within the dynamic context of growth, pubertal development, and
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maturation of the central nervous system, adding further complexity to both disease
progression and therapeutic response [1,2].

The neuroendocrine regulation of appetite and energy homeostasis plays a central
role in the pathophysiology of obesity. The gut–brain axis integrates hormonal, neural, and
metabolic signals originating from the gastrointestinal tract, adipose tissue, pancreas, and
other peripheral organs within hypothalamic and brainstem circuits controlling hunger,
satiety, reward-related eating, and energy balance. In pediatric obesity, impaired satiety
signaling, leptin and insulin resistance, hypothalamic inflammation, and alterations in
food-reward pathways may contribute to sustained excess energy intake and progressive
metabolic dysfunction [3,4].

The incretin system has become an important therapeutic target within this neuroen-
docrine network. In addition to their established effects on glucose-dependent insulin
secretion and glucagon regulation, glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) influence appetite, gastric emptying, nutrient handling,
and inter-organ metabolic communication. Translation of this physiology into pharma-
cotherapy has led to the development of GLP-1 receptor agonists (GLP-1RAs) and, more
recently, dual GIP/GLP-1 receptor agonists. By modulating several complementary path-
ways involved in appetite and metabolic regulation, these agents have expanded the
therapeutic options available for obesity [5–7].

Clinical evidence supporting GLP-1RAs in children and adolescents is increasing,
with liraglutide and semaglutide producing clinically meaningful reductions in body
mass index and improvements in selected cardiometabolic outcomes. Dual GIP/GLP-1
receptor agonism represents a further therapeutic advance, although evidence in pediatric
obesity remains limited. Important uncertainties persist regarding long-term safety, effects
on growth and pubertal development, durability of treatment response, and optimal
integration of pharmacotherapy into comprehensive obesity care. Moreover, mechanistic
interpretations in pediatric patients continue to rely partly on evidence derived from adult
populations and experimental models [2,7].

This narrative review examines the neuroendocrine mechanisms underlying incretin-
based therapies in pediatric obesity. We integrate current knowledge of appetite regulation,
gut–brain and inter-organ communication, and GLP-1 and GIP receptor signaling with
evidence from pediatric clinical studies. We also discuss the clinical positioning of these
therapies, unresolved developmental and safety considerations, and future directions for
mechanism-based treatment of obesity in children and adolescents.

Literature Search Approach

This narrative review was informed by a targeted, non-systematic search of PubMed
for articles published between January 2020 and July 2026. Search terms included com-
binations of “GLP-1 receptor agonists”, “GIP/GLP-1 receptor agonists”, “tirzepatide”,
“semaglutide”, “liraglutide”, “pediatric obesity”, “children”, “adolescents”, “gut–brain
axis”, “appetite regulation”, and “mechanism of action”. Priority was given to randomized
controlled trials, systematic reviews and meta-analyses, clinical guidelines, and mechanis-
tic studies relevant to pediatric obesity and incretin receptor signaling. ClinicalTrials.gov
and official regulatory sources, including the European Medicines Agency and the US
Food and Drug Administration, were additionally searched to verify the status of ongoing
pediatric trials and current therapeutic indications. Reference lists of selected publications
were screened to identify additional relevant studies. Although emphasis was placed on
literature published from January 2020 onward, earlier landmark studies were included
when necessary to provide the physiological and mechanistic background.
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Studies were considered for inclusion based on their relevance to the scope of
the review, with particular emphasis on pediatric populations, clinical efficacy, safety,
tolerability, mechanisms of action, and long-term treatment considerations. Random-
ized controlled trials and other high-quality clinical evidence were prioritized when
comparing treatment efficacy and safety between agents. Adult studies were included
when pediatric evidence was limited and when they provided relevant information on
treatment mechanisms, discontinuation, long-term outcomes, or safety. Publications not
directly relevant to the review objectives were excluded. The final selection of references
was based on clinical relevance, methodological quality, and their contribution to the
specific topics discussed in the review.

Throughout the review, statements supported directly by pediatric studies are dis-
tinguished from those extrapolated from adult trials or experimental models; where a
mechanism is described based on animal or adult human data, this is stated explicitly and
its pediatric relevance is identified as unverified.

2. Neuroendocrine Regulation of Appetite in Pediatric Obesity
The clinical effects of incretin-based therapies arise from the modulation of intercon-

nected neural, endocrine, and metabolic pathways involved in appetite regulation and
energy homeostasis. Although the fundamental organization of these pathways is broadly
conserved across the lifespan, their activity is influenced by growth, pubertal maturation,
and developmental changes within the central nervous system. Understanding this devel-
opmental context is therefore essential for interpreting the mechanisms and clinical effects
of incretin-based therapies in children and adolescents.

2.1. Hypothalamic Regulation of Appetite
2.1.1. Pathophysiology of Pediatric Obesity

The pathophysiology of pediatric obesity involves complex interactions between
peripheral metabolic signals and central neural circuits regulating energy balance. The
hypothalamus integrates information regarding nutrient availability and energy stores and
coordinates responses affecting food intake, energy expenditure, and glucose metabolism.
Within the hypothalamus, the arcuate nucleus (ARC) contains two functionally opposing
neuronal populations that play a central role in appetite regulation [4,7].

Anorexigenic neurons express proopiomelanocortin (POMC) and cocaine- and
amphetamine-regulated transcript (CART). Their activation promotes the release of α-
melanocyte-stimulating hormone (α-MSH), which acts predominantly through melanocortin
receptors MC3R and MC4R on downstream neurons to enhance satiety, suppress food
intake, and promote energy expenditure. In contrast, orexigenic neurons expressing neu-
ropeptide Y (NPY) and agouti-related peptide (AgRP) stimulate hunger and food intake
while functionally antagonizing melanocortin signaling [4–7].

Obesity is associated with impaired communication between peripheral metabolic
signals and these hypothalamic circuits. Elevated circulating leptin concentrations coex-
ist with reduced central responsiveness to leptin, resulting in insufficient activation of
anorexigenic POMC/CART pathways and impaired suppression of orexigenic NPY/AgRP
signaling. Central insulin resistance may further weaken the anorexigenic effects of insulin
and contribute to persistent dysregulation of appetite and energy balance [5–8].

Experimental evidence also indicates that chronic nutrient excess and obesity-
associated low-grade inflammation can impair hypothalamic function through microglial
activation and increased local signaling by pro-inflammatory mediators, including tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6). These processes may interfere with
leptin and insulin signaling and promote the persistence of central energy-homeostasis
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disturbances. However, mechanistic evidence for hypothalamic inflammation is derived
predominantly from experimental models, whereas direct evidence in children remains
limited [5,7].

Pediatric Perspective

Unlike in adults, appetite regulation in children and adolescents operates within a con-
tinuously changing developmental environment. The hypothalamus retains considerable
plasticity during growth and puberty, when neural circuits involved in energy homeostasis
undergo remodeling alongside activation of the hypothalamic–pituitary–gonadal axis. Con-
current changes in sex steroids, growth hormone, insulin-like growth factor-1 (IGF-1), and
insulin sensitivity influence appetite, substrate utilization, and energy requirements [9–11].
These developmental processes may modify the neuroendocrine response to pharmaco-
logical interventions. Consequently, the effects of GLP-1 receptor agonists in pediatric
patients should not be interpreted solely through direct extrapolation from adult physi-
ology. Nevertheless, evidence regarding age- and puberty-related differences in incretin
receptor signaling and therapeutic response remains limited, representing an important
area for future mechanistic and clinical research.

2.2. The Gut–Brain Axis

The gut–brain axis is a bidirectional communication network linking the gastroin-
testinal tract with the central nervous system. It contributes to the regulation of appetite,
glucose homeostasis, gastrointestinal function, and energy balance through interconnected
neural, endocrine, immune, and metabolic pathways. Signals generated in response to
nutrient ingestion are transmitted through vagal afferent fibers, circulating hormones,
microbial metabolites, and immune mediators and are integrated within brainstem and
hypothalamic circuits controlling hunger and satiety [4,8].

Enteroendocrine cells represent a major sensory component of this network. In re-
sponse to nutrients and other luminal stimuli, they secrete hormones including glucagon-
like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), peptide YY
(PYY), and cholecystokinin (CCK). Ghrelin, produced predominantly in the stomach, pro-
vides an opposing orexigenic signal. Together, these hormones coordinate meal initiation
and termination, gastrointestinal motility, pancreatic secretion, and postprandial nutrient
metabolism [8,12].

GLP-1 is produced by enteroendocrine L cells distributed throughout the intestine
but enriched in the distal small intestine and colon. Following nutrient ingestion, endoge-
nous GLP-1 enhances glucose-dependent insulin secretion, suppresses glucagon secretion
through glucose-dependent and partly indirect mechanisms, and slows gastric empty-
ing. Because circulating endogenous GLP-1 is rapidly degraded, its effects on appetite
are mediated partly through local and vagal pathways involving the portal region and
brainstem. In contrast, pharmacological GLP-1 receptor agonists have prolonged sys-
temic exposure and can engage a broader range of central and peripheral GLP-1 receptor
populations [4,8,13,14].

GIP is secreted predominantly by K cells in the duodenum and jejunum and con-
tributes substantially to postprandial glucose-dependent insulin secretion. It also influ-
ences adipose tissue metabolism and energy storage, although its tissue-specific actions
vary according to metabolic state and receptor context. Importantly, the effects of phar-
macological GIP receptor activation in dual GIP/GLP-1 receptor agonists should not be
considered equivalent to the physiological actions of endogenous GIP alone. Simultaneous
pharmacological activation of GIPR and GLP-1R produces complementary effects on glu-
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cose regulation, appetite, and energy metabolism and may account for the greater weight
reduction achieved with dual-receptor agonism [13,14].

Ghrelin is the principal circulating gut-derived hormone with a well-established orexi-
genic action. Its concentration typically rises before meals and decreases following nutrient
ingestion. Ghrelin promotes hunger partly through activation of NPY/AgRP neurons in
the arcuate nucleus. Conversely, PYY and CCK enhance satiation and satiety through
vagal afferent signaling and effects on brainstem and hypothalamic circuits involved in the
regulation of food intake [4,8].

Obesity is associated with impaired communication across the gut–brain axis, includ-
ing reduced responsiveness to satiety signals, leptin and insulin resistance, altered vagal
signaling, and changes in food-reward processing. These abnormalities may facilitate
persistent excess energy intake and reinforce positive energy balance. Understanding these
pathways has provided the physiological basis for incretin-based therapies, which modu-
late rather than fully restore the complex mechanisms governing appetite and metabolic
homeostasis [4,7,12].

Pediatric Perspective

In children and adolescents, gut–brain communication operates within a developing
neuroendocrine and metabolic environment. Although the intestinal microbiota acquires
many adult-like characteristics during early childhood, its composition and functional
capacity continue to be shaped by growth, diet, pubertal maturation, medication exposure,
and environmental factors. Developmental changes may also occur in enteroendocrine
signaling, vagal pathways, and central circuits regulating appetite, although their clinical
relevance remains incompletely understood [15–17].

