
108

REVIEW

©Copyright 2023 by Turkish Society for Pediatric Endocrinology and Diabetes
The Journal of Clinical Research in Pediatric Endocrinology published by Galenos Publishing House.

J Clin Res Pediatr Endocrinol 2023;15(2):108-119

Conflict of interest: None declared
Received: 19.03.2023
Accepted: 12.04.2023

Address for Correspondence: Béatrice Dubern MD, Department of Pediatric Nutrition and Gastroenterology, 
Trousseau Hospital, Paris, France
Phone:+33 1 44 73 64 46 E-mail: beatrice.dubern@aphp.fr ORCID: orcid.org/0000-0003-2614-7556

Introduction

Obesity is a multifactorial and complex disease defined as 
an excess of body fat resulting from an inadequate energy 
balance over the long term. It is driven by the interaction 
between genetic predisposition and environmental factors 
and can manifest in early childhood with a lifelong burden 
(1). 

Obesity is a major public health issue in our modern society, 
and its incidence has been increasing significantly among 
children in recent decades. According to the World Health 
Organization (WHO) in 2020, 12% of children aged 7-9 
years in the 33 participating countries of the European 
Region can be considered obese (2). Worldwide, WHO has 
estimated the number of overweight or obese children 
under the age of 5 to be 39 million (3).

Obesity derives from impaired central control of body weight 
with a high genetic heritability (up to 80%) in populations 
developing severe and early obesity, before the age of six 
years (4,5). Within this genetic susceptibility, frequent 
polygenic variants with small effects may be distinguished 
from rare pathogenic variants with large effects causing 
monogenic and syndromic obesities. Regarding the latter, 
most of these genes are part of the leptin-melanocortin 
pathway, which is crucial in central nervous system 
regulation of body weight. Patients affected by these 
genetics anomalies show major eating disorder, such as 
impaired satiety and disruptive food-seeking behavior, from 
the first years of life resulting in severe early-onset obesity. 
Some of these patients may also suffer from childhood from 
neuropsychological and psychiatric disorders, endocrine 
comorbidities, and complications deriving from obesity. 
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Thus, the clinical considerations in these obesities are often 
complex and challenging. The treatment of genetic obesity 
has so far been based on environmental control, starting as 
early as possible, to avoid obesity progression and to help 
the acquisition of appropriate eating and exercise behavior. 
The recent development of new therapeutic options for the 
management of these genetic obesities has made early 
diagnosis crucial to avoid massive weight gain in childhood 
and its negative effects on the health of affected children.

In this review, we will briefly describe the principal clinical 
pictures observed in patients with genetic obesity and then 
we will outline the distinct aspects of its current management, 
with a special focus on innovative therapeutics targeting 
hyperphagia.

Clinical Features of Genetic and Syndromic Obesities

Monogenic and syndromic obesities are part of the same 
spectrum of hypothalamic pathologies affecting the satiety 

signal. Both show early-onset obesity, defined for children 
by body mass index (BMI) higher than the International 
Obesity Task Force curve corresponding to BMI 30 kg/m2 
in adulthood before six years of age. A very early adiposity 
rebound before three years of age, or the lack of rebound, 
is regularly observed. This is related to eating behavior 
disorders which can be observed from the first months of 
life. Parents often describe a lack of satiety, intolerance of 
food restriction, and conflicts about limiting food intake. 
Later on, patients may have obsessions with food that 
interfere with other activities, and foraging strategies 
that may include stealing and night-time feeding (6). 
An important phenotypic variability is evident between 
patients with similar genetic disorders. It is partly explained 
by its interaction with environmental factors such as family 
and social conditions, ethnicity, and gender. Most common 
syndromic and monogenic obesities with associated genetic 
alteration and specific clinical features besides severe early-
onset obesity are summarized in Table 1. They are mainly 

Table 1. Most prevalent syndromic and monogenic obesities including the specific clinical features, and genetic alterations

Affected gene Specific clinical features

Syndromic obesity

Prader Willi syndrome Abnormal parental genomic imprinting 
of paternal 15q11-q13 region.

Neonatal hypotonia, suckling disorders in the first months, hyperphagia 
and food impulsivity around 4 years, moderate intellectual disability, 
social interaction and behavioral disorders, endocrine abnormalities 
(growth hormone deficiency, hypogonadism), dysmorphia, scoliosis.

16p11.2 microdeletion 
syndrome

Autosomal dominant transmission, small 
region of chromosome 16.

Developmental delay, intellectual disability.

Fragile X syndrome X-linked dominant transmission, 
CGG trinucleotide expansion of 
FMR1 promotor leading to a lack of 
transcription.

Intellectual deficiency and dysmorphic features of varying degree, more 
severe and frequent in males. 40% of obesity with some PWS-like 
phenotypes.

Bardet-Biedl syndrome Autosomal recessive transmission, 22 
genes known.

Retinal dystrophy, polydactyly, renal abnormalities, hypogonadism, 
hepatic fibrosis, learning disabilities.

Alström syndrome Autosomal recessive transmission, 
ALMS1 gene.

Retinal dystrophy, dysmorphic features, short stature, central deafness, 
endocrine abnormalities (central or peripheral hypogonadism and 
hypothyroidism, polycystic ovary syndrome) dilated cardiomyopathy, 
liver and renal fibrosis and no intellectual disability.

