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Introduction

Obesity in pediatrics is rising at an alarming speed, with one
in five children and adolescents in the United State having
obesity and nearly 6% of them being classified in the severe
obesity category.1 The most common form is polygenic
obesity, meaning that cumulative impact of multiple genes
contributes to excessive weight gain. Single-gene mutations,
predominantly located in the leptin-melanocortin pathway,
can lead tomonogenic obesity. On the contrary, another form
known as syndromic obesity is obesity occurring in the
setting of multiple organ system involvements.2 In this
review, we aim to focus on monogenic and syndromic
obesity only and highlight a clinical case to enhance further
understanding.

Clinical Case
A 7-month-old girl child patient presented to the office with
exponentialweight gain and aweight-for-lengthmuch above
the 99th percentile. She was born full term with a birth
weight of 7 pounds 9 ounces. Pregnancy was uneventful.
Mother expressed worry over the infant wearing size 3T
clothing and inconsolable fussiness if not offered a bottle on
time. On review of the growth charts, her weight was at the
93rd percentile at the age of 2months and then progressively
increased to much above the 99th percentile. Between the
age of 2 and 4 months, she had gained close to 11 pounds. At
7 months of age when she presented to pediatric endocri-
nology clinic, she was >99th percentile (standard deviation
score [SDS]¼3.01) for her length. Weight was >99th
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Abstract One in five children and adolescents in the United States are diagnosed with obesity
and nearly 6% of them are being classified under the severe obesity category. With over
7% of severe obesity being attributed to genetic disorders, in this review we aim to
focus on monogenic and syndromic obesity: its etiology, wide spectrum of clinical
presentation, criticalness of early identification, and limited management options.
Advanced genetic testing methods including microarray and whole genome sequenc-
ing are imperative to identify the spectrum of mutations and develop targeted
treatment strategies including personalized multidisciplinary care, use of investiga-
tional drugs, and explore surgical options in this unique subset of severe pediatric
obesity.
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percentile (SDS¼5.07), weight for length >99th percentile,
SDS of þ4.29 (►Fig. 1). Additionally, she had a history
of recurrent respiratory infections that led to a video
fluoroscopic study demonstrating an increased risk of aspi-
ration. Thus, she was recommended to thicken her formula
feeds. Her diet comprised of some pureed fruits and
vegetables. Developmentally, she was on track and achiev-
ing age-appropriate milestones. Family history was
noncontributory.

Discussion

Prevalence of Genetic Obesity Among all Obesity
Etiologies
Literature reports approximately 7% of severe pediatric
obesity is attributed to genetic disorders,3 though actual
global prevalence of monogenic and syndromic obesity in
the pediatric population is not well known. It has also been
shown that close to 3% of individuals with severe, early onset
obesity have leptin receptor gene (LEPR) mutations,4,5 of
which 65 out of the 88 cases identified worldwide are in the
pediatric age group.6 Other genetic defects involving POMC,
PCSK1, NTRK2, and SIM 1 have lesser than 10 to 50 cases
identified worldwide. In total, 3 to 6% have melanocortin 4
gene (MC4R)mutations, themost commonly reportedmono-
genic obesity worldwide.7–11 Notably, infants and young
children of some ethnicities have demonstrated amonogenic
obesity prevalence as high as 15%.12 Additionally, at present
over 25 syndromic forms of obesity have been identified.2

Among syndromic obesity disorders, Prader–Willi syndrome
(PWS) is the most prevalent syndromic obesity with a birth

incidence of 1/10,000 to 1/30,000, and an estimated preva-
lence of approximately 10,000 to 20,000 living individuals in
the United States with clinical manifestations presenting in
early childhood.13 Moreover, recent studies have observed
that due to lack of consensus on identifying and evaluating
symptoms of genetic defects in a timely manner, a vast
majority of patients are undertested, leading to a reportedly
lowered prevalence.14

Physiology of Energy Balance
There are broadly two pathways that maintain energy bal-
ance: (1) “metabolic or homeostatic” pathway involving
energy intake as well as energy expenditure and (2) the
“hedonic” pathway, which is involved in the reward or
pleasure based eating.15 Physiologically, these pathways
work jointly to regulate feelings of hunger and satiety. As
demonstrated in ►Fig. 2, this is modulated through neural
circuits in the hypothalamus involving gut hormones, vagal
nerve, neuropeptide Y/agouti related protein (NPY/AgRP)
neurons, and neuropeptides: orexin and melanin concen-
trating hormone (MCH), proopiomelanocortin (POMC) neu-
rons, proprotein convertase subtilisin/kexin type 1 (PCSK1)
and MC4R.16,17 Efferent and afferent signaling affect the
energy regulatory pathways. In addition, microenvironment
and macroenvironment influences, early life events, biologi-
cal and genetic influences, and epigenetic changes including
germline genetic variations in the microbiota can affect
energy balance pathology.18

