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ABSTRACT

Childhood obesity is a heritable trait, with twin studies estimating BMI heritability at 40—70%, yet loci identified
through genome-wide association studies still explain only a fraction of this variance. This review synthesizes
evidence on the genetic architecture of pediatric obesity across three mechanistic tiers. First, monogenic forms
arising from mutations in the leptin—melanocortin pathway (LEP, LEPR, POMC, PCSK1, MC4R) produce early,
intense hyperphagia and severe obesity amenable to targeted pharmacotherapy, including metreleptin and the
melanocortin-4 receptor agonist setmelanotide. Second, the polygenic architecture uncovered by genome-wide
association studies now spans more than one hundred loci, including FTO, MC4R, and ADCY?3, distilled into
polygenic risk scores that, drawing on data from over five million individuals across ancestries, explain up to
17.6% of BMI variance in European-ancestry adults and predict accelerated weight gain from as early as 2.5 years
of age in the ALSPAC cohort. Third, epigenetic programming in utero, evidenced most clearly by cord-blood
methylation studies from the Boston Birth Cohort, links maternal adiposity and inflammation to offspring obesity
risk through specific CpG sites, with mediated proportions of the maternal-to-child obesity association reaching
25%. We integrate longitudinal cohort data from ALSPAC and the Boston Birth Cohort to quantify how these
tiers jointly shape weight trajectories from infancy through adolescence, and discuss pharmacogenetic predictors
of treatment response. We conclude that genetic evaluation is becoming a practical instrument for early risk
stratification and mechanism-based treatment selection in pediatric obesity, provided polygenic tools are validated
and re-derived across ancestries.
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1. INTRODUCTION

Childhood obesity is increasingly recognized as a heterogeneous condition with distinct underlying causes.
Pediatric obesity ranges from single-gene disorders with defined molecular lesions to the extreme of a population-
wide distribution of genetic liability. Distinguishing between them matters clinically, as the two ends of the
spectrum require entirely different management.

The scale of the epidemic underscores the clinical urgency of this question. Global projections built on data from
191 countries estimate that childhood overweight and obesity will reach roughly 30% by 2030, with higher figures
in middle- and high-income countries and the Western Pacific region [1]. The widely cited WHO estimate of 250
million affected children and adolescents by 2030 frames obesity as one of the decade's defining pediatric health
problems [2]. Modelling extending to 2050 suggests obesity, as distinct from overweight, will keep rising even as
overweight prevalence stabilizes — implying a growing burden at the more severe end of the distribution, where
genetic contributions are strongest [3].

Heritability estimates from twin studies place the genetic contribution to BMI at 40-70% [4,5], rising rather than
falling at higher BMI values [4]. Genome-wide association studies (GWAS) have identified more than one
hundred loci associated with BMI, yet these variants collectively explain only a modest slice of the estimated
heritability — the missing heritability problem that has shaped obesity genetics research for over a decade [4]. Part
of the explanation, as this review argues, is that obesity genetics is not one field but three, operating on different
timescales and through different mechanisms.

The first tier comprises rare, high-penetrance mutations in the leptin-melanocortin pathway, producing a distinct
phenotype: normal birth weight followed by rapid weight gain driven by hyperphagia that begins in infancy and
cannot be reasoned away by parenting advice. The second tier is the common-variant, polygenic background that
shapes obesity risk across the population and increasingly can be summarized in a single risk score. The third
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operates before birth: maternal metabolic status and inflammation appear to leave a molecular signature,
detectable in cord blood as altered DNA methylation, that partially explains why children of mothers with obesity
are themselves more likely to develop obesity, independent of inherited sequence variants. These tiers are not
mutually exclusive; a child with a heterozygous MC4R variant, for example, carries a polygenic background that
modulates how severely that variant manifests [6]. This review lays out what is known about each tier, summarizes
what longitudinal cohorts (ALSPAC, Generation R, the Boston Birth Cohort, and others) have contributed, and
translates the findings into a framework for bedside use: when to test, what to test for, and which therapies exist
for which genetic diagnosis.