Pseudohypoparathyroidism Autosomal dominant transmission, GNAS 
gene.

Dysmorphia, shot bones, short stature, subcutaneous ossifications, 
variable developmental delay, hypocalcemia, hypothyroidism, pubertal 
delay, epilepsy.

MYT1L Autosomal dominant transmission, 
MYT1L gene.

Developmental and language delay, intellectual disability, behavioral 
disorders and dysmorphic features.

Monogenic obesity

LEP LEP, LEPR, POMC, PCSK1, MC4R genes:
Autosomal recessive transmission: severe, 
early-onset obesity and eating disorders 
with related signs (see beside). Milder 
phenotype in heterozygous patients 
without related signs and more metabolic 
obesity complications.

Endocrine abnormalities (gonadotropic and thyrotropic insufficiency).

LEPR Endocrine abnormalities (gonadotropic, somatotropic and thyrotropic 
insufficiency).

POMC Endocrine abnormalities (corticotropic, gonadotropic, somatotropic and 
mild thyrotropic insufficiency), red hair.

PCSK1 Severe neonatal diarrhea, endocrine abnormalities (corticotropic, 
gonadotropic, somatotropic and thyrotropic insufficiency), 
hypoglycemia.

MC4R Increased height growth in childhood.

ALMS1: Alström syndrome associated protein 1, FMR1: fragile x messenger ribonucleoprotein 1, LEP: leptin, LEPR: leptin receptor, POMC: proopiomelanocortin, PCSK1: 
prohormone subtilisin/kexin 1 convertase, MC4R: melanocortin receptor type 4, MYT1L: myelin transcription factor 1 like
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related to dysfunction of the leptin-melanocortin pathway, a 
main contributor to the satiety signal and energy expenditure 
regulated in the hypothalamic arcuate and paramedian 
nuclei (Figure 1). This pathway involves the hormone 
leptin, synthesized by the leptin gene (LEP) in adipocytes, 
that activates its receptor (LEPR) inducing, in anorexigenic 
neurons, prohormone subtilisin/kexin 1 convertase (PCSK1) 
activity which converts proopiomelanocortin (POMC) to 
alpha-melanocyte stimulating hormone (α-MSH). The latter 
is the natural ligand of the melanocortin receptor type 4 
(MC4R) which induces a satiety signal by its activation 
(7). Other genes are also implicated in the regulation 
of this pathway including MRAP2 encoding for the 
melanocortin receptor accessory protein 2 (8,9), ADCY3 
encoding for adenylate cyclase 3 which transmits the 
MC4R activation signal intracellularly (10). Several genes 
involved in development of the hypothalamus or MC4R 
regulation have been reported to influence this signaling,  
including semaphorin 3A-G (SEMA3A-G), plexinA1–4 
(PLXNA1–4), neuropilin1–2 (NRP1–2) (11), kinase suppressor 

of ras 2 (KSR2) (12), and the steroid-receptor co-activator 1 
(SRC-1) (13). Genetic alterations in these genes lead to the 
phenotype described in both monogenic obesity and also in 
syndromic obesity.

Monogenic obesity (ORPHANET 98267) is due to a pathogenic 
variant on a gene involved in the leptin-melanocortin 
pathway (14-16). Most variants in the genes described above 
(LEP, LEPR, POMC, PCSK1, MC4R mainly) lead to severe and 
early obesity with eating disorders when the mutation is 
homozygous or compound heterozygous, with inconstant 
association to various endocrine disorders. Cohort studies 
have shown that heterozygous variant bearers in the same 
genes display milder phenotypes with a frequency of 10-
12% of heterozygous variants in severe early-onset obesity 
cohorts, especially among children (17,18). Of these, MC4R 
variants are known to be frequent with an incidence of 
0.3% in the general population from a cohort of screened 
newborns in the UK (19), and more than 5% in children 
with severe obesity (20). Besides these five genes, the other 

Figure 1. Schematic representation of the leptin-melanocortin pathway in the hypothalamic nuclei.

Peak-ended arrows represent stimulation, circle-ended arrows represent inhibition. 

SH2B1 and SRC are activated secondary to leptin liaison on its receptor and potentialize its effect on POMC and PCSK1 in anorexigenic neurons, 
and SH2B1 potentialize LEPR inhibition effect on Agouti-related protein in orexigenic neuron. GLP1-R activation facilitates LEPR activation in 
both neuron populations. BBSome is an octameric complex composed of BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9 proteins which mediates 
transmembrane proteins localization in the primary cilium, including ADCY3. MRAP2 addresses MC4R to the cellular membrane.

α-MSH: melanocyte stimulating hormone type α, BBSome: Bardet-Biedl syndrome associated protein complex, BDNF: brain-derived neurotrophic 
factor, GLP1: glucagon-like peptide 1, GLP1-R: GPL1 receptor, LEPR: leptin receptor, MC4R: melanocortin receptor type 4, MRAP2: melanocortin 
receptor accessory protein 2, NTRK2: neurotrophic receptor tyrosine kinase 2, PCSK1: prohormone convertase subtilisin-kexin 1, POMC: pro-
opiomelanocortin, SH2B1: SRC homology 2 B adapter protein 1, SRC1: steroid receptor coactivator 1
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genes cited above have been reported to cause obesity in 
human in cases series or in rodent models but the frequency 
of mutations in cohorts of patients with early and severe 
obesity remains currently unknown.