Key Components in Assessment of a Child with
Obesity

Defining and Classifying Severity of Pediatric Obesity
Weight management strategies for a child with obesity take
into account both age of the child and severity of obesity. BMI
is the preferred tool in children and adolescents above 2 years
of age. Infants are assessed by using either Center for Disease
Control (CDC) Charts or World Health Organization (WHO)
charts. CDC charts are based mostly on formula-fed infants,
predominantly Caucasian American origin, whereas WHO
charts are derived from mostly breastfed infants of various
racial and ethnic diversities in different parts of the world.19

Close monitoring is recommended in infants with increasing
percentile trajectories or abrupt changes in a short time
comparedwith those displaying a stable growth trajectory.20

Infants, up to 2 years of agewithweight for recumbent length
being �97.7th percentile of WHO growth standards, are
diagnosed with obesity.21,22

Children and adolescents over the age 2 years are assessed
by using Body Mass Index Charts formulated by CDC.19

However, to assess the severity of obesity and to better
classify it in this age group, BMI percentiles are used,23

where BMI is expressed as a “percent of the 95th percentile”
(►Tables 1 and 2). This is the patient’s BMI divided by the BMI
value at the 95th percentile for the patient’s age and sex (e.g.,
if the 95th percentile BMI value is 20 kg/m2 and the patient’s
BMI is 30 kg/m2, the patient’s BMI would be 150% of the 95th
percentile).

Fig. 1 Weight and length growth charts.
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Fig. 2 Energy balance mechanism. Orexigenic pathway (positive balance): Ghrelin is released from the fundus mucosa before a meal/state of
empty stomach. It is a natural ligand that acts on the GHSR which is expressed throughout the brain and especially in the NPY/AgRP neurons in
the Arcuate Nucleus. On binding the GHSR, ghrelin acts on the lateral hypothalamic area to stimulate orexigenic neuropeptides: orexin and
melanin concentrating hormone, which, in turn stimulate feeding behavior. It also stimulates the NPY/AgRP neurons that acts as an antagonist
on MC4-R expressed in the paraventricular nucleus preventing the function of MC4-R, which is to inhibit food intake. NPY/AgRP neurons on
activation also inhibit the anorexigenic neurons TRH and CRH in the PVN, thereby facilitating feeding behavior “Hunger.”16,17 Anorexigenic
pathway (negative balance): Gut hormones like PYY3–36, oxyntomodulin, insulin, glucagon participate in inhibition of appetite-stimulant,
ghrelin. Insulin crosses the blood–brain barrier at arcuate nucleus to bind the insulin receptor on POMC neurons. Meanwhile, leptin released from
the adipocytes bind the leptin receptors on POMC neurons and inhibiting NPY/AgRP, thereby stimulating and inhibiting them, respectively. On
receiving these stimuli, POMC inhibits the orexigenic NPY/AgRP and releases alpha MSH79 to bind MC4-R which in turn promotes energy
expenditure while inhibiting feeding behavior. POMC neurons also stimulate anorexigenic neurons: TRH and CRH in PVN to stimulate satiety and
inhibit orexigenic neurons: MCH and orexin. Other stimuli like stretch of stomach, gut hormones signals that reach PVN through vagus nerve will
further promote satiety through nucleus tractus solitarius. External factors like cold exposure can stimulate preoptic area, which sends signals to
the dorsomedial hypothalamic nuclei, which in turn send signals to rRPa. On receiving stimuli rRPa induces thermogenesis through brown
adipose tissue, thereby promoting energy expenditure.16,17 Total energy expenditure¼ resting metabolic rate (energy spent during state of rest
during periods of wakefulness as well as sleep)þ thermic effect of food (energy spent in food storage, digestion, and absorption)þ activity
thermogenesis (which is the sum of energy spent during exertional activities as well as nonexercise activity: maintaining body in upright
postures).80,81 AgRP, agouti-related protein; BAT, brown adipose tissue; CCK, cholecystokinin; CRH, corticotrophin releasing hormone; DMN,
dorsomedial hypothalamic nucleus; GIP, gastric inhibitory polypeptide; GLP 1 and GLP 2, glucagon like peptide 1 and 2; GHSR, growth hormone
secretagogue receptor; OXM, oxyntomodulin; LHA, lateral hypothalamic area; MCH, melanin concentrating hormone; MC4R, melanocortin 4
receptor; NTS, nucleus tractus solitarius; NPY, neuropeptide Y; POA, preoptic area; PCSK1, proprotein convertase subtilisin/kexin type 1; POMC,
pro-opiomelanocortin (precursor of melanocyte stimulating hormone); PVN, paraventricular nucleus; ; PYY 3–36, peptite YY; rRPa, raphe
pallidus; VMN, ventromedial hypothalamic nuclei.
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What Is Early Onset Obesity?
Endocrine society clinical practice guideline recommends
that extreme obesity before the age of 5 years must be
considered as early-onset obesity.22 These children in the
presence of hyperphagia should be evaluated for other
associated conditions such as endocrinopathies and devel-
opmental anomalies.