2. Monogenic Obesity: The Leptin-Melanocortin Pathway

2.1 A single circuit, several points of failure

The leptin-melanocortin pathway is, in essence, a relay: adipose tissue signals its energy stores to the
hypothalamus via leptin; leptin receptor (LEPR)-bearing neurons in the arcuate nucleus respond by processing
proopiomelanocortin (POMC) into alpha-melanocyte-stimulating hormone (a-MSH), a step that requires the
enzyme PCSK1; a-MSH then activates the melanocortin-4 receptor (MC4R) on downstream neurons to suppress
appetite. A mutation anywhere along this relay produces a strikingly similar clinical picture: normal weight at
birth, then intense, unremitting hunger and rapid weight gain within months. What differs between these disorders
is not the hunger itself but the accompanying endocrine and developmental findings, which is precisely what
allows clinicians to distinguish one from another without waiting for a genetic result.

2.2 Leptin and its receptor

Congenital leptin deficiency was the first of these disorders described, in two severely obese, consanguineous
cousins of Pakistani origin carrying a homozygous frameshift mutation in the leptin gene [7]. Since that 1997
report, dozens of additional LEP mutations have been catalogued, again concentrated in consanguineous
populations, and a single cohort of 145 affected Pakistani children with LEP, LEPR, or MC4R deficiency
documented mortality of 26% and 9% for LEP and LEPR deficiency respectively, chiefly from pulmonary and
gastrointestinal infections, confirming this is a distinct, life-threatening endocrine disease rather than a benign
variant of common obesity [8]. A structurally related but functionally distinct disorder, biallelic mutation of the
leptin receptor, produces a similar phenotype but with normal or elevated circulating leptin, since the hormone
itself is intact but cannot signal [9].

The therapeutic contrast is instructive. Leptin deficiency responds to metreleptin: the original report described
marked reductions in food intake and body fat [10], reproduced in later series, including two Colombian sisters
whose BMI fell from the 50s—60s to the 30s—40s over one year, with reversal of hypogonadotropic hypogonadism
[11]. Leptin receptor deficiency, in contrast, does not respond to metreleptin, because the defect lies downstream
of the ligand; these patients instead respond to the melanocortin-4 receptor agonist setmelanotide, which bypasses
the defective receptor entirely by acting further down the pathway [12].

2.3 POMC and PCSK1 deficiency

Loss-of-function mutations in POMC prevent synthesis of both ACTH and a-MSH from a single precursor,
producing a distinctive triad: severe early-onset obesity, adrenal insufficiency, and red hair with pale skin, first
described by Krude and colleagues in two infants presenting with neonatal hypoglycemia and jaundice [13]. The
pigmentary finding is not universal — several subsequently reported cases lack the classic red hair, so its absence
should not exclude the diagnosis [14]. Clinically, adrenal insufficiency usually declares itself first, in the neonatal
period, well before obesity is apparent; because unrecognized adrenal crisis is fatal, POMC deficiency is one of
the few genetic obesity syndromes where diagnosis is a genuine emergency. This sequencing also governs
treatment: adrenal insufficiency must be adequately corrected with glucocorticoid replacement before
setmelanotide is started, since regulatory guidance requires adrenal function to be evaluated and, where impaired,
treated first — untreated adrenal insufficiency is not a contraindication to eventual therapy, but it must be addressed
before, not alongside, initiation of melanocortin agonism [15].

PCSK1 encodes the prohormone convertase that cleaves POMC and other prohormones, including proinsulin and
proglucagon-derived peptides. Its deficiency produces a broader endocrinopathy: obesity with ACTH deficiency,
hypoglycemia, malabsorptive diarrhea from impaired intestinal prohormone processing, and hypogonadotropic
hypogonadism [16,17]. As with LEPR deficiency, both POMC and PCSKI1 deficiency are amenable to
setmelanotide once any coexisting adrenal insufficiency is controlled [12,15].

2.4 MC4R deficiency

Heterozygous loss-of-function mutations in MC4R are, by a wide margin, the most frequently identified
monogenic cause of severe obesity, accounting for an estimated 1.5-5.8% of children with severe, early-onset
obesity depending on population and variant-classification stringency [18,19]. In the largest assembled cohort to
date — more than 7,700 individuals screened for pathogenic variants — prevalence was 4.1%, and carriers showed
lower LDL-cholesterol and triglyceride levels than BMI-matched controls, highlighting the pleiotropic effects of
MCA4R beyond energy balance [20]. Inheritance is autosomal dominant, penetrance incomplete, and the phenotype
in heterozygous carriers is intermediate: hyperphagia is present but typically milder than in leptin or LEPR
deficiency, attenuating somewhat with age [18]. Mechanistically, MC4R and the adenylyl cyclase ADCY3
colocalize at the primary cilia of a subset of hypothalamic neurons; mutations impairing this ciliary localization
increase body weight in experimental models, linking this gene to the ciliopathy biology discussed below [21].
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Unlike LEPR, POMC, and PCSK1 deficiency, MC4R deficiency is not an approved setmelanotide indication. A
28-day phase 1b trial found weight loss in heterozygous carriers was substantially smaller than with upstream
defects; later work suggests response depends on residual signalling capacity, but use remains investigational
[12,22].