Syndromic obesities (ORPHANET 240371) are characterized 
by association with malformations, dysmorphic features 
and/or neurodevelopmental disorders (psychomotor 
development delay, intellectual disability, autism spectrum 
disorders). Around 80 syndromes have been identified to 
date, some without elucidated genetic cause (21). The leptin 
melanocortin pathway is involved in several of them.

The Prader-Willi syndrome (PWS) is the most extensively 
studied form of syndromic obesity with an incidence 
of about 1/15000 births. It is often diagnosed in the 
neonatal period in the presence of severe hypotonia with 
feeding difficulties and dysmorphic traits. The evolution 
in childhood is marked by the appearance of challenging 
hyperphagia with an intense impulsivity which lead to early 
morbid obesity. The combination of obesity with interaction 
and behavioral disorders makes these symptoms even more 
problematic for care management (22). This syndrome 
also has a major impact on the quality of life and is also 
associated with an important mortality at all ages, with an 
average life expectancy of 30 years (23,24). The impact of 
severe obesity is most frequently involved in the cause of 
death, showing the great importance of its control in this 
specific population. PCSK1 deficiency and alterations of 
the orexigenic Agouti-related protein hypothalamic neurons 
have been described in PWS (25) as the inactivation of 
MAGEL2 with decreased density of MSH neurons in rodents 
(26).

Bardet-Biedl syndrome (BBS), with a prevalence of about 
1/125000 births, is also associated with severe early-onset 
obesity and with retinal dystrophy, polydactyly, renal 
abnormalities, dysmorphism, and learning disabilities. 
It is caused by a genetic alteration in the function of the 
primary cilium, with more than 20 involved genes identified 
to date. Current evidence suggests that the impairment of 
the primary cilium induces a hypothalamic dysfunction in 
the leptin-melanocortin pathway and partly explains the 
obesity phenotype with severe hyperphagia (27,28,29). 

TO HEREThe 16p11.2 microdeletion syndrome has 
been more recently described and is the most frequent 
syndromic obesity known to date, with an estimated 
incidence of 1/2000 births. It is characterized by an altered 
satiety responsiveness leading to early-onset obesity, with 
developmental delay, neurodevelopmental disorders and 
is even more prevalent in patients with autism spectrum 
disorder. This syndrome is sometimes associated with 

non-specific malformations or dysmorphism (30,31). The 
mechanism related to obesity may be the deletion of SH2B1 
contained in this chromosomal region, which is involved 
in regulation of the melanocortin pathway. The specific 
deletion of SH2B1 leads to hyperphagia and early obesity 
(32).

Another recently described genetic disorder is due to 
myelin transcription factor 1-like (MYT1L) variants. MYT1L 
is involved in development of the hypothalamus and its 
heterozygous variants are associated with syndromes 
showing severe obesity with abnormal feeding behavior, 
intellectual disability, neurobehavioral disorders and 
dysmorphic features (33).

All together, these descriptions illustrate the blurred 
distinction between syndromic and non-syndromic 
monogenic obesity and the overlap of phenotypes, also with 
similarity to those of hypothalamic obesity.

Lifestyle Modification Therapies in Genetic Obesities

In common obesity, the cornerstone of clinical management 
is to provide appropriate nutritional, behavioral and exercise 
intervention with the help of trained health professionals. 
The intervention of dieticians, psychologists and teachers 
of adapted physical activity is recommended for every 
patients suffering from genetic or syndromic obesity or 
at-risk of severe obesity later in life, in cases with early 
diagnosis (6,14). The instruction of caregivers is essential 
to enable environmental control. These measures should 
be implemented as early as possible in childhood, as they 
limit the development and aggravation of obesity and eating 
behavior disorders and maintained throughout life with 
increased vigilance during the transition from childhood to 
adulthood. 

Concerning diet, the overall measures focus on avoiding 
uncontrolled food intake. Restricting food access, establishing 
a reassuring eating routine, and ritualization of food intake 
help to limit the impulsivity that leads to hyperphagia and 
disruptive food-seeking behavior. If dietary autonomy is 
seldom possible in genetic obesity with eating disorders, 
this strategy still improves the quality of life of patients and 
facilitates their social integration by easing their relationship 
with food. In monogenic obesities, absence of satiety is 
extremely severe, life-long and responsible for stigma and 
suffering for the patients (34). On the other hand, the early 
restriction of food intake through environment control 
has been shown to benefit PWS patients by slowing the 
progression of obesity (35).

It is also crucial to begin adapted physical activity. In patients 
with PWS, a decrease in baseline physical activity is noticed 
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compared to patients with non-syndromic obesity (36). Two 
recent systematic reviews about exercise in PWS showed 
improvement of physical capacities (maximum oxygen 
uptake, muscle strength, walking distance) but no weight 
or fat loss without associated dietary intervention (37,38). 
Children with pathogenic MC4R variants who received 
nutritional, physical, psychological, and family intervention 
for one year were able to lose as much weight as matched 
obese children without MC4R variation, approximately 0.4 
BMI-standard deviation score (SDS) (39). Unfortunately, they 
were unable to maintain weight loss, unlike their mutation-
free counterparts. Multicomponent lifestyle interventions 
thus have a positive effect on the health outcome of these 
patients but need to be intensive and sustained to remain 
effective over time.