Hyperphagia: A Key Presenting Symptom in Monogenic
and Syndromic Obesity
One of the most distinctive features associated with ge-
netic (monogenic or syndromic) obesity is hyperphagia.24

Overeating behaviors can be classified based on severity.
Overeating can range from occasional overeating (which is
considered normal) to hedonic overeating (eating in the
absence of physiological hunger) to binge eating, and
ultimately, the most severe form known as hyperphagia.24

It is crucial to note that the objective assessment of
hyperphagia still remains a major challenge in clinical
practice. Even though we do not have a clear consensus
on an assessment tool yet to distinguish overeating from
hyperphagia, over the years several questionnaires have
been formulated to objectively assess various aspects of
hyperphagia.24

“The hyperphagia questionnaire” consists of 13 items to
assess three major aspects of hyperphagia: behavior, drive,
and severity.25 This is validated specifically in children with
Prader–Willi syndrome. The questionnaire assesses inputs
from both the parents as well as the patient based on a 5-
point severity scale. The three major components assessed
are the hyperphagic behavior, drive, and severity. Hyper-
phagic behavior survey facilitates assessment of the ability of
a child to obtain food by clever bargains, manipulation,
seeking food from trash, night-eating, and stealing. Hyper-
phagic drive includes distress on food denial, distractibility
from the fixation on food related thoughts. Hyperphagic
severity is assessed by evaluating the amount of time in a
day spent on thoughts related to food and
consequential degree of functional impairment35. Another
scale called, “The Three-Factor Eating Questionnaire” was
formulated combining concepts from two previously

designed questionnaires that evaluated “restrained eating”
and “latent obesity.” This questionnaire also had several
added items as part of its survey and was validated across
several populations consistently undergoing multiple adap-
tations in an attempt to account for patients across the
dietary spectrum from extreme restraint to extreme lack
of restraint. The “Three-Factor Eating Questionnaire” identi-
fied three stable factors as crucial for analysis: (1) cognitive
restraint of eating, (2) disinhibition, and (3) hunger.25 Simi-
larly, the “Dutch Eating Behavioral Questionnaire” which
identified differences in consumption of food in response
to labeled emotions versus diffuse emotions indicating an
overeating response in the latter. Lastly, “The Power of food”
scale has been reported to be a useful method to investigate
the hedonic impact in individuals exposed to highly palat-
able food supplied environment.26

Associated Features of Monogenic and Syndromic
Obesity
Apart from hyperphagia and severe early onset obesity,
several associated features may present clinically in these
children including a range of endocrinopathies, developmen-
tal delays, cardiac and renal anomalies, retinal changes, and
distinct organ system involvement. ►Fig. 3 provides a step-
wise algorithm for the assessment of a patient with suspicion
of genetic forms of obesity (►Fig. 3 and ►Table 3 and 4).

Monogenic forms of obesity such as leptin deficiency and
leptin receptor (LEPR) mutations can present with short
stature, pubertal delay, hypothyroidism emotional labiality,
intellectual disability, and altered immune function. Even
though they present similarly, LEPR mutations are much
more prevalent compared with congenital leptin deficien-
cy.4,5,27MC4Rmutations (themost commonly affected in the
leptin-melanocortin pathway) present with tall stature with
increased lean mass and tall stature as well as severe hyper-
insulinemia7–11 (►Table 3).