Microbial metabolites, particularly short-chain fatty acids, may influence energy home-
ostasis by activating free fatty acid receptors on enteroendocrine cells, modulating the
secretion of GLP-1 and PYY, and affecting immune and neural signaling within the gut–
brain axis [18]. However, direct evidence that developmental differences in the microbiota
or gut–brain signaling modify the efficacy of GLP-1 receptor agonists in pediatric pa-
tients is currently limited. This relationship therefore remains a biologically plausible
but insufficiently investigated area rather than an established determinant of treatment
response [18].

2.3. Adipose Tissue as an Endocrine Organ

Adipose tissue functions not only as an energy reservoir but also as an active endocrine
and immunometabolic organ. Adipocytes, preadipocytes, endothelial cells, fibroblasts,
and resident immune cells within the stromal vascular fraction produce a broad range of
hormones, cytokines, chemokines, and lipid mediators. These signals influence appetite
regulation, insulin sensitivity, lipid metabolism, vascular function, and inflammatory
responses in multiple organs, including the central nervous system, liver, skeletal muscle,
and pancreas [6,8,19].

Among the best-characterized adipokines are leptin and adiponectin. Leptin is se-
creted primarily in proportion to adipose tissue mass and communicates the status of
peripheral energy stores to hypothalamic circuits regulating food intake. Under physiolog-
ical conditions, leptin suppresses appetite and supports energy homeostasis. In obesity,
however, elevated circulating leptin concentrations coexist with reduced central respon-
siveness to the hormone. This state of leptin resistance limits activation of anorexigenic
pathways and may contribute to persistent appetite dysregulation despite abundant energy
stores [5,6].

https://doi.org/10.3390/ijms27188191

https://doi.org/10.3390/ijms27188191


Int. J. Mol. Sci. 2026, 27, 8191 6 of 24

Adiponectin generally exhibits an inverse relationship with adiposity. It enhances
insulin sensitivity, promotes fatty acid oxidation, and exerts anti-inflammatory and anti-
atherogenic effects. Reduced adiponectin concentrations in children and adolescents
with obesity are associated with insulin resistance, dyslipidemia, and an unfavorable
cardiometabolic risk profile. Consequently, the imbalance between elevated leptin and
reduced adiponectin represents an important feature of adipose tissue dysfunction in
pediatric obesity [8,19].

Expansion of adipose tissue in obesity is accompanied by cellular stress, altered
adipokine secretion, and increased recruitment of immune cells. Rather than reflecting
a simple transition between M1 and M2 macrophages, obesity-associated inflammation
involves heterogeneous macrophage populations and complex interactions among innate
and adaptive immune cells. Increased production of mediators such as tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1)
promotes chronic low-grade inflammation and interferes with insulin signaling. These
effects include inhibitory serine phosphorylation of insulin receptor substrate proteins and
disruption of downstream insulin-signaling pathways, thereby contributing to systemic
insulin resistance [19]. Adipose tissue inflammation and altered adipokine signaling
may also influence hypothalamic function and gut–brain communication, further linking
peripheral metabolic dysfunction with central appetite regulation. Incretin-based therapies
can improve this adverse metabolic environment through weight reduction, decreased
energy intake, improved insulin sensitivity, and attenuation of systemic inflammation.
However, the extent to which GLP-1 receptor agonists act directly on human adipocytes
remains uncertain, and many of their adipose tissue effects are likely indirect. In contrast,
GIP receptor expression in adipose tissue is well established, although the metabolic
consequences of GIPR activation depend on physiological conditions and the context of
simultaneous GLP-1 receptor agonism [6–8,12].

Pediatric Perspective

Adipose tissue undergoes continuous expansion and remodeling throughout child-
hood and adolescence. Both adipocyte hypertrophy and hyperplasia contribute to this
process, with their relative importance depending on developmental stage, duration
of obesity, and individual biological susceptibility. Excessive hypertrophy promotes
local hypoxia, cellular stress, immune-cell recruitment, and adipokine dysregulation,
whereas the capacity to generate new adipocytes may partly determine whether excess
lipid is stored within adipose tissue or deposited ectopically in the liver and skeletal
muscle [20–23].

Early adipose tissue dysfunction may therefore produce metabolic consequences
that persist into adulthood. At the same time, developmental differences in adipose
tissue expandability, hormonal regulation, and inflammatory responses may influence the
metabolic effects of incretin-based treatment. Direct evidence linking these developmental
characteristics to differences in therapeutic response remains limited, and this relationship
requires further investigation in pediatric populations [21,22,24].

2.4. GLP-1 and GIP Receptor Signaling

The glucagon-like peptide-1 receptor (GLP-1R) and glucose-dependent insulinotropic
polypeptide receptor (GIPR) belong to the class B family of G protein-coupled receptors
(GPCRs). Both receptors contain a large extracellular ligand-binding domain connected to
a seven-transmembrane-domain structure responsible for signal transduction. Although
GLP-1R and GIPR share several intracellular signaling pathways, differences in their

https://doi.org/10.3390/ijms27188191

https://doi.org/10.3390/ijms27188191


Int. J. Mol. Sci. 2026, 27, 8191 7 of 24

tissue distribution, ligand–receptor kinetics, regulatory mechanisms, and cellular context
contribute to distinct physiological and pharmacological effects [6,8,12,14].

GLP-1R and GIPR are highly expressed in pancreatic β-cells. Ligand binding pre-
dominantly activates the stimulatory G protein Gαs, leading to stimulation of adenylate
cyclase and an increase in intracellular cyclic adenosine monophosphate (cAMP). The
resulting activation of protein kinase A (PKA) and exchange protein directly activated
by cAMP 2 (Epac2) facilitates membrane depolarization, calcium influx, mobilization of
insulin-containing granules, and insulin exocytosis. These mechanisms amplify insulin
secretion in a glucose-dependent manner, thereby limiting the risk of hypoglycemia when
incretin receptor agonists are used without insulin or insulin secretagogues [7,8,12].

In addition to their acute effects on insulin secretion, GLP-1R and GIPR signaling
can influence gene transcription, mitochondrial function, cellular stress responses, and
β-cell survival. These longer-term effects involve cAMP-responsive transcription factors
and interactions with phosphoinositide 3-kinase/protein kinase B and mitogen-activated
protein kinase pathways. However, much of the evidence for direct β-cell proliferation and
protection from apoptosis has been obtained from experimental models, and its relevance
to human β-cell biology remains incompletely established [6,8,12].

The suppression of glucagon secretion by GLP-1 is mediated predominantly through
glucose-dependent and indirect intra-islet mechanisms. GLP-1R activation in pancreatic
δ-cells promotes somatostatin secretion, which inhibits α-cell activity and reduces glucagon
release. Direct GLP-1R signaling in human α-cells remains debated because receptor expres-
sion appears low and varies among studies. Consequently, the reduction in hepatic glucose
production observed during GLP-1R agonist therapy is likely to reflect a combination
of reduced glucagon secretion, improved insulin action, delayed nutrient delivery, and
indirect systemic effects [6,7,12].

Within the nervous system, GLP-1R is expressed in defined neuronal populations in
the brainstem, hypothalamus, and other regions involved in appetite, autonomic regulation,
and reward processing. Relevant structures include the nucleus tractus solitarius, area
postrema, paraventricular nucleus, and selected neuronal populations within or connected
to the arcuate nucleus. Pharmacological GLP-1R agonists reduce food intake through
coordinated effects on central circuits and peripheral sensory pathways, including vagal
afferent signaling. Their effects cannot therefore be attributed solely to direct activation of
POMC/CART neurons or inhibition of NPY/AgRP neurons [7,12,14].

GLP-1R has also been identified in selected cell populations within the gastrointesti-
nal, cardiovascular, and renal systems. However, interpretation of its extra-pancreatic
distribution requires caution because receptor abundance is frequently low, expression
varies between species, and some earlier localization studies relied on insufficiently specific
antibodies. Moreover, the cardiovascular and renal benefits of GLP-1R agonists do not
necessarily indicate direct receptor activation within every affected tissue. These outcomes
may also result from weight reduction, improved glycemic control, altered hemodynamics,
decreased inflammation, and interactions among multiple organs [6,7,12,14].

GIPR is abundantly expressed in pancreatic β-cells and is also present in selected neu-
ronal populations, adipose tissue, bone, and the adrenal cortex. In β-cells, GIPR activates
cAMP-dependent pathways similar to those initiated by GLP-1R and contributes substan-
tially to postprandial insulin secretion. In type 2 diabetes, the insulinotropic response
to physiological GIP is markedly reduced, although it may partially recover following
improvement in glycemic control. Outside the pancreas, GIPR signaling influences adi-
pose tissue metabolism, bone remodeling, and selected central nervous system pathways,
although the physiological and pharmacological significance of these actions remains
context-dependent [8,12–14,25,26].
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Pediatric Perspective

The basic mechanisms of GLP-1R and GIPR signaling are likely preserved across dif-
ferent stages of life; however, data regarding developmental changes in receptor expression,
receptor sensitivity, and tissue-specific responses in children and adolescents remain very
limited. At the same time, growth and maturation involve substantial remodeling of the
hypothalamus, hormonal axes, and adipose tissue, which may influence appetite regulation,
energy balance, and metabolic responses [9]. Available clinical studies confirm the efficacy
of GLP-1 receptor agonists in the pediatric population; however, they do not allow for a
precise determination of the extent to which age and developmental stage modify receptor
signaling and the therapeutic response [24,27,28]. For this reason, the biology of GLP-1
and GIP receptors in the pediatric population should not be considered merely as a direct
equivalent of the mechanisms observed in adults.

The complex interplay between peripheral hormonal signals, hypothalamic appetite-
regulating circuits and metabolic tissues, together with the developmental factors influenc-
ing these pathways in children and adolescents is illustrated in Figure 1.

Figure 1. Neuroendocrine regulation of appetite and therapeutic targets of incretin-based therapies
in pediatric obesity. The neuroendocrine regulation of appetite is coordinated by an integrated com-
munication network linking the gastrointestinal tract, hypothalamus, pancreas, adipose tissue, liver,
skeletal muscle, reward pathways, and gut microbiota. Peripheral hormonal signals, including GLP-1,
GIP, peptide YY (PYY), cholecystokinin (CCK), ghrelin, and amylin, together with neural signaling
via the vagus nerve, are integrated within hypothalamic appetite-regulating circuits (POMC/CART
and NPY/AgRP neurons) to maintain energy homeostasis. In pediatric obesity, dysregulation of this
network promotes leptin resistance, insulin resistance, chronic low-grade inflammation, and persistent
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positive energy balance. Developmental processes, including growth, puberty, neuroplasticity,
adipose tissue remodeling, and maturation of the gut microbiota, may further influence these regula-
tory pathways and the response to pharmacological treatment. GLP-1 receptor agonists and dual
GIP/GLP-1 receptor agonists act at multiple levels of this neuroendocrine network, modulating
appetite and metabolic signaling, improving metabolic homeostasis, and ultimately contributing
to clinically meaningful weight reduction and cardiometabolic improvement. Abbreviations: GLP-
1, glucagon-like peptide-1; GIP, glucose-dependent insulinotropic polypeptide; PYY, peptide YY;
CCK, cholecystokinin; POMC, proopiomelanocortin; CART, cocaine- and amphetamine-regulated
transcript; NPY, neuropeptide Y; AgRP, agouti-related peptide.