Holistic and comprehensive approaches are essential to 
improve patients’ clinical conditions and need expertise in 
specialized centers. Psychological follow-up is beneficial, 
both to manage the frequent neuropsychiatric comorbidities 
and the major psychosocial repercussions of these obesities 
and the resulting stigma. Neuropsychological evaluation 
may identify cognitive dysfunction or other specific 
learning disability to guide and improve psychological and 
educational support. Screening and treatment of specific 
comorbidities associated with the genetic defect (Table 
1) may also prevent further complications and should 
thus be given special attention. Genetic obesity is often 
associated with hormonal deficiency, with better outcomes 
if treated before becoming symptomatic. Sleep disorders, 
digestive disorders, and orthopedic deformations, as well 
as associated congenital malformations, require additional 
attention and often assistance from other specialized 
physicians. Complications of obesity may also arise and 
necessitate additional treatment. 

Transition between pediatric and adult care may also be a 
critical period in such complex patients. In a retrospective 
cohort study, PWS patients which received transitional 
care had a lower BMI by 10 kg/m² and less antidepressant 
treatments (40). All these supports allow patients’ quality 
of life improvement and help them to integrate with social 
structures and build their own lifestyle.

Pharmacological Treatments

Even though not widely used in practice and often of 
modest efficacy, some treatments are now approved to 
treat common obesity (41). In the future, these treatments 
could be proposed for use in patients with syndromic or 
monogenic obesity, but only after careful clinical evaluation. 
GLP1 analogs are, amongst these treatments, probably the 
most promising molecules being investigated. Human GLP-

1, an incretin secreted by entero-endocrine cells in response 
to food intake, enhances insulin secretion by the pancreatic 
ß-cell and improves insulin sensitivity. It reduces appetite 
through a reduction of gastric emptying and central effects 
on satiety signaling. These mechanisms allow improvements 
of glucose metabolism and body weight. GLP-1 analogs 
were first developed for type 2 diabetes before being 
explored as a treatment for obesity. Reported side effects 
include frequent nausea, dizziness, pain or local reaction 
at the injection site, abdominal pain and low blood sugar. 
Other rare serious side effects have been reported, including 
anaphylactic reactions, pancreatitis, gallbladder and biliary 
diseases (42) and acute renal failure. Close attention is 
needed regarding the tolerance of these treatments given 
the 2-to-3-fold higher doses used in obesity compared to 
diabetes. Furthermore, less is known about their long-term 
safety, and these treatments may need to be prolonged to 
maintain a significant effect on weight.

Among GLP-1 analogs, liraglutide is supported by the most 
extensive scientific reports. A double-blind randomized 
controlled trial (RCT) was conducted for treatment of 
common obesity in 251 adolescents (12-17 years) with 
liraglutide combined with lifestyle intervention (43). 
The assessment after 56 weeks of treatment revealed 
a significant decrease in BMI-SDS of -0.22 compared to 
placebo. BMI reduction of more than 5% was completed 
more frequently with liraglutide than placebo (43.3% vs 
18.7%). These results are consistent with data available 
for adults with a body weight change of about -5% (44). 
Afterwards, liraglutide (Saxenda®) was approved by the Food 
and Drug Association (FDA) in 2020 and by the European 
Medicines Agency at a dose of 3 mg per day subcutaneously 
for the treatment of obesity in adolescents aged 12–17 years. 
Given these significant but modest effects on weight loss 
and the mode of administration (e.g., daily subcutaneous 
injection), the appropriateness of using this treatment in 
adolescent obesity remains controversial (45,46,47).

Exenatide, another GLP-1 analog with weekly injections, 
showed comparable results in a double-blinded RCT against 
placebo in 44 obese adolescents. Six months of treatment 
combined with lifestyle intervention permitted a significant 
but mild reduction in BMI-SDS (-0.09), BMI (-0.8 kg/m2) and 
weight (-3 kg) (48). Exenatide has not been approved for the 
treatment of obesity to date.

More recently, semaglutide showed promising results for 
common obesity in two RCT investigating adults on the 
one hand and adolescents on the other (49,50). Concerning 
adolescents, a double-blind RCT published in 2022 analyzed 
weekly subcutaneous injection of semaglutide for 68 weeks 
against placebo in 201 obese adolescents with at least 
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one weight-related comorbidity. Lifestyle intervention 
was proposed in both groups. The treatment resulted in a 
major mean change in BMI of -16.1% (against +0.6% with 
placebo) at the end of the study period. Moreover, 73% of 
patients had lost >5% of weight and 62% had lost >10% 
of weight after 68 weeks on semaglutide, against 18% 
and 8% in the placebo group, respectively. There was a 
significant improvement of weight-related quality of life and 
dyslipidemia in the semaglutide group. Semaglutide has 
been shown to be significantly more effective in weight loss 
than other GLP-1 analogues. It could pave the way for new 
therapeutic strategies against obesity in the years to come.

Regarding syndromic obesities, daily liraglutide combined 
with diet and exercise intervention was administrated 
to 55 adolescents and children with PWS in a 52 weeks 
multicenter RCT. There was no significant change in BMI 
SDS from baseline with an estimated difference around 
-0.1 SDS. A significant reduction in hyperphagia score 
was observed at week 52 for liraglutide compared to no 
treatment in adolescents but not in children (51). No RCT 
assessing PWS and the other GLP-1 agonists are available to 
date. The effect of GPL-1 agonists thus appears uncertain in 
PWS, the only syndromic obesity studied in regard of these 
treatments so far.