Syndromic obesity, on the other hand, commonly present
with developmental delay in children along with character-
istic sets of clinical features as outlined in ►Table 4. For
example, Prader–Willi syndrome is the classical form of
syndromic obesity which can present with low birth weight,
severe hypotonia and feeding difficulties during early infan-
cy, characteristic facial features, strabismus and scoliosis,
and behavioral disorders.28–32 Some of the other forms of
syndromic obesity include Bardet–Biedl syndrome (BBS).
Patients with BBS present can have retinitis pigmentosa,
rod-cone retinal dystrophy, polydactyly hypogonadotropic
hypogonadism with genital malformations, and renal and

Table 1 Classification of children and adolescents based on
pediatric endocrine society recommendations

Children below 2 y of age

Obesity Weight for recumbent length
�97.7th percentile of WHO
growth standards

Children and adolescents 2–20 y of age

Overweight BMI �85th to <95th percentile for
age and sex

Obesity BMI �95th percentile for age and sex

Severe Obesity BMI �120% of 95th percentile
or BMI �35 kg/m2, whichever is lower

Abbreviations: BMI, body mass index; WHO, world health organization.

Table 2 Classification of obesity

Class I BMI �95th percentile to <120%
of 95th percentile for age and sex

Class II BMI �120% to <140% of 95th percentile
or BMI �35 kg/m2

Class III BMI �140% of 95th percentile or BMI �40 kg/m2

Abbreviation: BMI, body mass index.
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dental defects.33,34 Several other known syndromes and
their associated features are enlisted in ►Table 4.

Genetic Testing

The Significance of Establishing a Genetic Diagnosis
Obesity is often inappropriately disregarded as an outcome
of patient’s lifestyle choices, leading to severe social stigma
and exposing patients to being considered as “lazy,” lacking
willpower and self-discipline.

Genetic testing and identifying an underlying genetic
cause of obesity, gives patient and their families the ability
to acknowledge an ongoing pathology, leading to reduced
self and societal blame. Not just amongst patients, obtaining
a definitive diagnosis can also help their families cope with
stress of the unknown. Hyperphagia has been found to cause
significant distress both for the patients as well as their
caregivers.24 A study demonstrated that compared with
controls, siblings of patients with hyperphagia reported
poorer quality of life and over 92% of siblings were noted
to suffer from moderate to severe symptoms of post-
traumatic stress disorder.35

Identifying the underlying genetic etiology can helpman-
age patients’ and family’s concerns early on in the disease
and treat associated endocrinopathies, hyperphagia, and
other metabolic risks by early targeted, multidisciplinary
treatment of the underlying cause.

What Does Genetic Testing Entail?
Pediatric Endocrine society guideline recommends genetic
testing in children with extreme, early-onset obesity before
5 years of age with hyperphagia, and/or family history of
extreme obesity.22 Patients presenting with the features
described above should undergo next generation sequencing
(NGS) of the genes postulated to be involved in the clinical
phenotype.

It is important to examine the most optimal application
of NGS in diagnosis of genetic disorders. Gene panels are
considered 1-tier tests as they entail low costs, have a
rapid turnaround time, low rate of nonspecific findings.36

While it is favored because of its affordability, accessibility
and quicker results, notably gene panels miss approxi-
mately 10% of mutations that can be detected by whole
exome sequencing (WES) that provides superior coverage

Fig. 3 Diagnostic clues in a clinical setting.6–10,24,30–47 AS, Alström syndrome; BBS, Bardet–Biedl syndrome; LEPR, leptin deficiency/leptin
receptor mutation; MC4R, melanocortin 4 receptor mutation; PCSK1, proprotein convertase deficiency; PHP 1a-pseudohypoparathyroidism 1 a;
POMC, pro-opiomelanocortin deficiency; PWS, Prader-Willi syndrome; SIM 1, single-minded homolog 1 gene defect; TUB, Tubby bipartite
transcription factor.
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of targeted gene panels with greater number of genes
included.37

WES is a testingmethodwhich facilitates fast and accurate
ways to explore genetic basis of diseases such as obesity.38 It
is rapidly becoming a first-line approach in evaluation of
monogenic disorders, and surplus evidence has noted for its
significant utility in clinical practice.39,40 Advanced genetic
testing techniques usingWES andmicroarray helps drive the
future toward precision medicine in pediatric obesity.