2.5. Developmental Neurobiology of Arcuate Appetite Circuits: Why the Adolescent Circuit Is Not
a Small Adult Circuit

The arcuate melanocortin system, involving POMC/CART and NPY/AgRP neurons,
develops progressively and remains sensitive to metabolic and hormonal signals. Ex-
perimental studies indicate that leptin and early nutritional exposure can influence the
organization of these circuits, highlighting the developmental dependence of appetite
regulation [29,30]. In humans, although the initial formation of these pathways occurs
predominantly prenatally and during early infancy, childhood and adolescence remain
periods of functional maturation and neuroendocrine plasticity.

Puberty further modifies hypothalamic regulation through changes in gonadal
steroids, leptin signaling, the kisspeptin–GnRH system, and the GH–IGF-1 axis [31].
Because energy availability influences both growth and reproductive function, sus-
tained negative energy balance may potentially affect pubertal progression or growth.
Whether the degree of energy restriction induced by GLP-1-based therapy is sufficient
to produce such effects in adolescents with obesity remains unknown. This uncertainty
supports systematic monitoring of growth and pubertal development in pediatric
trials [32].

The long-term consequences of pharmacological modulation of appetite circuits
during adolescence are also uncertain. GLP-1 receptor agonists act on hypothalamic,
brainstem, vagal, and mesolimbic pathways involved in appetite, satiety, and food
reward [33,34]. However, developmental data on GLP-1R and GIPR expression and
signaling during human puberty are limited, and peripubertal preclinical studies remain
scarce. This represents an important mechanistic evidence gap for the developmental
use of incretin-based therapies.

The Affective and Psychosocial Interface of Feeding Circuits

Appetite-regulating pathways interact with neural systems involved in reward, moti-
vation, and emotion. This may be particularly relevant during adolescence, when reward-
related processes and prefrontal regulatory networks are still undergoing maturation [35].
Although GLP-1 receptor agonists may reduce food-related reward and improve weight-
related quality of life, their effects on broader reward responsiveness, mood, body image,
and eating behavior remain insufficiently studied [33,34].

Future pediatric trials should therefore assess not only metabolic and developmen-
tal outcomes but also relevant psychosocial measures, including mood, body image,
eating behavior, and social functioning. Follow-up beyond active treatment will be
important to determine whether potential benefits and behavioral effects persist after
treatment discontinuation.
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3. From Mechanisms to Therapy: Dual GIP/GLP-1 Agonism
3.1. Rationale for Dual GIP/GLP-1 Agonism

GLP-1 receptor agonists have substantially advanced the pharmacological treatment
of obesity. Nevertheless, the magnitude of weight reduction varies among individuals,
and a plateau commonly emerges during long-term treatment as compensatory mecha-
nisms oppose further weight loss. These limitations have stimulated the development of
unimolecular agents capable of engaging multiple, complementary pathways involved in
appetite regulation and metabolic homeostasis [36,37].

Dual agonists targeting the glucose-dependent insulinotropic polypeptide receptor
(GIPR) and glucagon-like peptide-1 receptor (GLP-1R) were designed to integrate the
actions of two incretin pathways within a single molecule. This approach is intended to
provide broader metabolic effects than selective activation of GLP-1R while maintaining
coordinated pharmacokinetics and receptor engagement [13,25,38].

GLP-1 and GIP exert complementary but non-identical physiological actions. GLP-1
contributes to glucose-dependent insulin secretion, suppression of glucagon secretion,
delayed gastric emptying, and reduced energy intake. GIP is a major postprandial in-
sulinotropic hormone and also influences adipose tissue function, nutrient partitioning,
and, according to experimental evidence, central pathways involved in energy balance.
However, the effects of pharmacological GIPR activation in a dual agonist cannot be
inferred directly from the physiological actions of endogenous GIP [13,25,38].

The role of GIPR signaling in obesity has long appeared paradoxical. Because endoge-
nous GIP can facilitate lipid storage during nutrient excess, GIPR antagonism was initially
proposed as an anti-obesity strategy. Conversely, sustained pharmacological GIPR agonism,
particularly when combined with GLP-1R activation, also produces weight reduction and
metabolic improvement in experimental models. This apparent contradiction indicates
that the metabolic consequences of GIPR signaling depend on the duration and intensity
of receptor activation, metabolic state, tissue context, and simultaneous engagement of
GLP-1R [13,25].

Tirzepatide is the first dual GIP/GLP-1 receptor agonist approved for the treatment of
type 2 diabetes and chronic weight management in adults. Its clinical efficacy establishes
the therapeutic value of dual-receptor agonism, although clinical outcomes alone cannot
determine the relative contribution of GIPR activation, GLP-1R activation, or the specific
pharmacological properties of the molecule [37,39].

3.2. Dual GIP/GLP-1 Receptor Agonists—Mechanism of Action

Tirzepatide is a long-acting peptide engineered from the GIP sequence to activate
both GIPR and GLP-1R. It does not activate the two receptors with identical potency.
Experimental studies characterize tirzepatide as an imbalanced dual agonist with greater
engagement of GIPR than GLP-1R. At GIPR, its activity resembles that of native GIP,
whereas at GLP-1R, it preferentially promotes cAMP generation over β-arrestin recruitment
and induces less receptor internalization than native GLP-1. These signaling properties
may prolong receptor availability and contribute to its metabolic effects, although their
precise clinical relevance remains incompletely defined [13,25,26,40].

3.2.1. Pancreatic and Glycemic Effects

Activation of both receptors enhances glucose-dependent insulin secretion through
complementary signaling in pancreatic β-cells. GIPR and GLP-1R primarily couple to
Gαs, stimulating adenylate cyclase and increasing intracellular cAMP, with subsequent
activation of protein kinase A and Epac2. These pathways promote calcium-dependent
insulin granule exocytosis and amplify insulin secretion when glucose concentrations
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are elevated. GLP-1R activation additionally contributes to the suppression of glucagon
secretion through glucose-dependent and partly indirect mechanisms. Together, these
effects improve postprandial glucose control while maintaining a relatively low in-
trinsic risk of hypoglycemia in the absence of concomitant insulin or insulin secreta-
gogues [6,13,25,26,40].

3.2.2. Regulation of Appetite and Central Nervous System Pathways

Reduced energy intake is a major determinant of the weight loss achieved with
tirzepatide. GLP-1R activation engages vagal, brainstem, and hypothalamic pathways
regulating satiation and satiety. Preclinical studies suggest that central GIPR signaling may
additionally modulate neuronal circuits involved in food intake, nutrient preference, and
reward processing. However, direct evidence demonstrating that GIPR activation enhances
appetite suppression in humans remains limited. The greater weight reduction observed
with tirzepatide therefore cannot yet be attributed conclusively to a specific central synergy
between GIPR and GLP-1R [14,25,26,40].

3.2.3. Effects on Adipose Tissue and Metabolic Function

GIPR is expressed in adipose tissue, where physiological GIP signaling influences lipid
uptake, adipocyte function, and postprandial nutrient storage. Under pharmacological
conditions, sustained GIPR activation combined with GLP-1R agonism may improve
adipose tissue insulin sensitivity, lipid handling, and metabolic flexibility. More effective
storage of lipids within metabolically functional adipose tissue could theoretically limit
ectopic lipid deposition in the liver and skeletal muscle. Nevertheless, these mechanisms
are supported mainly by experimental evidence, and some of the improvements observed
during tirzepatide treatment may be secondary to weight loss and improved glycemic
control rather than direct actions on adipocytes [7,13,25,26,40].

3.2.4. Integrated Metabolic Effects

The efficacy of tirzepatide probably reflects the combined effects of reduced energy
intake, enhanced glucose-dependent insulin secretion, improved insulin sensitivity, and
favorable changes in lipid metabolism and nutrient partitioning. In adults with type 2
diabetes, tirzepatide produced greater reductions in glycated hemoglobin and body weight
than semaglutide 1.0 mg in the SURPASS-2 trial [39]. More importantly for obesity treat-
ment, the head-to-head SURMOUNT-5 trial demonstrated a mean body weight reduction
of 20.2% with tirzepatide and 13.7% with semaglutide 2.4 mg after 72 weeks in adults with
obesity without diabetes [41]. These findings establish the superior efficacy of tirzepatide
under the conditions studied but do not, by themselves, prove a specific molecular synergy
between GIPR and GLP-1R.

Evidence in children and adolescents remains substantially more limited. Results from
SURPASS-PEDS support the glycemic efficacy of tirzepatide in young people with type 2
diabetes, but these findings cannot be directly extrapolated to pediatric obesity. Until results
from dedicated obesity trials become available, the long-term efficacy, developmental safety,
and optimal clinical positioning of dual GIP/GLP-1 receptor agonists in pediatric patients
remain uncertain [42].

The transition from the neuroendocrine mechanisms of incretin action to their clinical
applications in paediatric obesity is illustrated in Figure 2.
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Figure 2. From neuroendocrine mechanisms to clinical translation: evolution of incretin-based
therapies in pediatric obesity. This schematic summarizes how advances in neuroendocrine biology
have been translated into successive generations of incretin-based therapies for pediatric obesity,
from first-generation GLP-1 receptor agonists to emerging multi-agonist approaches. It highlights
the progression from fundamental understanding of gut–brain signaling and energy homeostasis
to clinically implemented GLP-1 receptor agonists, dual GIP/GLP-1 receptor agonists, and future
therapeutic strategies. The horizontal arrows represent the increase in biological complexity across
successive generations of incretin-based interventions. Approved pediatric obesity indications for
liraglutide and semaglutide vary by agent and jurisdiction, whereas tirzepatide remains investi-
gational for pediatric obesity. Abbreviations: GIP, glucose-dependent insulinotropic polypeptide;
GLP-1, glucagon-like peptide-1; GLP-1R, glucagon-like peptide-1 receptor; GIPR, glucose-dependent
insulinotropic polypeptide receptor; POMC, proopiomelanocortin; CART, cocaine- and amphetamine-
regulated transcript; NPY, neuropeptide Y; AgRP, agouti-related peptide.

4. Clinical Evidence for Incretin-Based Therapies in Children
and Adolescents
4.1. Liraglutide

Liraglutide was the first GLP-1 receptor agonist approved for chronic weight manage-
ment in adolescents with obesity. Its efficacy was established in a randomized, double-blind,
placebo-controlled trial involving 251 adolescents aged 12 to <18 years who received liraglu-
tide 3.0 mg once daily or placebo, both combined with lifestyle intervention, for 56 weeks.
The estimated between-group difference in the change in BMI standard deviation score
was −0.22 in favor of liraglutide. A reduction in BMI of at least 5% was achieved by 43.3%
of participants receiving liraglutide and 18.7% receiving placebo, whereas reductions of at
least 10% occurred in 26.1% and 8.1%, respectively [43–45].