2.5 Syndromic, ciliopathy-related obesity

A second family of monogenic obesity disorders arises from dysfunction of the primary cilium, an organelle in
which MC4R and ADCY 3 both function. Bardet-Biedl syndrome (BBS), caused by variants in more than twenty-
five BBSome trafficking-complex genes, combines early-onset obesity and hyperphagia with retinal dystrophy,
polydactyly, renal anomalies, and often developmental delay [23,24]. In a phase 3 trial in patients aged six and
older, setmelanotide produced a mean BMI reduction of 7.9% at one year, leading to FDA approval for BBS-
associated obesity in 2022 [25] — a drug developed for one class of monogenic disease proving effective in a
related but genetically distinct ciliopathy. Age thresholds for setmelanotide differ between regulators: the FDA
approval does not specify a lower age limit, whereas the European Medicines Agency restricts use to age six and
older for POMC, PCSK1, LEPR deficiency, and BBS [12]. Setmelanotide is under investigation in acquired
hypothalamic obesity (e.g., NCT04967287), with no regulatory approval yet [26].

Prader-Willi syndrome (PWS), the most common syndromic cause of childhood obesity, results from loss of
expression of paternally inherited genes at chromosome 15q11-q13 — a large deletion in roughly 60% of cases,
maternal uniparental disomy in about 35%, and an imprinting-center defect in the remainder [27]. Unlike the
leptin-melanocortin disorders and ciliopathies, PWS begins with hypotonia and feeding difficulty in infancy,
reversing into pronounced hyperphagia in early childhood — a biphasic course that is itself diagnostic [28]. Alstrom
syndrome, caused by biallelic ALMS1 mutations, is another ciliopathy that converges on childhood obesity but
adds cone-rod retinal dystrophy, sensorineural hearing loss, and dilated cardiomyopathy that can be fatal if
unrecognized [29].

2.6 Deciding whom to test

Because these disorders are individually rare but collectively account for a meaningful share of severe pediatric
obesity, guidelines favor a pragmatic threshold over testing every child with a high BMI. The Endocrine Society
recommends testing when obesity begins before age five with extreme hyperphagia or a family history of extreme
obesity [30]. Recent cohort work has sharpened this: an onset age below 3.9 years gives the best sensitivity-
specificity combination for monogenic obesity, and a BMI at age two of at least 24 kg/m? has been proposed as a
screening threshold for infants under five [31]. Services applying these criteria report high diagnostic yield: in
one UK cohort using the national genomic panel, most tested children had onset before five years and hyperphagia,
and microarray testing increased yield further in those with coexisting developmental delay [32]. NGS panels
covering the leptin-melanocortin and major syndromic genes have effectively replaced sequential single-gene
testing [32]. Figure 3 summarizes this decision pathway: onset before four years with persistent hyperphagia
triggers an NGS obesity gene panel; coexisting dysmorphism or developmental delay adds chromosomal
microarray; and children without these red-flag features are better served by polygenic risk consideration and
standard lifestyle management than by broad genetic testing. The resulting diagnostic yield across cohorts is
summarized in Box 1.

Box 1. Cohort synthesis (frequency of monogenic obesity): Across cohorts applying Endocrine Society-
consistent criteria, monogenic and syndromic causes are identified in roughly 2-5% of unselected children with
severe obesity, rising to 10-15% with onset before age three and pronounced hyperphagia [18,19,32]. This
gradient justifies phenotype-triggered rather than universal testing.