WES identifies a subset of genome and sequences the exon
DNA using any high-throughput DNA sequencing technolo-
gy.41 This is to identify those defective genetic variants that
are potentially altering protein sequences. However, the
performance of WES is sensitive to sequence (GC) content

as well as capturing design and enrichment making it less
favorable compared with whole genome sequence (WGS).
WGS provides a more comprehensive coverage of the exome
and other clinically relevant genomic sequences.36 While
WGS comparedwithWES ismore expensive and has a higher
turnaround time, genome-wide read coverage may allow a
reliable detection of copy number variations (CNVs), which
can contribute substantially to disease burden.36,42

While studying genome, variant allele frequency is of vital
consideration. Generally, the terms rare and common var-
iants is used to define thosewithminor allele frequency<1%
and >5%, respectively.43 Even though NGS has helped iden-
tify many diverse subgroups of patients across diseases with
several variants, studying large enough populations to have

Table 3 Monogenic obesity

Genetic defect Prevalence Clinical features

Leptin
deficiency4,24

Prevalent with consanguinity
lesser than 1,000 cases identified worldwide

• Short stature, emotional lability, intellectual dis-
ability

• Hyperphagia
• Delayed puberty due to hypogonadotropic hypogo-

nadism
• Hypothyroidism

Leptin receptor
mutation5,24

3% of individuals with severe onset obesity
may have LEPR mutation. Hyperphagia onset
in neonates within one week after birth.

• Alteration in immune function
• Delayed puberty due to hypogonadotropic hypogo-

nadism
• Severe hyperphagia

Melanocortin 4
receptor
mutation6–10,32

Codominance inheritance or rarely homozy-
gous (more severe presentation)
Identified in 3–6% of children with severe
early onset obesity, is, BMI >40 kg/m2

• Severe obesity
• Hyperphagia
• Increased lean mass and linear growth
• Severe hyperinsulinemia

Pro-opiomelanocor-
tin
deficiency30,33,34

Diagnosed in lesser that 10 individuals
worldwide
Onset of symptoms in first few months of life

• Severe early-onset obesity, hyperphagia
• Cholestatic jaundice in infants.
• The classic triad is obesity, adrenal insufficiency, and
pale skin pigmentation with red hair

Proprotein conver-
tase deficiency35

Lesser that 20 cases identified worldwide • Early-onset obesity
• Moderate
hyperphagia
• Postprandial hypoglycemia and

enteropathy causing diarrhea.
• ACTH deficiency causing secondary
• Adrenal insufficiency, hypogonadotropic hypogo-

nadism impaired glucose tolerance

Neurotrophic tyro-
sine kinase receptor
type 2 mutation36

Lesser that 10 cases identified worldwide • Early-onset obesity
• Hyperphagia
• Developmental delay
• Short-term memory impairment
• Nociception anomalies

Brain-derived neu-
rotrophic factor
gene defect37

• Hyperphagia
• Severe obesity
• Cognitive impairment
• Hyperactivity

Single-minded ho-
molog1 gene38

Lesser that 50 cases identified worldwide • Severe obesity
• Neurobehavioral abnormalities
(emotional lability or autism like presentation)

Tubby bipartite
transcription
factor38

• Obesity
• Characteristic vision deterioration

Abbreviations: BMI, body mass index; LEPR, Leptin receptor; WHO, world health organization.
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Table 4 Syndromic obesity

Prader–Willi
syndrome25–29

Most common cause of
syndromic obesity

• PWS Early infancy: low birth weight, severe hypotonia, and feeding difficulties
• PWS Early childhood: excessive eating and gradual development of morbid obesity
• PWS Characteristic facial features, strabismus, and scoliosis
• PWS Developmental delay: motor milestones, social, and language development delay with

various degrees of cognitive impairment
• PWS Behavioral disorders
• PWS Hypogonadism with genital hypoplasia, incomplete pubertal development, infertility, and
short stature

ROHHAD
syndrome39,40

Around 100 cases de-
scribed worldwide

Rapid early-onset obesity, hyperphagia, seizures, alveolar hypoventilation, central hypothyroidism,
endocrinopathies sodium and water dysregulation, autonomic dysfunction, neuro-endocrine
tumor