The magnitude of weight reduction was moderate compared with that subsequently
reported for semaglutide, but the trial established the clinical efficacy of GLP-1 receptor
agonism in adolescent obesity. Gastrointestinal symptoms, particularly nausea, vomiting,
and diarrhea, were the most frequently reported adverse events. Partial loss of the treatment
effect after discontinuation also indicated that continued therapy may be required to
maintain weight-related benefits [43].

More recent evidence has extended the evaluation of liraglutide to younger children.
In the SCALE Kids trial, 82 children aged 6 to <12 years with obesity were randomly
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assigned to liraglutide or placebo for 56 weeks, in addition to lifestyle intervention. The
mean change in BMI was −5.8% with liraglutide and +1.6% with placebo, corresponding
to an estimated treatment difference of −7.4 percentage points. A BMI reduction of at least
5% was achieved by 46% of children receiving liraglutide compared with 9% receiving
placebo [46].

These findings supported extension of the European indication to children aged
6 to <12 years with obesity and a body weight of at least 45 kg. In the United States,
however, liraglutide remains approved for chronic weight management in adolescents
aged ≥12 years with a body weight above 60 kg. Regulatory indications should therefore
be presented separately according to jurisdiction [44–46].

4.2. Semaglutide

Semaglutide is a long-acting GLP-1 receptor agonist administered once weekly. Its
prolonged half-life and sustained receptor engagement permit less frequent administration
than liraglutide. Although semaglutide has produced greater mean weight reduction
in pediatric trials, no direct head-to-head trial comparing semaglutide with liraglutide
has been conducted in adolescents. Consequently, differences in efficacy should not be
attributed solely to receptor affinity or central nervous system activity [44,45,47].

The pivotal STEP TEENS trial included 201 adolescents aged 12 to <18 years with
obesity or overweight and at least one weight-related comorbidity. Participants received
once-weekly semaglutide 2.4 mg or placebo for 68 weeks, together with lifestyle inter-
vention. The mean percentage change in BMI was −16.1% with semaglutide and +0.6%
with placebo, corresponding to a treatment difference of −16.7 percentage points. At least
5% body weight reduction was achieved by 73% of participants receiving semaglutide
compared with 18% receiving placebo [47].

Semaglutide also produced improvements in waist circumference, glycated hemoglobin,
several lipid parameters, and alanine aminotransferase concentrations. Gastrointestinal ad-
verse events occurred more frequently with semaglutide than with placebo, and cholelithi-
asis was reported in 4% of participants receiving semaglutide. Nevertheless, the overall
safety profile was broadly consistent with that previously observed in adults [47].

Among GLP-1 receptor agonists currently approved for pediatric obesity, semaglu-
tide has produced the largest mean BMI reduction reported in a pivotal randomized trial.
However, available evidence is limited primarily to a single 68-week study. Data regard-
ing treatment beyond adolescence, long-term maintenance of weight reduction, effects
on growth and pubertal development, and outcomes following discontinuation remain
limited [3,47].

4.3. Other GLP-1 Receptor Agonists

Other GLP-1 receptor agonists, particularly exenatide, have also been evaluated in ran-
domized studies involving children and adolescents with obesity. These studies generally
demonstrated modest reductions in BMI and improvements in selected metabolic outcomes
but were limited by small sample sizes, short treatment duration, and heterogeneous study
populations. Neither exenatide nor other GLP-1 receptor agonists evaluated in these earlier
trials are currently approved specifically for pediatric obesity. Nevertheless, their inclusion
is important for presenting the complete development of incretin-based pharmacotherapy
in this population [27,48–51].

4.4. Dual GIP/GLP-1 Receptor Agonists

Tirzepatide is the first dual GIP/GLP-1 receptor agonist approved for type 2 diabetes
and chronic weight management in adults. Its greater efficacy compared with selective
GLP-1 receptor agonism in adult obesity has generated considerable interest in its potential
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pediatric application. However, no randomized trial results evaluating tirzepatide specifi-
cally for obesity in children or adolescents had been published as of July 2026 [37,41,44,45].

Two phase III trials are evaluating tirzepatide in adolescents with obesity. SURMOUNT-
ADOLESCENTS (NCT06075667) includes adolescents with obesity or overweight and at
least one weight-related comorbidity. The study is active but no longer recruiting, and
its results were not publicly available as of July 2026. SURMOUNT-ADOLESCENTS-2
(NCT06439277) is recruiting adolescents with obesity and multiple weight-related comor-
bidities and includes an extended treatment and follow-up period [52].

Indirect pediatric evidence is available from SURPASS-PEDS, a randomized phase III
trial involving 99 participants aged 10 to <18 years with inadequately controlled type 2
diabetes. Tirzepatide produced substantial reductions in glycated hemoglobin and body
mass index; at 30 weeks, the 10 mg dose was associated with an 11.2% reduction in BMI
from baseline. Gastrointestinal symptoms were the most frequently reported adverse
events, and the overall safety profile was consistent with that observed in adults [42].

These findings demonstrate that tirzepatide is pharmacologically active in pediatric
patients, but they cannot be directly extrapolated to children and adolescents treated
for obesity without diabetes. Differences in metabolic phenotype, treatment goals, base-
line glycemic status, and risk–benefit considerations require evidence from dedicated
obesity trials. Until such results become available, liraglutide and semaglutide remain
the only incretin-based agents approved specifically for chronic weight management in
pediatric populations, with indications varying according to age and regulatory jurisdic-
tion [42,44,45].

4.5. Evidence from Meta-Analyses

Available meta-analyses have primarily included studies evaluating liraglutide and
semaglutide; however, due to the lack of published results from randomized pediatric
trials of tirzepatide, dual GIP/GLP-1 receptor agonists have not yet been incorporated into
quantitative efficacy analyses. In recent years, several meta-analyses and systematic reviews
have summarized the efficacy of GLP-1 receptor agonists in children and adolescents
with obesity. The findings of these analyses are consistent and indicate that GLP-1 RA
treatment results in a significantly greater reduction in BMI compared with placebo, as
well as improvements in several metabolic parameters, including insulin resistance, fasting
glucose levels, and lipid profile [48–51].

Recent meta-analyses provide a broader assessment of GLP-1 receptor agonist efficacy
than individual pediatric trials. Sedenho-Prado et al. included eight randomized stud-
ies comprising 715 children and adolescents with obesity and demonstrated significant
reductions in BMI, body weight, and waist circumference with GLP-1 receptor agonists
compared with control treatment. The pooled analysis also showed a modest reduction in
systolic blood pressure, whereas significant effects on lipid parameters, HbA1c, and fasting
glucose were not consistently observed [53].

A more recent meta-analysis by Chen et al., comprising 14 randomized controlled
trials and 1349 participants, confirmed significant reductions in body weight and BMI
and additionally demonstrated modest improvements in HbA1c and fasting glucose. Im-
portantly, this analysis included several GLP-1 receptor agonists—liraglutide, exenatide,
semaglutide, and dulaglutide—indicating that the observed effect is not restricted to the
two agents currently most commonly used for pediatric obesity [54].

Comparative evidence is provided by the network meta-analysis of Liu et al., which
included 11 randomized trials with 953 participants and directly and indirectly compared
semaglutide, liraglutide, exenatide, and dulaglutide. Semaglutide was associated with the
greatest reductions in body weight, BMI, and BMI z-score and ranked as the most effective
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of the evaluated GLP-1 receptor agonists for anthropometric outcomes [49]. However, these
findings should be interpreted cautiously because the differences between agents were
based predominantly on indirect comparisons across trials differing in treatment duration,
dose, study population, and concomitant lifestyle intervention rather than on head-to-head
randomized comparisons.

Across pooled analyses, gastrointestinal adverse events, particularly nausea and
vomiting, were more frequent with GLP-1 receptor agonists than with placebo, although
treatment discontinuation was uncommon. Available meta-analyses remain insufficiently
powered to assess uncommon adverse events or long-term safety outcomes, particularly
those related to growth, pubertal development, gallbladder disease, pancreatitis, and the
consequences of prolonged exposure beginning in childhood [48–51,53,54].

Notably, current pediatric meta-analyses primarily evaluate selective GLP-1 recep-
tor agonists. Published randomized obesity trials of tirzepatide in children and adoles-
cents were not available as of July 2026; therefore, dual GIP/GLP-1 receptor agonism has
not yet been incorporated into quantitative evidence syntheses specifically addressing
pediatric obesity.

4.6. Body Composition, Bone Accrual, Growth and Puberty: A Critical Evidence Gap

Changes in BMI alone provide limited information on the composition and develop-
mental consequences of weight loss in adolescents. Adult data suggest that approximately
25–33% of weight lost during treatment with GLP-1 receptor agonists or tirzepatide may
be derived from lean mass. In the SURMOUNT-1 trial, approximately 75% of weight loss
was attributable to fat mass and 25% to lean mass [55]. Whether a similar pattern occurs in
adolescents remains uncertain. Although pediatric trials of liraglutide and semaglutide
have demonstrated clinically meaningful reductions in BMI, comprehensive assessment
of body composition using dual-energy X-ray absorptiometry (DXA) (GE HealthCare,
Chicago, Illinois, United States)has not been a primary endpoint in these studies [43,47].
Consequently, the extent to which pharmacological weight loss during adolescence affects
adipose tissue relative to lean mass remains insufficiently characterized.

This question is particularly relevant during adolescence, a critical period of skeletal
growth and bone mineral accrual. Bone development is influenced by linear growth,
pubertal maturation, body composition, physical activity, and nutritional status [56,57].
Although weight reduction may improve insulin sensitivity and reduce obesity-related
metabolic and inflammatory abnormalities, prolonged negative energy balance and reduced
mechanical loading could potentially limit lean tissue accretion and bone formation [57,58].
Moreover, the effects of sustained GIP receptor agonism on the developing skeleton remain
unknown. Thus, the overall impact of incretin-based pharmacotherapy on bone accrual
during adolescence cannot currently be established.

Potential effects on linear growth and pubertal development also warrant considera-
tion. Energy availability interacts with the GH–IGF-1 and hypothalamic–pituitary–gonadal
axes, while changes in adipose tissue may influence leptin signaling and the kisspeptin–
GnRH pathway. However, current evidence is insufficient to determine whether the
magnitude or rate of weight loss achieved with GLP-1/GIP receptor agonists can meaning-
fully affect growth velocity, pubertal tempo, menstrual regularity, or ultimately attained
adult height. Importantly, existing pediatric trials were neither designed nor powered to
evaluate these outcomes across the full course of growth and maturation [43,47,59].

Interpretation is further complicated by the effects of obesity itself on growth and pu-
bertal development. Childhood obesity may be associated with accelerated linear growth,
advanced bone age, and earlier pubertal development, particularly in girls [59,60]. There-
fore, a reduction in growth velocity or a change in pubertal progression during treatment
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should not automatically be interpreted as treatment-related developmental suppression;
in some cases, it may instead reflect a shift toward a more physiologically appropriate
developmental trajectory. Distinguishing between these possibilities requires longitudi-
nal assessment of growth velocity, bone age, pubertal staging, body composition, and,
ultimately, attained adult height.