Among patients with monogenic obesity, a trial compared 
daily 3 mg liraglutide efficacy in 14 carriers of MC4R 
pathogenic variants against 28 non-mutated patients. An 
equivalent weight loss between the two groups of about 
6% of body weight after 16 weeks of treatment was 
observed with similar improvement in body fat mass, 
waist circumference, and glucose tolerance (52). These 
data suggest a preserved efficacy of GLP-1 agonists for 
genetic obesity with decreased MC4R signaling. There is 
no available evidence for other types of monogenic obesity 
and GLP-1 agonists to date. Further studies are now needed 
given the substantial expected benefit for these patients, 
especially considering its promising results in hypothalamic 
obesity (53).

PWS has benefited from the most intense therapeutic 
research among syndromic obesity due to its severity 
and frequency (41,54). PWS leads to a hypothalamic 
dysfunction involved in satiety deficiency but also results 
in impaired oxytocin (OXT) signaling and growth hormone 
(GH) deficiency (55). GH supplementation is recommended 
for PWS patients from diagnosis and throughout the growth 
phase. It has been shown to normalize height growth 
in children, increase lean mass, decrease body fat and 
improve psychomotor development (56). Continuation 
of the treatment during adulthood may help patients 
maintaining a better BMI, body composition and exercise 

capacity (57,58). Contradictory outcomes emerged from 
RCT on intranasal OXT supplementation for PWS patients 
(59,60), but it recently showed promising results, specifically 
in the youngest ones (61). The ghrelin pathway is indeed 
impaired in PWS and provides a potential therapeutic 
target. Livoletide, a non-acylated ghrelin analog, provided 
promising results concerning food behavior in a RCT of 40 
PWS patients undergoing 14 days of treatment (62). Ghrelin 
O-acyltransferase (GOAT) is the enzyme catalyzing the 
conversion of ghrelin into its inactive form. A GOAT inhibitor 
is currently being evaluated in PWS (63).

Targeting the leptin melanocortin pathway has also led to 
development of successful innovative therapeutics, taking 
a great step towards personalized medicine in genetic 
obesity. Montague et al. (64) described the first human 
cases of congenital leptin deficiency, an exceptionally rare 
condition secondary to homozygous pathogenic variants 
in the LEP gene. When treated with recombinant leptin 
(metreleptin), these patients exhibited great weight loss 
with normalization of metabolic and neuroendocrine 
alterations (65,66,67). This success raised great hope for 
the treatment of common obesity. Unfortunately, common 
obesity is associated with leptin-resistance and its treatment 
with leptin monotherapy did not lead to sufficient efficacy 
(68,69,70). In addition, recombinant leptin is not indicated 
in other types of monogenic obesity with signal interruption 
downstream in the leptin-melanocortin pathway as in LEPR 
or POMC deficiency (71,72,73).

Since then, intense research efforts have led to the 
development of several MC4R agonists. Unfortunately, the 
first ones were responsible for cardiovascular side-effects. 
Recently, a better tolerated, highly selective MC4R agonist 
was discovered, setmelanotide (Imcivree, also initially 
known as RM-493). Indeed, due to the pivotal role of MC4R 
in weight, appetite, and energy expenditure regulation, this 
G protein-coupled receptor is a key target to increase energy 
expenditure and reduce food intake, causing a negative 
energy balance when activated. Daily subcutaneous 
injection of setmelanotide for one year resulted in significant 
appetite control, consequently resulting in weight loss in a 
trial assessing POMC and LEPR deficient patients stemming 
from POMC and PCSK1 or LEPR homozygous mutations 
(74). In the POMC deficient group (10 patients), the mean 
weight loss was 25.6% with 80% losing at least 10% of initial 
weight and induced an important decrease in the hunger 
score of 27%. Regarding the 11 LEPR deficient patients, the 
efficiency was also significant with 12.6% of mean weight 
loss, 45% of them losing more than 10% of weight and a 
decrease in hunger score of 44%. The safety profile was 
characterized by frequent cutaneous hyperpigmentation, 
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but no other serious adverse events were reported. Transient 
digestive manifestations and local cutaneous reaction after 
injection were also frequently reported. These effects seem 
sustainable in the two first POMC deficient patients treated 
for more than 7 years with setmelanotide (75). The FDA 
approved setmelanotide in 2020, followed by the EMA in 
2021, in the treatment of obesity in adults and children 
aged six years and older with confirmed genetic diagnosis 
of POMC, PCSK1 and LEPR deficiency.

The effects of setmelanotide in MC4R variant carriers are 
more controversial. Setmelanotide is a markedly more 
powerful MC4R agonist than the endogenous ligand (α-MSH). 
In cellular models, this increased affinity allowed the rescue 
of intracellular signaling despite defective MC4R mutants. 
The study of rodent models has shown an intermediate 
response of MC4R heterozygous mutant to setmelanotide. 
These mice had less weight gain under high fat diet than the 
control MC4R heterozygous mice injected with saline. The 
beneficial effect of setmelanotide was less pronounced than 
in wild-type mice, while MC4R homozygous knock-out mice 
showed no effect of this molecule. A phase 1 RCT evaluated 
continuous subcutaneous infusion of setmelanotide during 
28 days in eight patients carrying MC4R heterozygous 
pathogenic variants compared to 49 obese patients 
free of mutation. A significant change in weight loss for 
setmelanotide compared to placebo were observed for both 
MC4R heterozygous and obese control groups, with a similar 
effect of -3.48 kg and -3.07 kg, respectively (76). Further 
studies are required to decipher whether setmelanotide can 
efficiently induce significant weight loss in subjects with 
MC4R deficiency.