Alström syndrome30 Nearly 700 cases de-
scribed
worldwide

• Obesity and type 2 diabetes mellitus
• Retinal degeneration
• Retinitis pigmentosa onset 15 mo of age
• Neurosensory deafness before 10 y of age
• Hyperlipidemia with pancreatitis by 5 y of age
• Dilated cardiomyopathy or congestive heart failure in 70% of patients by adolescence

Bardet–Biedl
syndrome30,31

Below 1: 100,000.
(in Europe and North
America)

• Marked obesity and hyperphagia
• Retinitis pigmentosa, rod-cone retinal dystrophy
• Polydactyly
• Hypogonadotropic hypogonadism with genital malformations
• Renal defects
• Significant developmental delay, speech deficit, ataxia, or poor coordination,
• Olfactory deficit, dental defects
• T2DM and congenital heart disease

Pseudohypoparathyr-
oidism type 1a41

Autosomal dominant • Obesity
• Short stature, round

facies, brachydactyly; typically, short 4th metacarpal, and
other skeletal anomalies with subcutaneous ossifications

• Hypocalcemia and hyperphosphatemia.

WAGRO syndrome42 • Obesity
• Aniridia
• Ambiguous genitalia
• Mental retardation
• Wilms tumor

Cohen syndrome43 Autosomal recessive
disorder

• Obesity
• Hypotonia
• Distinctive facial features and microcephaly
• Nonprogressive psychomotor retardation
• Motor abnormalities
• Progressive myopia

Smith–Magenis
syndrome44

• Obesity
• Neurobehavioral disorder
• Sleep disturbance
• Multiple developmental anomalies

Borjeson–Forssman–
Lehmann45

• Obesity
• Severe mental disability
• Microcephaly
• Epilepsy
• Hypogonadism
• gynecomastia

Carpenter syndrome/
acrocephalopolysyndac-
tyly type II46

• Obesity
• Acrocephaly
• Preaxial polydactyly, soft tissue syndactyly, brachy- or agenesis mesophalangy of the hands and
feet

• congenital heart disease
• Hypogenitalism
• Umbilical Hernia
• Intellectual deficits

Kabuki syndrome47 • Obesity
• Characteristic facial features
• Intellectual deficits
• Visceral and skeletal malformations
• Growth deficiency and several endocrinopathies

Abbreviations: LEPR, leptin receptor; ROHHAD, rapid-onset obesity with hypoventilation, hypothalamic dysfunction, and autonomic dysregulation;
WAGRO, Wilms tumor, aniridia, genitourinary abnormalities, and intellectual disability.
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statistically significant findings continues to be a challenge
with NGS. Using the identified rare variants of uncertain
significance for clinical progress, making interpretations and
performing more controlled clinical trials for personalized
medicine requires updated disease databases, predictive
algorithms, and in vitro functional assays.44 In the case,
initial tests fail to yield results and yet the patient is strongly
suspected to have a syndromic obesity presentation, the best
next steps would include wide genome sequencing.14

Management Options

Lifestyle Management in Monogenic and Syndromic
Obesity
It is critical to understand when managing a child with
hyperphagia associated with genetic obesity such as PWS,
that they do not have the intact physiological huger-satiety
feedback.45 Therefore, nutritional counseling used in meta-
bolic disorders and polygenic obesity (without severe hyper-
phagia) may not be effective in these children. At the same
time, the caloric needs of infants and children with PWS are
significantly lower (40–70%) because of their decreased
resting energy expenditure. This indicates that ensuring 60
to 80% of recommended daily allowance is appropriate to
maintain a stable body weight without excess weight
gain.28–30 Management strategies to a large extent must
focus on reducing food-related preoccupation apart from
controlling access to food. Emotional outbursts, tantrums,
and sudden shut downs are noted as a part of behavioral
disturbances in a child with PWS with hyperphagia.24

PWS patients are notably adverse to any form of physical
exercise owing to the fatigue induced stress and tantrums.46

However, a study involving a 4-week long residential program
occurring four times a year has demonstrated benefits of
intense lifestyle management in PWS patients.46 Apart from
restricted calorie intake, this study involved 6.5hours of
physical exercise daily withmotivating stimuli to build stami-
na usingmusic therapy, psychomotor therapy, education, and
entertainment activities. BMI decreased by 2.1 average points
in every residential session. Regular program compliance
yielded a reduction of 8.9 points over 6 years, hence highlight-
ing the efficacy of exercise on weight loss in PWS.46