Until such evidence becomes available, pediatric treatment with GLP-1-based thera-
pies should be accompanied by attention to nutritional adequacy, particularly with respect
to protein, calcium, and vitamin D intake, together with regular physical activity, including
resistance exercise. Future clinical trials should incorporate standardized longitudinal
assessments of body composition, bone health, growth, and pubertal development to deter-
mine whether the metabolic benefits of pharmacological weight reduction can be achieved
without compromising normal adolescent development.

5. Clinical Implementation of GLP-1 Receptor Agonists in
Pediatric Obesity
5.1. Indications and Patient Selection

Pediatric obesity is a chronic, relapsing disease that may require the early integration
of pharmacotherapy into comprehensive treatment. The American Academy of Pedi-
atrics recommends offering weight-management pharmacotherapy to adolescents aged
≥12 years with obesity, according to medication-specific indications, risks, and benefits, as
an adjunct to intensive health behavior and lifestyle treatment. Importantly, initiation of
pharmacotherapy does not require documented failure of lifestyle intervention. Instead,
treatment intensity should be matched to obesity severity, the presence of complications,
and the individual needs of the patient [1–3,51].

Regulatory indications vary by jurisdiction and should therefore be stated precisely. In
the European Union, liraglutide is approved for adolescents aged ≥12 years with obesity
and a body weight >60 kg and, following an extension of its indication based on the SCALE
Kids trial, children aged 6 to <12 years with obesity and a body weight ≥45 kg. In the
United States, liraglutide is currently approved for adolescents aged ≥12 years with obesity
and a body weight >60 kg. Semaglutide is approved in both the European Union and the
United States for weight management in adolescents aged ≥12 years with obesity; the
European indication additionally requires a body weight >60 kg [44,45].

Patient selection should account for age and local regulatory indications, obesity
severity, developmental stage, previous treatment history, obesity-related complications,
contraindications, concomitant medications, and the preferences and readiness of the
patient and family. The presence of prediabetes or type 2 diabetes mellitus, hyperten-
sion, dyslipidemia, metabolic dysfunction-associated steatotic liver disease (MASLD),
obstructive sleep apnea, polycystic ovary syndrome, orthopedic complications, or clinically
significant psychosocial impairment may increase the urgency of pharmacological inter-
vention. However, pharmacotherapy should not be restricted exclusively to patients who
have already developed such complications when medication-specific obesity criteria are
otherwise fulfilled [1–3,51].

As of 2026, tirzepatide is not approved for the treatment of pediatric obesity. Although
it has received authorization for the treatment of type 2 diabetes mellitus in pediatric
patients aged ≥10 years in the United States and the European Union, its use specifically
for obesity in children and adolescents remains investigational [44,45].

5.2. Positioning of Pharmacotherapy Within Comprehensive Obesity Care

Pharmacotherapy should be integrated with, rather than sequentially added after,
intensive health behavior and lifestyle treatment. Comprehensive care should include age-
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appropriate nutritional support, physical activity, behavioral strategies, family involvement,
and psychological support when indicated. The purpose of these interventions is not only
to enhance weight reduction but also to support nutritional adequacy, physical fitness,
psychological well-being, and the long-term sustainability of treatment outcomes [1–3].

Treatment goals should extend beyond changes in BMI and include improvement
in metabolic health, obesity-related complications, physical functioning, quality of life,
and control of hunger and eating-related distress. GLP-1 receptor agonists may facili-
tate adherence to nutritional interventions by reducing hunger, increasing satiety, and
decreasing energy intake; nevertheless, they do not replace the broader components of
multidisciplinary obesity care [1–3,51].

The decision to initiate treatment should be based on shared decision-making involv-
ing the patient, caregivers, and multidisciplinary clinical team. The expected benefits
should be balanced against possible adverse events, injection burden, treatment accessi-
bility, costs, family preferences, and the likelihood that long-term therapy will be feasible.
Patients and caregivers should be informed that obesity is a chronic disease and that
pharmacotherapy may require prolonged administration to maintain its effects [1–3,51].

5.3. Initiation, Monitoring, and Long-Term Management

Before treatment initiation, clinical assessment should include anthropometric mea-
surements, blood pressure, growth velocity, pubertal development, obesity-related compli-
cations, concomitant medications, and potential contraindications. Laboratory evaluation
should be individualized according to age and clinical presentation and may include as-
sessment of glucose metabolism, lipid profile, and liver function. Mental health, disordered
eating, and the possible presence of an eating disorder should also be evaluated before and
during therapy [1–3,44,45,47].

GLP-1 receptor agonists should be initiated and titrated according to the product-
specific prescribing information. Gradual dose escalation is important for reducing gastroin-
testinal adverse events. Patients and caregivers should receive counseling regarding nausea,
vomiting, diarrhea, constipation, hydration, and symptoms that may indicate gallbladder
disease or pancreatitis. The risk of hypoglycemia is generally low when GLP-1 receptor
agonists are used without insulin or insulin secretagogues but should be considered in
patients receiving these medications for concomitant diabetes [44,45,47].

Follow-up should include assessment of treatment efficacy, tolerability, adherence,
nutritional intake, and psychosocial well-being. Therapeutic response should be evaluated
using age-appropriate measures, including BMI trajectory, BMI z-score or percentage of
the 95th BMI percentile, as well as changes in obesity-related complications and quality
of life. Particular attention should be given to growth velocity and pubertal development
because the long-term developmental effects of incretin-based therapy remain incompletely
characterized [1–3,44,45,47].

Continuation or discontinuation criteria should follow the relevant product informa-
tion and local guidelines, as no single response threshold applies universally to all GLP-1
receptor agonists. In patients with an inadequate response, clinicians should reassess ad-
herence, dose escalation, tolerability, concomitant medications, secondary causes of weight
gain, and the need for alternative or additional treatment strategies, this is illustrated in
Figure 3. These may include another anti-obesity medication or, in appropriately selected
adolescents with severe obesity, evaluation for metabolic and bariatric surgery [1,44,45,47].
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Figure 3. Clinical algorithm for the use of GLP-1 receptor agonists within comprehensive pediatric
obesity care. This algorithm summarizes a stepwise approach to the management of pediatric obesity,
integrating lifestyle intervention as the foundation of treatment with evidence-based use of incretin
therapy in selected patients. Eligibility for pharmacotherapy is assessed at the initial evaluation
and reconsidered during follow-up; medication is used as an adjunct to comprehensive obesity care
when indicated. Ongoing management includes regular monitoring of treatment efficacy, safety and
tolerability, growth and pubertal development, adherence, and psychosocial well-being. In patients
with inadequate response, further therapeutic optimization and, in selected adolescents with severe
obesity, consideration of metabolic and bariatric surgery may be appropriate following comprehensive
multidisciplinary evaluation. Abbreviations: BMI, body mass index; GLP-1, glucagon-like peptide-1;
IHBLT, intensive health behavior and lifestyle treatment.

Discontinuation should be planned carefully because weight regain commonly occurs
after withdrawal of incretin-based therapy. Continued nutritional, behavioral, and clini-
cal support is therefore essential, regardless of whether pharmacotherapy is maintained,
changed, or discontinued [2,43].

5.4. Tolerability, Adherence and Treatment Discontinuation in Real-World Pediatric Practice

Adverse-event profiles reported in registration trials may not fully reflect the treatment
burden associated with tolerability in routine pediatric practice. Trial participants are
subject to close monitoring, structured dose escalation, and regular support, whereas
these conditions may not always be available in routine care. Real-world data in adults
indicate that a substantial proportion of patients discontinue incretin-based therapies within
12 months, with gastrointestinal symptoms, treatment costs, and loss of perceived benefit
among commonly reported reasons. Pediatric real-world data remain limited, although
emerging observational evidence suggests that treatment discontinuation may also be
substantial in this population [47,61].
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In the pediatric population, weekly subcutaneous injections, needle-related anxiety,
and persistent nausea and vomiting may be particularly relevant and may negatively affect
school attendance, physical activity, and social functioning. These symptoms may lead
to missed doses without informing healthcare providers. Chronic nausea and reduced
food intake may also have nutritional consequences during a period of rapid growth,
particularly regarding the intake of protein, calcium, iron, and other micronutrients. This
further highlights the importance of adequate nutritional monitoring and assessment of
body composition during pharmacological weight management [62].

Adverse events should also be interpreted in absolute rather than solely relative terms.
Cholelithiasis occurred in approximately 4% of adolescents treated with semaglutide
in the STEP TEENS trial, compared with none in the placebo group, representing an
important safety signal in this age group. Some cases of acute gallbladder disease required
intervention. Rapid or substantial weight loss is a recognized risk factor for gallstone
formation, although the increased incidence of gallbladder disease may not be explained
solely by the degree of weight loss [47]. Although pancreatitis is rare, it remains a clinically
relevant potential adverse event that should be considered when discussing the risks and
benefits of treatment with patients and their families [45].

In clinical practice, treatment effectiveness depends not only on the pharmacological
efficacy of the drug but also on adherence and the ability to maintain therapy over the
long term. Future pediatric studies should therefore systematically assess adherence, the
frequency and reasons for treatment discontinuation, and effectiveness under conditions
that more closely reflect routine clinical practice. Long-term pediatric registries should
also be established to evaluate the tolerability, safety, treatment persistence, and real-world
effectiveness of incretin-based therapies.

5.5. Ethical and Economic Implications of Potentially Indefinite Therapy

Weight regain after treatment discontinuation has been observed with incretin-based
therapies and reflects their effects on the mechanisms regulating energy balance rather than
treatment “failure.” Partial loss of treatment effects has been observed after liraglutide dis-
continuation in adolescents, while a loss of some of the treatment benefit was observed after
treatment withdrawal in the STEP TEENS trial [47,61]. In adults, a substantial proportion
of lost weight may be regained within one year after treatment discontinuation; in the STEP
1 trial extension, participants regained approximately two-thirds of their prior weight loss
within one year after semaglutide withdrawal [62]. Thus, treatment initiated during the pe-
diatric period may, based on current evidence, require long-term and potentially indefinite
continuation, an issue that should be considered when making treatment decisions.

High treatment costs may limit access to therapy, particularly in the absence of full
reimbursement, and may lead to treatment interruptions related to changes in the family’s
financial circumstances [45].

6. Future Perspectives for Incretin-Based Therapies in Pediatric Obesity
Despite the short-term efficacy demonstrated in current clinical trials, major questions

remain regarding the long-term use of GLP-1 receptor agonists and dual GIP/GLP-1
receptor agonists in children and adolescents. Of particular importance are their potential
effects on linear growth, pubertal development, bone health, body composition, nutritional
status, and neurodevelopment. Long-term studies are also needed to determine whether the
metabolic benefits observed during treatment translate into sustained reductions in obesity-
related morbidity and whether these benefits can be maintained after pharmacotherapy is
discontinued [2,3,43,47,48,50].
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Dual GIP/GLP-1 receptor agonism has not been evaluated in any randomized trial of
pediatric obesity without diabetes, and tirzepatide is not approved for this indication in
any jurisdiction. Studies conducted in adults indicate that simultaneous activation of both
receptors may produce greater weight reduction and more favorable effects on glucose
and lipid metabolism than selective GLP-1 receptor agonism. However, experience with
this drug class in the pediatric population remains limited. Dedicated randomized trials
are therefore required to establish its efficacy, developmental safety, optimal dosing, and
long-term risk–benefit profile in children and adolescents with obesity [7,13,37,41,42].