Concurrently, setmelanotide was studied in BBS patients 
because of its proven impaired leptin-melanocortin signaling 
associated to hyperphagia (28) in a 52 weeks multicenter 
phase 3 RCT that included 32 BBS obese patients more 
than six years old. The primary endpoint was significant, 
showing 32.3% of patients with BBS losing more than 10% 
of bodyweight after 52 weeks of setmelanotide, associated 
with a reduction in hunger scores (77). As a result of this 
trial, the EMA approved setmelanotide in 2021 as treatment 
for BBS patients older than six years, followed by the FDA 
in 2022.

One phase 3 RCT is in progress to assess setmelanotide 
treatment in Smith Magenis syndrome and 16p11.2 
deletion (NCT03013543). Concerning the younger pediatric 
populations, a phase 3 open-label clinical trial assessing 
setmelanotide in PCSK1, POMC and LEPR deficient, 
and BBS child between 2 and 6 years of age is ongoing 
(NCT04966741). 

Several pharmacologic therapies are now emerging, 
implying different affected molecular pathways. Some trials 
targeting hypothalamic obesity may also advance the field 
for genetic and syndromic obesity, given their similarities. 
Non-pharmacologic interventions such as deep brain 
stimulation are also being evaluated.

Bariatric Surgery

Presently, the most common surgical techniques are sleeve 
gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB). 
These interventions result in a sustainable weight reduction 
and remission of comorbidities in most of patients with 
common obesity (78,79). Bariatric surgery has regularly 
been undertaken for syndromic and monogenic obesity due 
to their severity, as the most effective treatment for patients 
with complicated severe obesity (80). These intervention 
outcomes remain, however, uncertain over the long term, 
as the evidence on its use in syndromic obesity are limited 
and heterogenous.

In syndromic obesity, SG has been studied in one 
monocentric pediatric study of 24 PWS patients with a 
mean BMI of 46.2 kg/m² compared to 72 children with 
common obesity matched for age, gender, and BMI. The 
PWS group started regaining weight from the fourth year 
of follow-up, with a BMI loss of 11 kg/m² after 5 years (7 
patients’ data) significantly lower than the 19 kg/m² loss 
observed in children without PWS. More than 80% of 
PWS patients experienced remission of their obesity 
comorbidities, mainly obstructive sleep apnea, and the 
safety was good with no major surgical complication (81). 
A recent systematic review assessed bariatric surgery 
outcomes for 202 adults and pediatrics patients with obesity 
associated with hyperphagia (114 patients with PWS, 43 
with MC4R mutations, 38 with hypothalamic obesity and 
7 with BBS). Statistical analysis included 96 PWS patients 
with a median age of 17 years, median weight of 97 kg and 
median BMI of 49 kg/m2 with duration of follow up from 6 
months to 14 years. These patients had a median weight 
loss of 24% within one year of surgery, but showed an 
important weight regain leading to a non-significant weight 
change five years after surgery. Surgical morbidity was also 
problematic with 10 deaths reported out of 104 patients 
with PWS, including five who died within one year after 
surgery. Moreover, 13 PWS patients underwent a second 
bariatric surgery. Long-term outcomes in other hyperphagic 
obesities were heterogenous but showed a trend towards 
less weight loss and increased surgical reinterventions (82). 
These finding suggests that PWS patients may be more 
likely to regain weight long-term and more prone to surgical 
complications. In other type of syndromic obesity, isolated 
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cases of patients undergoing bariatric surgery have been 
reported, with varying interventions, follow-up and results. 
It is worth pointing out that no study assessed psychiatric 
and nutritional complications, more frequent in these 
particularly vulnerable patients. Caution should be required 
as patients with syndromic obesity show severe behavioral 
disorders, developmental disorders and compulsive food 
behavior which could interfere with lifestyle changes 
mandatory after bariatric surgery and might lead to worse 
outcomes. Syndromic obesity therefore appears to be an 
inadequate indication for bariatric surgery.

Regarding monogenic non-syndromic obesity, the most 
evidence concerns long-term outcome of bariatric surgery 
in terms of retrospective genetic analyses. The most 
important of these published studies assessed the effect of 
heterozygous variants in the leptin-melanocortin pathway 
on the long-term outcomes after RYGB in a retrospective 
case-control study with 50 heterozygous variant carriers and 
seven genes were analyzed: LEPR, PCSK1, POMC, SH2B1, 
SRC1, MC4R, and SIM1, while 100 matched (sex, age, BMI, 
and time since surgery) controls free of mutation were also 
assessed. Mean age was 51±11 years and BMI 46±7 kg/
m2 at the time of surgery. The percentage weight loss 15 
years after surgery was -16.6±10.7% for variant carriers 
against -28.7±12.9% in matched controls. The weight regain 
after maximum weight loss was also greater in heterozygous 
patients with 52.7±29.7 kg compared to 29.8±20.7 kg for 
non-carriers. These data show a lower long-term efficiency 