Focusing on monogenic obesity conditions like MC4R
defects, no difference has been shown in achieving weight
reduction with intensive lifestyle intervention in patients
with or without MC4R mutation carrier state; however, they
do demonstrate difficulty in achieving long-term body
weight maintenance.10

Pharmacological Management of Genetic Obesity and
Future Precision Medicine
A wide range of drugs have been approved by the Food and
Drug Administration (FDA) to treat obesity in adults. How-
ever, only Orlistat and Phentermine hold FDA approval for
management of pediatric obesity with most recently liraglu-
tide, a GLP 1 agonist being added to the list. Here, we
elaborate on drugs that can be used to target monogenic,
syndromic, and hypothalamic obesity.

Monogenic Obesity
A recombinant leptin analogue (metreleptin) that is current-
ly an FDA-approved treatment for congenital and acquired
lipodystrophy has shown promise among children with
obesity caused by LEP gene defects.47 It is effective in reduc-
ing hunger and body weight among children and adults with
congenital leptin deficiency.47,48

Similarly, several studies evaluating MC4R agonist, set-
melanotide in themanagement ofmonogenic and syndromic
obesity have shown promising results both in terms of safety
and tolerability.49 In phase II study of two adults with POMC
mutation associated obesity, setmelanotide reduced body
weight without major severe side effects.50 Setmelanotide is
being actively evaluated as a potential therapy for LEPR
variations81, POMC deficiency, and Prader–Willi syndrome.51

A recent phase III trial studying setmelanotide demonstrated
its safety and efficacy in treating severe obesity in patients
6 years or older, caused by POMC or LEPR deficiency.52 This
study reported results after 1 year of treatment. In total, 80%
of study participants with POMC deficiency and 45% partic-
ipants with LEPR deficiency achieved at least 10% of weight
loss and significant reduction in the hunger scores.52 The
only noted adverse events were injection site reaction,
hyperpigmentation, nausea and vomiting, rendering setme-
lanotide as dependable treatment option.

Sibutramine, a serotonin-norepinephrine reuptake inhib-
itor, was reported to be beneficial in body weight mainte-
nance as well as improvement in body composition and
obesity-related metabolic abnormalities amongst patients
with MC4R mutation,53 However, FDA has recommended
against the continued use of the medication owing its
cardiovascular adverse effects.54

Inhibition of programmed cell death factor 4 (PDCD4)
shows promise as a novel therapy target for metabolic
diseases including obesity. PDCD4has shown to play a crucial
role in the regulation of glucose and lipid metabolisms,
insulin resistance, oxidative stress, chronic inflammatory
response, and dysbacteriosis, which lead to the progression
of obesity and other metabolic diseases. By an unknown
mechanism PDCD4 has shown to inhibit a transcription
factor Liver X receptorα (LXR-α) and eventually promote
the expression of genes related to lipid synthesis and inhibit
lipid outflow.55

Syndromic and Hypothalamic Obesity
Syndromic obesity management has been a challenge, given
the lack of consensus on antiobesity pharmacotherapy in
pediatric population as well as the wide range of associated
symptoms. However, clinical trials are being actively pur-
sued and several studies involving GLP-1 agonists have
shown promising results in syndromic and hypothalamic
obesity. Female subjectswith Prader–Willi syndrome after 1-
year use of GLP-1 agonists; (exenatide and liraglutide) had a
significant decrease in ghrelin levels, lowered food intake,
and BMI.56–58 Another study amongst patients with Prader–
Willi syndrome elucidated increased satiety and lowered
glucose levels on administration of a single 10-μg exenatide
injection when compared with placebo.59 Whereas some
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studies have demonstrated lowered appetite scores, without
significant change in their weight.60 Similarly, clinical trials
have shown that exenatide and liraglutide can lead to
significant reductions in appetite and weight loss in patients
with hypothalamic obesity.61–63

Clinical trials involving diazoxide among pediatric
patients with hypothalamic obesity has shown varying
results on BMI, mandating larger studies in these population
to understand its true efficacy.64,65

Oxytocin is also noted to be of therapeutic interest.
Physiologically, it is produced by the hypothalamus and
regulates appetite via hedonic and homeostatic pathways.
A recent study has reported the efficacy of investigational
therapy involving an oxytocin analog: carbetocin. When
administered, intranasally carbetocin showed reduction in
hyperphagia45