1. Monogenic 2. Polygenic 3. Epigenetic
LEP - LEPR - POMC - PCSKA1 - =100 GWAS loci (FTO, MC4R, In utero programming
MC4AR ADCY3) Maternal BhI f inflammation
Early, severe hyperphagia Common-variant susceptibility Cord-blood DNA methylation
2—5% of severe pediatric obesity Polygenic risk scores Partially reversible
Targeted therapy available Up to 17.6% of adult BMI variance
. - -

v l v

Cilinfcal continuum. rare, high-penetrance mutations — common-variant ifability — intrauterine modifiers

Convergent pathway: hypothalamic leptin—melanocortin signalling and energy-balance regulation

Diagnosis Risk stratification Intervention
Onset <3.9-5 y + hyperphagia Polygenic risk score Metreleptin
NGS obesity gene panel from birth / eany childhood Setmelanotide
Syndromic feature screen Adiposity-rebound timing Liraglutide / GLP-1
(BBS, PWS, Alstrom) Preventive targeting Lifestyle x genotype
.

Figure 1. Three-tier genetic architecture of childhood obesity and its clinical translation. The model
integrates monogenic, polygenic, and epigenetic contributions within a shared leptin-melanocortin signalling
pathway, and links each tier to a corresponding clinical action: diagnosis, risk stratification, and intervention.
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Table 1. Principal monogenic and syndromic genetic causes of childhood obesity.

Gene / | Pathway step | Distinguishing clinical | Approx. Targeted therapy
Syndrome affected features prevalence in
severe  pediatric
obesity
LEP Leptin (ligand) Undetectable leptin; | Very rare; | Metreleptin
hyperphagia from infancy; | consanguineous
hypogonadism; recurrent | pedigrees
infection
LEPR Leptin receptor | Similar to LEP deficiency | Very rare Setmelanotide (not
but with normal/elevated metreleptin)
leptin
POMC ACTH/a-MSH Adrenal insufficiency; red | Very rare Hydrocortisone (life-
precursor hair, pale skin (variable); saving) + setmelanotide
neonatal hypoglycemia
PCSK1 Prohormone Malabsorptive diarrhea; | Very rare Setmelanotide
convertase 1 ACTH deficiency;
hypogonadotropic
hypogonadism
MC4R Melanocortin-4 | Milder hyperphagia; | 1.5-5.8% (most | Not an approved
receptor autosomal dominant; | common monogenic | setmelanotide indication;
incomplete penetrance cause) largely supportive
Bardet-Biedl | BBSome / ciliary | Retinal dystrophy, | Rare (ciliopathy) Setmelanotide (FDA-
syndrome transport polydactyly, renal anomalies, approved 2022)
developmental delay
Prader-Willi | 15q11-q13 Infantile  hypotonia ~ — | Most common | No approved targeted
syndrome imprinting childhood hyperphagia; | syndromic cause drug;  multidisciplinary
intellectual disability management
Alstrom ALMSI / ciliary | Cone-rod dystrophy, hearing | Very rare | Supportive; not currently
syndrome function loss, dilated cardiomyopathy | (ciliopathy) setmelanotide-approved

3. The Polygenic Architecture of Childhood Obesity

3.1 From candidate loci to genome-wide discovery

Where monogenic obesity is defined by rare variants of large effect, the polygenic architecture is the opposite:
common variants, individually of small effect, that in aggregate account for a substantial share of population-level
BMI variation. The locus first identified by genome-wide association, and still the most extensively replicated,
lies in the first intron of FTO; the risk allele is associated with higher BMI, increased energy intake, and a
preference for energy-dense foods, and meta-analyses across ancestries have confirmed the association in children
and adolescents, with pooled odds ratios around 1.35 per risk allele [33,34]. A locus near MC4R, distinct from
the coding mutations described above, shows a more equivocal pattern: a systematic review and meta-analysis of
the rs17782313 variant found a modest association with appetite (OR 1.25,95% CI 1.01-1.49) that was significant
only under a fixed-effects model and not a random-effects model, and found no significant association with energy
intake overall, underscoring that common-variant appetite effects are considerably subtler and less consistent than
monogenic hyperphagia [35]. Individual pediatric cohort studies have nonetheless reported associations between
the same variant and greater food-enjoyment or eating in the absence of hunger [36]. A third locus, ADCY3, was
identified through GWAS and subsequently shown to colocalize with MC4R at neuronal primary cilia, the same
organelle disrupted in Bardet-Biedl and Alstrom syndromes, linking the common-variant and ciliopathy branches
of obesity genetics [21].