of RYGB in heterozygous variant carriers secondary to more 
weight regain, possibly due to eating behavior disorders (83). 
These results were consistent with a former retrospective 
genetic analysis in 131 obese adults who underwent SG 
surgery, showing that the 10 patients carrying heterozygous 
variants in the leptin-melanocortin pathway had less weight 
loss over both the short-term and long-term (84). However, 
another study of 1014 patients who underwent bariatric 
surgery which included 30 patients with a heterozygous 
variant in the leptin-melanocortin pathway (12 in POMC, 11 
in MC4R, 5 in PCSK1) showed similar weight loss among 
mutation carriers and controls after a short follow-up of 
two years (85). A recent multicenter case-control study also 
compared outcomes of 35 patients with heterozygous likely-
pathogenic MC4R variants compared with 70 mutation-free 
controls matched for age, sex, BMI and surgical procedure. 
Five years after bariatric surgery, a trend towards greater 
weight regain after nadir was observed for the MC4R variant 
carriers, which was greater after SG than after RYGB (86).

Concerning homozygous variant carriers, the largest case 
series available to date reported eight patients with POMC, 
LEPR, and MC4R mutations. Long-term outcomes were 
unsatisfactory and experienced by every patient with a 
median weight regain of 24.1 kg after an initial median 
weight loss of 21.5 kg (87). 

Thus, melanocortin pathway heterozygous variants, in the 
absence of major eating or neurodevelopmental/psychiatric 
disorders, are not an absolute contraindication to bariatric 

Figure 2. Emerging strategy for management of genetic and syndromic obesity.

OSA: obstructive sleep apnea, T2D: type 2 diabetes
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surgery. However, with the emergence of new effective 
treatments, caution and multidisciplinary discussion to 
accurately judge the benefit-risk balance are warranted 
before opting for surgery (Figure 2).

Conclusion and Perspectives

Until recently, only multicomponent lifestyle interventions 
were proposed for patients with syndromic or monogenic 
obesity. While it remains the basis of their clinical 
management, the emergence of innovative, targeted 
treatments in recent years has changed this reality and 
paved the way for personalized medicine for these diseases 
in the future. Bariatric surgery now has pharmaceutical 
challengers for weight loss, which should probably be 
preferred in these situations to avoid irreversible anatomical 
changes and uncertain outcomes. However, further efforts 
are still needed to clarify the position of each treatment in 
each of these rare and complex clinical conditions. Early 
genetic diagnosis remains a major concern for these patients 
while it permits access to specialized multidisciplinary care, 
new molecules, and ongoing clinical trials to optimize their 
management. Genetic analyses should be offered to every 
child with rapid weight gain and additional clinical suggestive 
features. This population, confronting a lifelong struggle 
with obesity and its complications, certainly require special 
attention, which may prevent the development of obesity 
related complications, avoid the failure of conservative 
treatment approaches, and reduces the stigmatization of 
patients and their families. Intensive lifestyle intervention 
may help to improve these features, particularly when held 
on an outpatient basis as close to home as possible. Specific 
healthcare pathways are currently available in France to 
explore this hypothesis. This management will hopefully 
lead to a better prognosis for these patients in adulthood.

Research is thankfully still producing new solutions. Patients 
with monogenic forms of obesity may benefit in the future 
from CriSPr-mediated gene editing via induced pluripotent 
stem cell technologies (88) or direct defective gene repairing 
(89). Given the clinical severity of these patients, involvement 
and cooperation from both physicians and scientists is still 
required to improve their conditions and outcomes. 

Ethics 

Peer-review: Externally and internally peer-reviewed.

Authorship Contributions

Concept: Nathan Faccioli, Christine Poitou, Karine Clément, 
Béatrice Dubern, Design: Nathan Faccioli, Christine Poitou, 
Karine Clément, Béatrice Dubern, Literature Search: Nathan 
Faccioli, Christine Poitou, Karine Clément, Béatrice Dubern, 
Writing: Nathan Faccioli, Christine Poitou, Karine Clément, 
Béatrice Dubern.

Financial Disclosure: NF benefited from a fellowship from 
the French Pediatric Society (Société Française de Pédiatrie) 
cofunded by Novo-Nordisk laboratory.

References
1. Bouchard C. Genetics of Obesity: What We Have Learned Over Decades 

of Research. Obesity (Silver Spring) 2021;29:802-820. 

2. Childhood obesity in European Region remains high: new WHO report 
presents latest country data [Internet]. 2020 [cited 2022 Dec 23]. 
Available from: https://www.who.int/europe/news/item/08-11-2022-
childhood-obesity-in-european-region-remains-high--new-who-report-
presents-latest-country-data

3. WHO. Obesity and overweight [Internet]. 2019 [cited 2022 Dec 21]. 
Available from: https://www.who.int/news-room/fact-sheets/detail/
obesity-and-overweight