The developmental questions identified throughout this review—the tissue composi-
tion of pharmacologically induced weight loss, bone mineral accrual during the pubertal
window, height velocity and pubertal tempo, nutritional adequacy during sustained ap-
petite suppression, and the development of eating behavior and interoceptive regulation—
share a common structure: each is mechanistically plausible, none has been measured in
a pediatric trial, and each requires follow-up extending beyond the 56- to 68-week hori-
zon of the existing evidence. Prioritizing these outcomes in the design of ongoing and
future pediatric trials is, in our view, more consequential for this population than further
characterization of short-term anthropometric efficacy.

An important and largely unexplored area is the effect of GLP-1 and dual GIP/GLP-1
receptor agonists on the developing respiratory system. Pediatric obesity is associated
with impaired respiratory mechanics, obstructive sleep apnea, and a more severe course
of childhood asthma; consequently, treatment-induced weight reduction may indirectly
improve respiratory outcomes. Preclinical studies and emerging evidence from adults
additionally suggest that GLP-1 receptor signaling may modulate airway inflammation
and immune responses, although direct respiratory effects independent of weight loss have
not been established in pediatric populations. Future studies should therefore incorporate
respiratory outcomes, including pulmonary function, asthma control, sleep-disordered
breathing, and exercise tolerance, while also evaluating the long-term safety of these
therapies in the developing respiratory system [1,63,64].

Another major challenge is the substantial interindividual variability in therapeutic
response. Future research should aim to identify clinical, metabolic, genetic, behavioral,
and developmental predictors of treatment efficacy and tolerability. Such markers could
facilitate selection of the most appropriate medication, support individualized dose esca-
lation, and identify patients who may require alternative or combined treatment strate-
gies. Particular attention should also be given to the preservation of lean mass and bone
health, nutritional adequacy during rapid weight loss, and the psychological effects of
long-term treatment.

Finally, the optimal duration of therapy remains uncertain. Because weight regain fre-
quently occurs after treatment withdrawal, studies should evaluate maintenance strategies,
including continued treatment at individualized doses, structured lifestyle support, sequen-
tial pharmacotherapy, and carefully planned discontinuation. As incretin-based therapies
become increasingly available, their successful implementation will depend not only on
efficacy but also on long-term safety, accessibility, treatment adherence, and integration
into comprehensive, developmentally appropriate pediatric obesity care [2,43,47].

7. Conclusions
Incretin-based therapies translate advances in the understanding of gut–brain signal-

ing into mechanism-based treatment of pediatric obesity. By targeting neuroendocrine
pathways involved in appetite, satiety, gastric emptying, and glucose homeostasis, GLP-1
receptor agonists can produce clinically meaningful reductions in BMI and improvements
in selected cardiometabolic risk markers when integrated into comprehensive obesity care.
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Among currently available agents, semaglutide has produced the largest mean BMI reduc-
tion reported in a randomized trial involving adolescents, whereas liraglutide has provided
evidence across a broader pediatric age range, including children aged 6 to <12 years.

However, current evidence is based predominantly on trials of limited duration
and does not yet establish durable prevention of obesity-related morbidity or long-term
developmental safety. Dual GIP/GLP-1 receptor agonism is mechanistically plausible but
has not been evaluated in pediatric obesity, and its role must be defined by dedicated clinical
trials. Incretin-based therapies should therefore be integrated with nutritional, behavioral,
psychological, and family-based interventions, with individualized patient selection and
careful monitoring of growth, pubertal development, nutritional status, mental health, body
composition, and adverse events. The central challenge is now to determine whether the
substantial short-term efficacy of these therapies can be translated into durable, accessible,
and developmentally safe benefits throughout childhood and adolescence.

Author Contributions: Conceptualization, E.W.; methodology, D.M. and E.W.; investigation, D.M.
and E.W.; writing—original draft preparation, D.M. and E.W.; writing—review and editing, M.M.,
A.M. and E.W.; visualization, E.W.; supervision, M.M. and E.W.; project administration, E.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References
1. Hampl, S.E.; Hassink, S.G.; Skinner, A.C.; Armstrong, S.C.; Barlow, S.E.; Bolling, C.F.; Avila Edwards, K.C.; Eneli, I.; Hamre, R.;

Joseph, M.M.; et al. Clinical Practice Guideline for the Evaluation and Treatment of Children and Adolescents with Obesity.
Pediatrics 2023, 151, e2022060640. [CrossRef] [PubMed]

2. Kelly, A.S. Current and Future Pharmacotherapies for Obesity in Children and Adolescents. Nat. Rev. Endocrinol. 2023, 19,
534–541. [CrossRef] [PubMed]

3. Jebeile, H.; Kelly, A.S.; O’Malley, G.; Baur, L.A. Obesity in Children and Adolescents: Epidemiology, Causes, Assessment, and
Management. Lancet Diabetes Endocrinol. 2022, 10, 351–365. [CrossRef] [PubMed]

4. Holst, J.J. The Physiology of Glucagon-like Peptide 1. Physiol. Rev. 2007, 87, 1409–1439. [CrossRef] [PubMed]
5. Timper, K.; Brüning, J.C. Hypothalamic Circuits Regulating Appetite and Energy Homeostasis: Pathways to Obesity. Dis. Model.

Mech. 2017, 10, 679–689. [CrossRef] [PubMed]
6. Drucker, D.J. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740–756.

[CrossRef] [PubMed]
7. Drucker, D.J. GLP-1-Based Therapies for Diabetes, Obesity and Beyond. Nat. Rev. Drug Discov. 2025, 24, 631–650, Correction in

2025, 24, 570. [CrossRef] [PubMed]
8. Baggio, L.L.; Drucker, D.J. Biology of Incretins: GLP-1 and GIP. Gastroenterology 2007, 132, 2131–2157. [CrossRef] [PubMed]
9. Naulé, L.; Maione, L.; Kaiser, U.B. Puberty, A Sensitive Window of Hypothalamic Development and Plasticity. Endocrinology 2021,

162, bqaa209. [CrossRef] [PubMed]
10. Sisk, C.L.; Foster, D.L. The Neural Basis of Puberty and Adolescence. Nat. Neurosci. 2004, 7, 1040–1047. [CrossRef] [PubMed]
11. Placzek, M.; Chinnaiya, K.; Kim, D.W.; Blackshaw, S. Control of Tuberal Hypothalamic Development and Its Implications in

Metabolic Disorders. Nat. Rev. Endocrinol. 2025, 21, 118–130. [CrossRef] [PubMed]
12. Zheng, Z.; Zong, Y.; Ma, Y.; Tian, Y.; Pang, Y.; Zhang, C.; Gao, J. Glucagon-like Peptide-1 Receptor: Mechanisms and Advances in

Therapy. Signal Transduct. Target. Ther. 2024, 9, 234. [CrossRef] [PubMed]
13. Finan, B.; Ma, T.; Ottaway, N.; Müller, T.D.; Habegger, K.M.; Heppner, K.M.; Kirchner, H.; Holland, J.; Hembree, J.; Raver, C.; et al.

Unimolecular Dual Incretins Maximize Metabolic Benefits in Rodents, Monkeys, and Humans. Sci. Transl. Med. 2013, 5, 209ra151.
[CrossRef] [PubMed]

14. Müller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habener, J.F.; et al.
Glucagon-like Peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27188191

https://doi.org/10.1542/peds.2022-060640
https://www.ncbi.nlm.nih.gov/pubmed/36622115
https://doi.org/10.1038/s41574-023-00858-9
https://www.ncbi.nlm.nih.gov/pubmed/37337008
https://doi.org/10.1016/S2213-8587(22)00047-X
https://www.ncbi.nlm.nih.gov/pubmed/35248172
https://doi.org/10.1152/physrev.00034.2006
https://www.ncbi.nlm.nih.gov/pubmed/17928588
https://doi.org/10.1242/dmm.026609
https://www.ncbi.nlm.nih.gov/pubmed/28592656
https://doi.org/10.1016/j.cmet.2018.03.001
https://www.ncbi.nlm.nih.gov/pubmed/29617641
https://doi.org/10.1038/s41573-025-01183-8
https://www.ncbi.nlm.nih.gov/pubmed/40281304
https://doi.org/10.1053/j.gastro.2007.03.054
https://www.ncbi.nlm.nih.gov/pubmed/17498508
https://doi.org/10.1210/endocr/bqaa209
https://www.ncbi.nlm.nih.gov/pubmed/33175140
https://doi.org/10.1038/nn1326
https://www.ncbi.nlm.nih.gov/pubmed/15452575
https://doi.org/10.1038/s41574-024-01036-1
https://www.ncbi.nlm.nih.gov/pubmed/39313573
https://doi.org/10.1038/s41392-024-01931-z
https://www.ncbi.nlm.nih.gov/pubmed/39289339
https://doi.org/10.1126/scitranslmed.3007218
https://www.ncbi.nlm.nih.gov/pubmed/24174327
https://doi.org/10.1016/j.molmet.2019.09.010
https://www.ncbi.nlm.nih.gov/pubmed/31767182
https://doi.org/10.3390/ijms27188191


Int. J. Mol. Sci. 2026, 27, 8191 22 of 24

15. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef] [PubMed]

16. Agirman, G.; Yu, K.B.; Hsiao, E.Y. Signaling Inflammation across the Gut-Brain Axis. Science 2021, 374, 1087–1092. [CrossRef]
[PubMed]

17. Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and Clinical Implications of the Brain–Gut–Enteric Microbiota Axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306–314. [CrossRef] [PubMed]

18. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

19. Blüher, M. Obesity: Global Epidemiology and Pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288–298. [CrossRef] [PubMed]
20. Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomqvist, L.; Hoffstedt, J.; Näslund, E.;

Britton, T.; et al. Dynamics of Fat Cell Turnover in Humans. Nature 2008, 453, 783–787. [CrossRef] [PubMed]
21. Weihrauch-Blüher, S.; Wiegand, S. Risk Factors and Implications of Childhood Obesity. Curr. Obes. Rep. 2018, 7, 254–259.