Apart from appetite and weight control, syndromic obe-
sity also requires management of multitude of associated
symptoms: serotonin reuptake inhibitors, N-acetylcysteine,
or topiramate are used to control skin picking and repeti-
tiveness. Similarly, sex steroids are recommended in the
pubertal years in these children to allow for secondary sexual
characteristics and optimal bone health.30,66

Dysbiotic gut microbiota has shown contributory associ-
ations to both genetic and simple obesity in children, impli-
cating a potentially effective therapeutic target.67

Surgical Management of Severe Monogenic and
Syndromic Obesity
The most effective therapy for patients with severe obesity
is found to be bariatric surgery (BS).68 Patients with homo-
zygous null mutations in LEPR are noted to maintain long-
term weight loss following adjustable gastric banding.24

Despite the rare occurrences of complete loss of function
mutations leading to obesity, 3 to 6%7–11 of patients with
severe obesity carry a pathogenic mutation in the MC4R
gene, making this the most common known genetic cause of
severe obesity.69 Even though, it has been noted that
patients with functional loss of both alleles of MC4R are
unable to sustain long-term weight loss following BS,70 it is
encouraging to note that weight loss trends in response to
BS in patients with heterozygous MC4R mutations is similar
to the response seen in general population with severe
obesity.71 Similar results favoring BS in patients with
MC4R mutations have been supported in larger studies as
well.72 Large multicenter studies are currently focused on
studying the effect of MC4R mutations on long-term out-
comes after BS.

BS has been reported as beneficial in adolescents with
syndromic obesity. On following two patients for 6 and
17 months post one-anastomosis gastric bypass, both ado-
lescents showed significant weight loss, improved lung
function, weight-loss associated improvement in gait, and
better quality of life postoperatively.73 Several case reports
with such similar short-term follow-up periods have shown
favorable outcomes of laparoscopic sleeve gastrectomy in
adolescents with PWS.74 However, some studies have indi-
cated that on an even longer term follow-up, for example,

10 years, BS did not produce sustainable long-term weight
loss or comorbidity resolution in patients with PWS.75 It
noted that the best mean percentage of total weight loss (%
TWL)was achieved at 2 years (24.7%), but dropped to 23.3% at
3 years, 11.9% at 5 years, 4.1% at 8 years, and 0% at 10 years.75

Patientswith other causes of syndromic obesity like BBS have
showngood outcomewith BS.76A patient demonstrated BMI
drop from 52.28 to 34.85 kg/m2 when followed up for 3.5
years post laparoscopic Roux-en-Y gastric bypass as well as
had significant improvement in his hypertension, hyperuri-
cemia, and mobility.76 However, as currently literature is
lacking in long-term outcome, it is recommended more
studies focus on a longer follow-up period in patients with
syndromic obesity treatedwith BS. This will help assess if the
BS induced weight loss is durable and if the benefits on
genetically determined comorbidities in these patients is
long lasting.

Conclusion

Extreme obesity beginning before 5 years of age in the
presence of hyperphagia and/or family history of obesity
and a multisystem involvement warrants an evaluation for
monogenic and syndromic causes of obesity. Early diagno-
sis of genetic obesity using various genetic testing includ-
ing microarray, and whole genome sequencing is critical to
identify the spectrum of mutations and develop therapeu-
tic modalities including multidisciplinary care, targeted
pharmacological approach using upcoming investigational
drugs, or surgical options. Future progress for severe
obesity might entail use of molecular pathological epide-
miology to subclassify disease heterogeneity by linking
etiologic factors and molecular biomarkers to enhance
patient outcomes, especially in the era of precision
medicine.77,78

Given the exponential weight gain and insatiable hyper-
phagia over subsequent follow-up visits, leading to severe
obesity, next generation sequencing for rare genetic disor-
ders of obesity was obtained in the patient’s case highlighted
here. Novel compound heterozygous mutations in the LEPR
gene were identified. LEPR mutations are known to be
associated with multiple endocrinopathies, so patient
should be closely monitored for those in future. A multidis-
ciplinary team approach was recommended. Dietary inter-
ventions such as consistent meal timing, environmental
modifications such as monitored access to food, preplanned
meals are some of the strategies advised to the caretakers
until the child grows older and qualifies for targeted thera-
pies such as an MC4R agonist. MC4R agonists have shown
promise in reducing hyperphagia and decreasing weight.
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