Large-scale meta-analyses restricted to children, rather than adults, have identified dozens of genome-wide
significant loci: an early meta-analysis of more than 61,000 children aged 2-10 years found twenty-five
independent loci [37], and a subsequent trans-ancestry analysis expanded this to thirty-nine loci while
demonstrating that childhood BMI genetic architecture is not simply a smaller version of adult obesity genetics —
some loci show age-specific effects, prominent in childhood but not adulthood, or vice versa [38]. This matters
clinically: a polygenic score built from adult GWAS data does not automatically transfer with equal accuracy to
a five-year-old, and recent methodological effort has focused on correcting for that mismatch.
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3.2 Polygenic risk scores: from association to prediction

The clinical translation of GWAS findings is the polygenic risk score (PRS), a weighted sum of risk-allele dosages
across the genome. The most consequential recent advance came from a multi-ancestry effort drawing on genetic
data from more than five million individuals, which produced a score explaining 17.6% of BMI variance among
adult European-ancestry participants in the UK Biobank — roughly double the 8.5% achieved by the previous best-
performing score [39]. This adult figure should not be read as the pediatric performance of the same score; rather,
its value in children lies in longitudinal prediction. In the Avon Longitudinal Study of Parents and Children
(ALSPAC), children with higher polygenic scores showed accelerated BMI gain beginning as early as 2.5 years
of age and an earlier adiposity rebound — the point in early childhood, normally around age five to six, when BMI
begins rising again after its post-infancy decline, itself a long-recognized predictor of later obesity [39]. Figure 2
summarizes these findings: Panel A shows the ancestry gap in adult variance explained, and Panel B shows that
adding the score to predictors available at birth nearly doubled the variance in BMI explained at age eight, from
11% to 21%, while adding it to a child's own BMI measured at age five improved prediction of BMI at age
eighteen from 22% to 35% [39]. The same study found that individuals with higher polygenic scores lost slightly
more weight in year one of intensive intervention (0.55 kg per SD) but regained more afterward, suggesting
polygenic risk shapes both weight gain and maintenance [39].

Performance is also markedly uneven across ancestries: the same multi-ancestry score explained 16% of variance
in East Asian-American participants but only 2.2% in a cohort of rural Ugandans [39] — consistent with a broader
literature showing that scores derived predominantly from European-ancestry GWAS lose much of their
predictive power outside that population [40]. Near-term clinical application of pediatric PRS therefore needs
either ancestry-matched training data or an explicit acknowledgment that the tool will underperform for a large
share of the world's children.

A. Multi-ancestry PRS performance B. Added predictive value of PRS
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European East Asian- Rural Birth Birth predictors Early-life BMI Early-life BMI
(UK Biobank) American Ugandan predictors + PRS alone + PRS
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Figure 2. Contribution of polygenic risk scores (PRS) to BMI prediction across ancestries and across age.
Panel A: variance in adult BMI explained by the multi-ancestry PRS across selected populations. Panel B:
incremental variance in childhood/adolescent BMI explained when the PRS is added to birth-available predictors
(age 8) or to early-life BMI (age 18). Data from Smit et al., Nature Medicine, 2025 [39].

3.3 Gene-environment interaction

The polygenic signal is modulated by the same lifestyle factors that shape common obesity generally. Physical
activity attenuates the effect of FTO variants on obesity risk, replicated in a meta-analysis of more than 218,000
adults and 19,000 children [41]. Dietary fiber intake shows a comparable, if less consistently replicated,
interaction: the association between FTO risk alleles and adiposity was strongest among individuals with low fiber
intake and attenuated at higher intake [42]. The FTO and MC4R loci also do not act independently: in a joint
analysis of Finnish adolescents and French adults, carrying three or four combined risk alleles conferred roughly
a three-fold increased childhood obesity risk, versus a more modest 1.8-fold increase for adults — an age-dependent
interaction echoing the broader finding that childhood polygenic risk behaves differently from adult risk [43]. The
trajectory data linking polygenic scores to BMI across childhood are synthesized in Box 2.