[CrossRef] [PubMed]
22. Calcaterra, V.; Regalbuto, C.; Porri, D.; Pelizzo, G.; Mazzon, E.; Vinci, F.; Zuccotti, G.; Fabiano, V.; Cena, H. Inflammation

in Obesity-Related Complications in Children: The Protective Effect of Diet and Its Potential Role as a Therapeutic Agent.
Biomolecules 2020, 10, 1324. [CrossRef] [PubMed]

23. Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in Inflammation and Metabolic Disease. Nat. Rev. Immunol. 2011, 11,
85–97. [CrossRef] [PubMed]

24. Orsso, C.E.; Colin-Ramirez, E.; Field, C.J.; Madsen, K.L.; Prado, C.M.; Haqq, A.M. Adipose Tissue Development and Expansion
from the Womb to Adolescence: An Overview. Nutrients 2020, 12, 2735. [CrossRef] [PubMed]

25. Coskun, T.; Sloop, K.W.; Loghin, C.; Alsina-Fernandez, J.; Urva, S.; Bokvist, K.B.; Cui, X.; Briere, D.A.; Cabrera, O.; Roell, W.C.;
et al. LY3298176, a Novel Dual GIP and GLP-1 Receptor Agonist for the Treatment of Type 2 Diabetes Mellitus: From Discovery
to Clinical Proof of Concept. Mol. Metab. 2018, 18, 3–14. [CrossRef] [PubMed]

26. Samms, R.J.; Coghlan, M.P.; Sloop, K.W. How May GIP Enhance the Therapeutic Efficacy of GLP-1? Trends Endocrinol. Metab.
2020, 31, 410–421. [CrossRef] [PubMed]

27. Ryan, P.M.; Seltzer, S.; Hayward, N.E.; Rodriguez, D.A.; Sless, R.T.; Hawkes, C.P. Safety and Efficacy of Glucagon-Like Peptide-1
Receptor Agonists in Children and Adolescents with Obesity: A Meta-Analysis. J. Pediatr. 2021, 236, 137–147.e13. [CrossRef]
[PubMed]

28. Stefater-Richards, M.A.; Jhe, G.; Zhang, Y.J. GLP-1 Receptor Agonists in Pediatric and Adolescent Obesity. Pediatrics 2025,
155, e2024068119. [CrossRef] [PubMed]

29. Bouret, S.G.; Draper, S.J.; Simerly, R.B. Formation of Projection Pathways from the Arcuate Nucleus of the Hypothalamus to
Hypothalamic Regions Implicated in the Neural Control of Feeding Behavior in Mice. J. Neurosci. 2004, 24, 2797–2805. [CrossRef]
[PubMed]

30. Ahima, R.S.; Prabakaran, D.; Flier, J.S. Postnatal Leptin Surge and Regulation of Circadian Rhythm of Leptin by Feeding.
Implications for Energy Homeostasis and Neuroendocrine Function. J. Clin. Investig. 1998, 101, 1020–1027. [CrossRef] [PubMed]

31. Gothié, J.-D.; Demeneix, B.; Remaud, S. Comparative Approaches to Understanding Thyroid Hormone Regulation of Neurogene-
sis. Mol. Cell. Endocrinol. 2017, 459, 104–115. [CrossRef] [PubMed]

32. Saenger, P.; Czernichow, P.; Hughes, I.; Reiter, E.O. Small for Gestational Age: Short Stature and Beyond. Endocr. Rev. 2007, 28,
219–251. [CrossRef] [PubMed]

33. Sisley, S.; Gutierrez-Aguilar, R.; Scott, M.; D’Alessio, D.A.; Sandoval, D.A.; Seeley, R.J. Neuronal GLP1R Mediates Liraglutide’s
Anorectic but Not Glucose-Lowering Effect. J. Clin. Investig. 2014, 124, 2456–2463. [CrossRef] [PubMed]

34. Reddy, I.A.; Stanwood, G.D.; Galli, A. Moving beyond Energy Homeostasis: New Roles for Glucagon-like Peptide-1 in Food and
Drug Reward. Neurochem. Int. 2014, 73, 49–55. [CrossRef] [PubMed]

35. Crone, E.A.; Dahl, R.E. Understanding Adolescence as a Period of Social–Affective Engagement and Goal Flexibility. Nat. Rev.
Neurosci. 2012, 13, 636–650. [CrossRef] [PubMed]

36. Wilding, J.P.H.; Batterham, R.L.; Calanna, S.; Davies, M.; Van Gaal, L.F.; Lingvay, I.; McGowan, B.M.; Rosenstock, J.; Tran, M.T.D.;
Wadden, T.A.; et al. Once-Weekly Semaglutide in Adults with Overweight or Obesity. N. Engl. J. Med. 2021, 384, 989–1002.
[CrossRef] [PubMed]

37. Jastreboff, A.M.; Aronne, L.J.; Ahmad, N.N.; Wharton, S.; Connery, L.; Alves, B.; Kiyosue, A.; Zhang, S.; Liu, B.; Bunck, M.C.; et al.
Tirzepatide Once Weekly for the Treatment of Obesity. N. Engl. J. Med. 2022, 387, 205–216. [CrossRef] [PubMed]

38. Campbell, J.E.; Drucker, D.J. Islet α Cells and Glucagon—Critical Regulators of Energy Homeostasis. Nat. Rev. Endocrinol. 2015,
11, 329–338. [CrossRef] [PubMed]

39. Frías, J.P.; Davies, M.J.; Rosenstock, J.; Pérez Manghi, F.C.; Fernández Landó, L.; Bergman, B.K.; Liu, B.; Cui, X.; Brown, K.
Tirzepatide versus Semaglutide Once Weekly in Patients with Type 2 Diabetes. N. Engl. J. Med. 2021, 385, 503–515. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27188191

https://doi.org/10.1152/physrev.00018.2018
https://www.ncbi.nlm.nih.gov/pubmed/31460832
https://doi.org/10.1126/science.abi6087
https://www.ncbi.nlm.nih.gov/pubmed/34822299
https://doi.org/10.1038/nrgastro.2009.35
https://www.ncbi.nlm.nih.gov/pubmed/19404271
https://doi.org/10.3389/fendo.2020.00025
https://www.ncbi.nlm.nih.gov/pubmed/32082260
https://doi.org/10.1038/s41574-019-0176-8
https://www.ncbi.nlm.nih.gov/pubmed/30814686
https://doi.org/10.1038/nature06902
https://www.ncbi.nlm.nih.gov/pubmed/18454136
https://doi.org/10.1007/s13679-018-0320-0
https://www.ncbi.nlm.nih.gov/pubmed/30315490
https://doi.org/10.3390/biom10091324
https://www.ncbi.nlm.nih.gov/pubmed/32947869
https://doi.org/10.1038/nri2921
https://www.ncbi.nlm.nih.gov/pubmed/21252989
https://doi.org/10.3390/nu12092735
https://www.ncbi.nlm.nih.gov/pubmed/32911676
https://doi.org/10.1016/j.molmet.2018.09.009
https://www.ncbi.nlm.nih.gov/pubmed/30473097
https://doi.org/10.1016/j.tem.2020.02.006
https://www.ncbi.nlm.nih.gov/pubmed/32396843
https://doi.org/10.1016/j.jpeds.2021.05.009
https://www.ncbi.nlm.nih.gov/pubmed/33984333
https://doi.org/10.1542/peds.2024-068119
https://www.ncbi.nlm.nih.gov/pubmed/40031990
https://doi.org/10.1523/JNEUROSCI.5369-03.2004
https://www.ncbi.nlm.nih.gov/pubmed/15028773
https://doi.org/10.1172/JCI1176
https://www.ncbi.nlm.nih.gov/pubmed/9486972
https://doi.org/10.1016/j.mce.2017.05.020
https://www.ncbi.nlm.nih.gov/pubmed/28545819
https://doi.org/10.1210/er.2006-0039
https://www.ncbi.nlm.nih.gov/pubmed/17322454
https://doi.org/10.1172/JCI72434
https://www.ncbi.nlm.nih.gov/pubmed/24762441
https://doi.org/10.1016/j.neuint.2013.10.003
https://www.ncbi.nlm.nih.gov/pubmed/24140429
https://doi.org/10.1038/nrn3313
https://www.ncbi.nlm.nih.gov/pubmed/22903221
https://doi.org/10.1056/NEJMoa2032183
https://www.ncbi.nlm.nih.gov/pubmed/33567185
https://doi.org/10.1056/NEJMoa2206038
https://www.ncbi.nlm.nih.gov/pubmed/35658024
https://doi.org/10.1038/nrendo.2015.51
https://www.ncbi.nlm.nih.gov/pubmed/25850661
https://doi.org/10.1056/NEJMoa2107519
https://www.ncbi.nlm.nih.gov/pubmed/34170647
https://doi.org/10.3390/ijms27188191


Int. J. Mol. Sci. 2026, 27, 8191 23 of 24

40. Willard, F.S.; Douros, J.D.; Gabe, M.B.N.; Showalter, A.D.; Wainscott, D.B.; Suter, T.M.; Capozzi, M.E.; van der Velden, W.J.C.;
Stutsman, C.; Cardona, G.R.; et al. Tirzepatide Is an Imbalanced and Biased Dual GIP and GLP-1 Receptor Agonist. JCI Insight
2020, 5, e140532. [CrossRef] [PubMed]

41. Aronne, L.J.; Horn, D.B.; le Roux, C.W.; Ho, W.; Falcon, B.L.; Gomez Valderas, E.; Das, S.; Lee, C.J.; Glass, L.C.; Senyucel, C.; et al.
Tirzepatide as Compared with Semaglutide for the Treatment of Obesity. N. Engl. J. Med. 2025, 393, 26–36. [CrossRef] [PubMed]

42. Hannon, T.S.; Chao, L.C.; Barrientos-Pérez, M.; Pamidipati, K.C.; Landó, L.F.; Lee, C.J.; Patel, H.; Bergman, B.K. Efficacy
and Safety of Tirzepatide in Children and Adolescents with Type 2 Diabetes (SURPASS-PEDS): A Randomised, Double-Blind,
Placebo-Controlled, Phase 3 Trial. Lancet 2025, 406, 1484–1496. Erratum in Lancet 2025, 406, 1472. [CrossRef] [PubMed]

43. Kelly, A.S.; Auerbach, P.; Barrientos-Perez, M.; Gies, I.; Hale, P.M.; Marcus, C.; Mastrandrea, L.D.; Prabhu, N.; Arslanian, S. A
Randomized, Controlled Trial of Liraglutide for Adolescents with Obesity. N. Engl. J. Med. 2020, 382, 2117–2128. [CrossRef]
[PubMed]

44. European Medicines Agency. Available online: https://www.ema.europa.eu/en/documents/product-information/saxenda-
epar-product-information_en.pdf (accessed on 31 July 2026).

45. U.S. Food and Drug Administration. Wegovy (Semaglutide) Prescribing Information. Revised 2025. Available online:
https://www.accessdata.fda.gov/drugsatfda_docs/label/2025/215256s024lbl.pdf (accessed on 31 July 2026).