Box 2. Cohort synthesis (polygenic risk score and BMI trajectory): ALSPAC data place the earliest detectable
effect of high polygenic risk at 2.5 years, as accelerated weight gain and premature adiposity rebound; by age
eight, adding the score to birth-available predictors nearly doubles explained BMI variance, and by age eighteen
combining an age-five BMI measurement with the score explains over a third of variance [39]. This opens a
narrow but real window: identifying high-risk children before conventional risk factors have had time to act.
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4. Epigenetic Programming: The Missing Link Between Genome and Environment

4.1 The developmental-origins framework

Neither monogenic mutations nor an inherited polygenic score can fully account for the observation that a child's
obesity risk is shaped by conditions in utero, independent of inherited sequence. The developmental origins of
health and disease (DOHaD) framework, extending Barker's original observations linking fetal undernutrition to
adult cardiometabolic disease, proposes that the intrauterine environment (maternal adiposity, hyperglycemia, and
inflammation) leaves lasting biological marks on the fetus, with epigenetic modification, chiefly DNA
methylation, as the leading candidate mechanism [44,45].

4.2 Cord-blood methylation as a mediator

The most detailed test of this hypothesis comes from the Boston Birth Cohort, a predominantly Black, low-
income, urban cohort in which 903 mother-child pairs were followed from birth to age eighteen. An epigenome-
wide association study of cord-blood DNA identified 481 CpG sites associated with maternal pre-pregnancy BMI;
of these, 123 were themselves associated with childhood overweight or obesity, with effect sizes ranging from a
42% decrease to an 87% increase in risk per standard-deviation change in methylation [46]. Formal mediation
analysis identified fourteen CpG sites through which the maternal BMI-childhood obesity association was
statistically mediated, with individual mediated proportions from about 4% to just over 25% [46]. The implicated
genes include AKAP7 (energy metabolism) and CAMK2B (previously linked to adult metabolic syndrome),
lending the association biological plausibility [46]. A separate cohort using an independent methylation risk score
found that cord-blood methylation partially mediated the effect of pre-pregnancy BMI on BMI z-score as early as
age three, suggesting the epigenetic signal is detectable well before school entry [47]. The mediation analysis
from the Boston Birth Cohort is quantified in Box 3.

4.3 A candidate mechanistic route: maternal inflammation and the kynurenine pathway

One proposed route linking maternal physiology to fetal epigenetic change runs through inflammation. Maternal
obesity, gestational diabetes, and hypertensive disorders of pregnancy are associated with low-grade systemic
inflammation, and emerging work implicates the kynurenine pathway — the principal route of tryptophan
catabolism, activated by inflammatory signalling — as an intermediary [45]. Under this model, maternal
inflammation drives epigenetically mediated changes in kynurenine-pathway gene expression, and its metabolites
have immunoregulatory properties that could feed back on placental and fetal immune programming [45]. The
pathway remains a hypothesis under investigation, but it offers a mechanistically coherent bridge between an
epidemiological association, maternal obesity predicts offspring obesity, and a testable, modifiable biological
intermediate.

4.4 Reversibility

If epigenetic programming were fixed at birth, it would be a marker of risk but not a target for intervention.
Evidence suggests otherwise, at least for adult blood DNA methylation: bariatric surgery identified 41
differentially methylated positions associated with weight loss, with SMAD6 and PFKFB3 strongest, and five top
CpG sites replicated in BMI-discordant monozygotic twins [48]. The same analysis found bariatric surgery
decelerated epigenetic age, a methylation-based estimate of biological age, by an average of more than four years
within twelve months [48], indicating obesity-associated epigenetic changes are not permanent. A separate meta-
analysis of post-bariatric methylation studies also reported hypomethylation, and presumed increased expression,
of LEP and POMC after surgery, offering a plausible mechanistic bridge back to the leptin-melanocortin pathway
discussed in Section 2. Whether comparable reversibility extends to intrauterine programming captured in cord
blood, and whether maternal metabolic optimization before or during pregnancy can shift the epigenetic profile
transmitted to a child, remains an open, clinically important question.

Box 3. Cohort synthesis (Boston Birth Cohort methylation mediation): In 903 mother-child pairs followed to
age eighteen, maternal pre-pregnancy BMI was linked to methylation at 481 cord-blood CpG sites; 123 predicted
childhood overweight or obesity, and fourteen formally mediated the maternal BMI-child obesity association,
with mediated proportions of 4-25% [46]. These figures quantify how much of the maternal-to-child obesity
transmission plausibly runs through a measurable epigenetic route rather than inherited sequence or postnatal
environment alone.