46. Fox, C.K.; Barrientos-Pérez, M.; Bomberg, E.M.; Dcruz, J.; Gies, I.; Harder-Lauridsen, N.M.; Jalaludin, M.Y.; Sahu, K.; Weimers, P.;
Zueger, T.; et al. Liraglutide for Children 6 to <12 Years of Age with Obesity—A Randomized Trial. N. Engl. J. Med. 2025, 392,
555–565. [CrossRef] [PubMed]

47. Weghuber, D.; Barrett, T.; Barrientos-Pérez, M.; Gies, I.; Hesse, D.; Jeppesen, O.K.; Kelly, A.S.; Mastrandrea, L.D.; Sørrig, R.;
Arslanian, S. Once-Weekly Semaglutide in Adolescents with Obesity. N. Engl. J. Med. 2022, 387, 2245–2257. [CrossRef] [PubMed]

48. Romariz, L.M.; de Melo, A.A.C.; Finnegan, E.; Mesquita, Y.; Janovsky, C.C.P.S. GLP-1 Receptor Agonists for the Treatment
of Obesity in Children and Adolescents: A Meta-Analysis of Randomized Controlled Trials. Pediatr. Res. 2026, 99, 502–510.
[CrossRef] [PubMed]

49. Liu, L.; Shi, H.; Shi, Y.; Wang, A.; Guo, N.; Tao, H.; Nahata, M.C. Comparative Efficacy and Safety of Glucagon-like Peptide-1
Receptor Agonists in Children and Adolescents with Obesity or Overweight: A Systematic Review and Network Meta-Analysis.
Pharmaceuticals 2024, 17, 828. [CrossRef] [PubMed]

50. Wang, J.; Kang, J.; Wu, C.; Peng, T.; Liao, L.; Lee, M.; Lee, J.; Chen, S. The Effects of Incretin-based Therapies on Weight Reduction
and Metabolic Parameters in Children with Obesity: A Systematic Review and Meta-analysis. Obes. Rev. 2024, 25, e13686.
[CrossRef] [PubMed]

51. Torbahn, G.; Jones, A.; Griffiths, A.; Matu, J.; Metzendorf, M.; Ells, L.J.; Gartlehner, G.; Kelly, A.S.; Weghuber, D.; Brown, T.
Pharmacological Interventions for the Management of Children and Adolescents Living with Obesity—An Update of a Cochrane
Systematic Review with Meta-analyses. Pediatr. Obes. 2024, 19, e13113. [CrossRef] [PubMed]

52. ClinicalTrials.gov A Study of Tirzepatide in Adolescents with Obesity and Weight-Related Comorbidities (SURMOUNT-
ADOLESCENTS-2). Available online: https://clinicaltrials.gov/study/NCT06439277 (accessed on 31 July 2026).

53. Sedenho-Prado, L.G.; Yugar, L.B.T.; Whitaker, A.R.; Martins, M.P.; Jesus, D.C.; Ferreira, I.M.C.d.S.; Silva, C.A.M.; Nadruz, W.;
Cercato, C.; Sposito, A.C. Metabolic Outcomes and Safety of GLP-1 Receptor Agonists in Children and Adolescents with Obesity:
A Systematic Review and Meta-Analysis. Int. J. Obes. 2025, 49, 1469–1479. [CrossRef] [PubMed]

54. Chen, Q.; Liu, H.; Xu, J.; Zhou, Y.; Ma, J. Efficacy and Safety of GLP-1 Receptor Agonists for Adolescents and Children with
Obesity: A Meta-Analysis of Randomized Controlled Trials. BMC Endocr. Disord. 2026, 26, 132. [CrossRef] [PubMed]

55. Look, M.; Dunn, J.P.; Kushner, R.F.; Cao, D.; Harris, C.; Gibble, T.H.; Stefanski, A.; Griffin, R. Body Composition Changes during
Weight Reduction with Tirzepatide in the SURMOUNT-1 Study of Adults with Obesity or Overweight. Diabetes Obes. Metab.
2025, 27, 2720–2729. Correction in Diabetes Obes. Metab. 2025, 27, 6823. [CrossRef] [PubMed]

56. Mughal, M.Z.; Khadilkar, A. V The Accrual of Bone Mass during Childhood and Puberty. Curr. Opin. Endocrinol. Diabetes Obes.
2011, 18, 28–32. [CrossRef] [PubMed]

57. Zemel, B. Bone Mineral Accretion and Its Relationship to Growth, Sexual Maturation and Body Composition during Childhood
and Adolescence. World Rev. Nutr. Diet. 2013, 106, 39–45. [CrossRef] [PubMed]

58. Fintini, D.; Cianfarani, S.; Cofini, M.; Andreoletti, A.; Ubertini, G.M.; Cappa, M.; Manco, M. The Bones of Children With Obesity.
Front. Endocrinol. 2020, 11, 200. [CrossRef] [PubMed]

59. Giglione, E.; Lapolla, R.; Cianfarani, S.; Faienza, M.F.; Fintini, D.; Weber, G.; Delvecchio, M.; Valerio, G. Linear Growth and
Puberty in Childhood Obesity: What Is New? Minerva Pediatr. 2022, 73, 563–571. [CrossRef] [PubMed]

60. Chung, S. Growth and Puberty in Obese Children and Implications of Body Composition. J. Obes. Metab. Syndr. 2017, 26, 243–250.
[CrossRef] [PubMed]

61. Baalmann, A.; Michel, J.; Avedissian, S.N.; Pow, A.; Farris, K. Real-World Use of Semaglutide for Obesity Treatment: A Cohort
Study in an Integrated Health Care Delivery System. J. Manag. Care Spec. Pharm. 2026, 32, 660–669. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27188191

https://doi.org/10.1172/jci.insight.140532
https://www.ncbi.nlm.nih.gov/pubmed/32730231
https://doi.org/10.1056/NEJMoa2416394
https://www.ncbi.nlm.nih.gov/pubmed/40353578
https://doi.org/10.1016/S0140-6736(25)01774-X
https://www.ncbi.nlm.nih.gov/pubmed/40975112
https://doi.org/10.1056/NEJMoa1916038
https://www.ncbi.nlm.nih.gov/pubmed/32233338
https://www.ema.europa.eu/en/documents/product-information/saxenda-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/saxenda-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2025/215256s024lbl.pdf
https://doi.org/10.1056/NEJMoa2407379
https://www.ncbi.nlm.nih.gov/pubmed/39258838
https://doi.org/10.1056/NEJMoa2208601
https://www.ncbi.nlm.nih.gov/pubmed/36322838
https://doi.org/10.1038/s41390-025-04228-1
https://www.ncbi.nlm.nih.gov/pubmed/40588554
https://doi.org/10.3390/ph17070828
https://www.ncbi.nlm.nih.gov/pubmed/39065679
https://doi.org/10.1111/obr.13686
https://www.ncbi.nlm.nih.gov/pubmed/38204284
https://doi.org/10.1111/ijpo.13113
https://www.ncbi.nlm.nih.gov/pubmed/38454737
https://clinicaltrials.gov/study/NCT06439277
https://doi.org/10.1038/s41366-025-01790-w
https://www.ncbi.nlm.nih.gov/pubmed/40269110
https://doi.org/10.1186/s12902-026-02248-4
https://www.ncbi.nlm.nih.gov/pubmed/41913139
https://doi.org/10.1111/dom.16275
https://www.ncbi.nlm.nih.gov/pubmed/39996356
https://doi.org/10.1097/MED.0b013e3283416441
https://www.ncbi.nlm.nih.gov/pubmed/21102321
https://doi.org/10.1159/000342601
https://www.ncbi.nlm.nih.gov/pubmed/23428679
https://doi.org/10.3389/fendo.2020.00200
https://www.ncbi.nlm.nih.gov/pubmed/32390939
https://doi.org/10.23736/S2724-5276.21.06543-5
https://www.ncbi.nlm.nih.gov/pubmed/34309346
https://doi.org/10.7570/jomes.2017.26.4.243
https://www.ncbi.nlm.nih.gov/pubmed/31089526
https://doi.org/10.18553/jmcp.2026.32.6.660
https://www.ncbi.nlm.nih.gov/pubmed/42166306
https://doi.org/10.3390/ijms27188191


Int. J. Mol. Sci. 2026, 27, 8191 24 of 24

62. Cimador, V.; Robertson, S.; Desmond, C.; Dodgson, J.; van Boxel, E.; Davis, N.L.; Moon, R.J. Semaglutide in Adolescents Living
With Obesity: A Real-World Data Study Exploring Predictors of Treatment Response. Diabetes Obes. Metab. 2026, 28, 7616–7621.
[CrossRef] [PubMed]

63. Chen, Y.; Shen, Y.; Shen, H.; Liu, Z. GLP-1RAs: Antidiabetic Drug Crossover—New Hope for Chronic Inflammatory Airway
Diseases. Respir. Res. 2026, 27, 144. [CrossRef] [PubMed]

64. Saadat, S.; Chow, T.G.; Tang, Y.; Almandoz, J.P.; Messiah, S.E.; Xie, L. Glucagon-Like Peptide-1 Receptor Agonists in Asthma and
Obesity-Associated Asthma: A Systematic Review of Clinical Outcomes and Translational Mechanisms. J. Allergy Clin. Immunol.
Pract. 2026, 14, 2070–2082.e10. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27188191

https://doi.org/10.1111/dom.70926
https://www.ncbi.nlm.nih.gov/pubmed/42236275
https://doi.org/10.1186/s12931-026-03569-7
https://www.ncbi.nlm.nih.gov/pubmed/41699622
https://doi.org/10.1016/j.jaip.2026.05.010
https://www.ncbi.nlm.nih.gov/pubmed/42167405
https://doi.org/10.3390/ijms27188191

	Introduction 
	Neuroendocrine Regulation of Appetite in Pediatric Obesity 
	Hypothalamic Regulation of Appetite 
	Pathophysiology of Pediatric Obesity 

	The Gut–Brain Axis 
	Adipose Tissue as an Endocrine Organ 
	GLP-1 and GIP Receptor Signaling 
	Developmental Neurobiology of Arcuate Appetite Circuits: Why the Adolescent Circuit Is Not a Small Adult Circuit 

	From Mechanisms to Therapy: Dual GIP/GLP-1 Agonism 
	Rationale for Dual GIP/GLP-1 Agonism 
	Dual GIP/GLP-1 Receptor Agonists—Mechanism of Action 
	Pancreatic and Glycemic Effects 
	Regulation of Appetite and Central Nervous System Pathways 
	Effects on Adipose Tissue and Metabolic Function 
	Integrated Metabolic Effects 


	Clinical Evidence for Incretin-Based Therapies in Children and Adolescents 
	Liraglutide 
	Semaglutide 
	Other GLP-1 Receptor Agonists 
	Dual GIP/GLP-1 Receptor Agonists 
	Evidence from Meta-Analyses 
	Body Composition, Bone Accrual, Growth and Puberty: A Critical Evidence Gap 

	Clinical Implementation of GLP-1 Receptor Agonists in Pediatric Obesity 
	Indications and Patient Selection 
	Positioning of Pharmacotherapy Within Comprehensive Obesity Care 
	Initiation, Monitoring, and Long-Term Management 
	Tolerability, Adherence and Treatment Discontinuation in Real-World Pediatric Practice 
	Ethical and Economic Implications of Potentially Indefinite Therapy 

	Future Perspectives for Incretin-Based Therapies in Pediatric Obesity 
	Conclusions 
	References