5. Pharmacogenetics and Personalized Therapy

5.1 Matching drug to mechanism

The clearest example of genotype-guided therapy in pediatric obesity is the leptin-melanocortin pathway itself.
Metreleptin is specific to leptin deficiency and is pharmacologically irrelevant in other genetic obesity, since it
supplies a hormone that downstream disorders do not lack [10,12]. Setmelanotide, conversely, was designed to
re-engage the melanocortin-4 receptor itself, and phase 3 trials have demonstrated efficacy across LEPR, POMC,
and PCSK1 deficiency, disorders upstream of MC4R, and separately in BBS [12,25]. Notably, MC4R deficiency
itself is not an approved setmelanotide indication, since a mutated receptor may not respond reliably to its own
agonist; management there remains largely supportive [12,18]. In a phase 2 trial in acquired hypothalamic obesity,
setmelanotide reduced hunger and BMI [26]. Liraglutide, a GLP-1 receptor agonist, is approved for adolescents
>12 years and, more recently, children >6 with non-syndromic obesity, producing greater BMI reduction than
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placebo [49,50]. It is reserved for polygenic obesity after monogenic and syndromic causes are excluded; it is not
an alternative to setmelanotide where a leptin-melanocortin diagnosis is confirmed.

5.2 Genetic and biochemical predictors of response to lifestyle intervention

Outside a specific molecular diagnosis, genetic variation also modulates response to standard behavioral weight-
management programs, though effects are more modest than the monogenic story suggests. In Look AHEAD,
each copy of the FTO risk allele (rs3751812) predicted 1.56 kg more weight regain among participants assigned
to standard diabetes-support-and-education (P=0.005), an effect not seen among those assigned to intensive
lifestyle intervention (P=0.761), suggesting intensive programs may partly overcome an unfavorable genotype
[51,52]. Baseline leptin shows a comparable, if more modest, pediatric pattern: in a cohort of 248 children in the
year-long "Obeldicks" lifestyle intervention, higher baseline leptin was significantly, if weakly, correlated with
smaller reductions in BMI-SDS (r =-0.27), waist circumference (r = -0.64), and body fat (r =-0.26) in multivariate
models adjusted for age, BMI, sex, and pubertal stage, consistent with leptin resistance blunting response [53]; a
separate cohort found baseline BMI a stronger predictor than leptin itself [54]. These markers help explain
heterogeneity in response after the fact but are not yet precise enough to guide an individual child's treatment
choice in advance. The genetic predictors of treatment response across major trials are summarized in Box 4.

5.3 Toward integrated, precision-guided care

The practical trajectory is toward integrating these layers rather than treating them as competing frameworks. A
polygenic score is most useful in a child without a high-penetrance mutation; conversely, in a child with a
confirmed pathogenic MC4R or POMC variant, the polygenic background still matters, since it appears to
modulate whether carriers present with normal weight, overweight, or severe obesity [6]. Emerging tools are also
lowering the barrier to diagnosing resembling syndromic causes: long-read nanopore sequencing can now resolve
methylation status at the SNRPN locus directly, distinguishing the deletion, uniparental-disomy, and imprinting-
defect subtypes of Prader-Willi syndrome in a single assay [55]. As these technologies become more accessible,
the rate-limiting step is likely to shift from testing availability to clinician recognition of which children should
be tested.

Box 4. Cohort synthesis (genetic predictors of treatment response): Across the Look AHEAD and Diabetes
Prevention Program trials, the FTO risk allele was associated with greater weight regain specifically under lower-
intensity behavioral support, an effect not seen under intensive lifestyle intervention [51,52]. In pediatric lifestyle-
intervention cohorts, higher baseline leptin has repeatedly, though not universally, predicted a smaller magnitude
of weight loss, consistent with leptin resistance blunting the physiological response to caloric restriction [53,54].

Child presents with obesity

— " No red-flag features

< Onset <4y _ H‘“ﬂ—b Consider polygenic risk
—__ * persistent hyperphag|a’.?_________..---- scoring; standard

T lifestyle management

e

~——_ Syndromic workup

Dysmorphic features / T

T— developmental delay? o Chromosomal microarray
T + NGS obesity panel
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NGS obesity gene panel

Leptin—melanocortin genes
(LEP, LEPR, POMC, PCSK1, MC4R)
+ major syndromic loci

!

Pathogenic variant found?

Yes — targeted therapy
(metreleptin / setmelanotide)
No — polygenic risk + lifestyle

Figure 3. Diagnostic algorithm for suspected genetic obesity. A phenotype-triggered pathway: onset before
four years with persistent hyperphagia prompts an NGS obesity gene panel; coexisting dysmorphism or
developmental delay adds chromosomal microarray testing; children lacking these red-flag features are more
appropriately managed with polygenic risk consideration and standard lifestyle care.
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Table 2. Pharmacological agents used in genetically defined and common pediatric obesity.

Agent Molecular target | Principal indication Reported effect
Metreleptin Leptin Congenital leptin (LEP) deficiency Marked reduction in hyperphagia and
replacement body fat;  restores  pubertal
development

Setmelanotide | MC4R agonist LEPR, POMC, PCSKI1 deficiency; | Clinically significant reduction in

Bardet-Biedl syndrome hunger and BMI in phase 3 trials
Liraglutide GLP-1 receptor | Non-syndromic pediatric obesity (age | Greater BMI reduction than placebo
agonist >6, or >12 for the original approval) in randomized trials

6. LIMITATIONS

Several limitations should be acknowledged. Most GWAS and polygenic-score data derive from European-
ancestry populations, limiting generalizability and cutting predictive performance by an order of magnitude in
some non-European cohorts [39,40]. Epigenetic studies here are predominantly cross-sectional or single-cohort,
and causality between maternal methylation and childhood obesity remains unproven. Pediatric pharmacogenetic
data are sparse: most obesity drug trials are powered for overall efficacy, not genotype-stratified response, so
treatment-response findings are largely extrapolated from adult trials. Gene-environment interaction data also
come overwhelmingly from Western, high-income settings; how these interactions play out elsewhere is largely
unknown. Finally, the evidence base is subject to publication bias: positive findings are more likely to be published
than negative or null results, particularly in pharmacogenetic and epigenetic studies, which may inflate the
apparent strength of some associations discussed here.

CONCLUSION AND FUTURE DIRECTIONS

Childhood obesity genetics is best understood not as a search for “the” obesity gene but as a layered system: rare,
high-penetrance mutations that produce a recognizable clinical syndrome and now have a matched
pharmacological antidote in most cases; a common-variant polygenic background, increasingly measurable as a
single score, that shapes population-wide risk and is detectable from early childhood; and an epigenetic layer,
written before birth, that connects maternal metabolic health to offspring risk through a mechanism, cord-blood
DNA methylation, that is at least partially reversible later in life. None of the three tiers alone explains the full
clinical picture, and the more interesting recent findings sit at their intersections: polygenic background
modulating monogenic penetrance, ciliopathy genes shared between rare syndromes and common GWAS loci,
and lifestyle-intervention outcomes that depend on both genotype and program intensity.

Several priorities follow. Polygenic risk scores require validation and re-derivation in non-European populations
before responsible deployment outside their original cohorts [39,40]. NGS panels for the leptin-melanocortin and
ciliopathy genes should be integrated into routine pediatric pathways wherever onset occurs before roughly four
years with hyperphagia, since diagnostic yield justifies the cost and a genetic diagnosis directly changes treatment
[30,31,32]. The reversibility of epigenetic marks after bariatric surgery raises an unanswered question (whether
maternal metabolic optimization before or during pregnancy can shift the signature transmitted to a child)
requiring dedicated intervention trials. Trials stratified prospectively by genetic risk, rather than genotyped
retrospectively, are needed to establish whether early identification of high-risk children improves outcomes when
paired with earlier intervention. A plausible decade-long trajectory is that ancestry-matched polygenic scores enter
routine screening, NGS panels become first-line for early-onset hyperphagic obesity, and cord-blood markers
move toward risk-stratification tools — though each step depends on trial evidence that does not yet exist.
Genetics is not deterministic. A polygenic score explaining a fifth to a third of BMI variance leaves most variance
to environment, behavior, and chance; even severe monogenic disorders now have matched therapies that
substantially normalize weight. Genetic evaluation offers not a verdict but a map — which children benefit most
from early attention, and for a minority, a molecular diagnosis that changes what "treatment" means. For the
practicing pediatrician: any child with obesity onset before age four and persistent hyperphagia should be
considered for NGS-based genetic testing.
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