4. Silventoinen K, Jelenkovic A, Sund R, Hur YM, Yokoyama Y, Honda C, 
Hjelmborg Jv, Möller S, Ooki S, Aaltonen S, Ji F, Ning F, Pang Z, Rebato 
E, Busjahn A, Kandler C, Saudino KJ, Jang KL, Cozen W, Hwang AE, 
Mack TM, Gao W, Yu C, Li L, Corley RP, Huibregtse BM, Christensen 
K, Skytthe A, Kyvik KO, Derom CA, Vlietinck RF, Loos RJ, Heikkilä K, 
Wardle J, Llewellyn CH, Fisher A, McAdams TA, Eley TC, Gregory AM, 
He M, Ding X, Bjerregaard-Andersen M, Beck-Nielsen H, Sodemann 
M, Tarnoki AD, Tarnoki DL, Stazi MA, Fagnani C, D’Ippolito C, Knafo-
Noam A, Mankuta D, Abramson L, Burt SA, Klump KL, Silberg JL, 
Eaves LJ, Maes HH, Krueger RF, McGue M, Pahlen S, Gatz M, Butler 
DA, Bartels M, van Beijsterveldt TC, Craig JM, Saffery R, Freitas DL, 
Maia JA, Dubois L, Boivin M, Brendgen M, Dionne G, Vitaro F, Martin 
NG, Medland SE, Montgomery GW, Chong Y, Swan GE, Krasnow R, 
Magnusson PK, Pedersen NL, Tynelius P, Lichtenstein P, Haworth CM, 
Plomin R, Bayasgalan G, Narandalai D, Harden KP, Tucker-Drob EM, 
Öncel SY, Aliev F, Spector T, Mangino M, Lachance G, Baker LA, Tuvblad 
C, Duncan GE, Buchwald D, Willemsen G, Rasmussen F, Goldberg JH, 
Sørensen TIa, Boomsma DI, Kaprio J. Genetic and environmental 
effects on body mass index from infancy to the onset of adulthood: an 
individual-based pooled analysis of 45 twin cohorts participating in the 
COllaborative project of Development of Anthropometrical measures 
in Twins (CODATwins) study. Am J Clin Nutr 2016;104:371-379. Epub 
2016 Jul 13 

5. Wardle J, Carnell S, Haworth CM, Plomin R. Evidence for a strong 
genetic influence on childhood adiposity despite the force of the 
obesogenic environment. Am J Clin Nutr 2008;87:398-404. 

6. Poitou C, Mosbah H, Clément K. Mechanisms in Endocrinology: Update 
on treatments for patients with genetic obesity. Eur J Endocrinol 
2020;183:149-166. 

7. Brouwers B, de Oliveira EM, Marti-Solano M, Monteiro FBF, Laurin SA, 
Keogh JM, Henning E, Bounds R, Daly CA, Houston S, Ayinampudi 
V, Wasiluk N, Clarke D, Plouffe B, Bouvier M, Babu MM, Farooqi IS, 
Mokrosiński J. Human MC4R variants affect endocytosis, trafficking 
and dimerization revealing multiple cellular mechanisms involved in 
weight regulation. Cell Rep 2021;34:108862. 

8. Baron M, Maillet J, Huyvaert M, Dechaume A, Boutry R, Loiselle H, 
Durand E, Toussaint B, Vaillant E, Philippe J, Thomas J, Ghulam A, Franc 
S, Charpentier G, Borys JM, Lévy-Marchal C, Tauber M, Scharfmann R, 
Weill J, Aubert C, Kerr-Conte J, Pattou F, Roussel R, Balkau B, Marre M, 
Boissel M, Derhourhi M, Gaget S, Canouil M, Froguel P, Bonnefond A. 
Loss-of-function mutations in MRAP2 are pathogenic in hyperphagic 
obesity with hyperglycemia and hypertension. Nat Med 2019;25:1733-
1738. Epub 2019 Nov 7 

9. Bernard A, Ojeda Naharros I, Yue X, Mifsud F, Blake A, Bourgain-
Guglielmetti F, Ciprin J, Zhang S, McDaid E, Kim K, Nachury MV, 



Faccioli N et al. 
Genetic Obesity Treatments

J Clin Res Pediatr Endocrinol
2023;15(2):108-119

117

Reiter JF, Vaisse C. MRAP2 regulates energy homeostasis by promoting 
primary cilia localization of MC4R. JCI Insight 2023;8:e155900. 

10. Saeed S, Bonnefond A, Tamanini F, Mirza MU, Manzoor J, Janjua 
QM, Din SM, Gaitan J, Milochau A, Durand E, Vaillant E, Haseeb A, 
De Graeve F, Rabearivelo I, Sand O, Queniat G, Boutry R, Schott DA, 
Ayesha H, Ali M, Khan WI, Butt TA, Rinne T, Stumpel C, Abderrahmani 
A, Lang J, Arslan M, Froguel P. Loss-of-function mutations in ADCY3 
cause monogenic severe obesity. Nat Genet 2018;50:175-179. Epub 
2018 Jan 8 

11. van der Klaauw AA, Croizier S, Mendes de Oliveira E, Stadler LKJ, Park 
S, Kong Y, Banton MC, Tandon P, Hendricks AE, Keogh JM, Riley SE, 
Papadia S, Henning E, Bounds R, Bochukova EG, Mistry V, O’Rahilly 
S, Simerly RB; INTERVAL; UK10K Consortium; Minchin JEN, Barroso 
I, Jones EY, Bouret SG, Farooqi IS. Human Semaphorin 3 Variants 
Link Melanocortin Circuit Development and Energy Balance. Cell 
2019;176:729-742. Epub 2019 Jan 17 

12. Pearce LR, Atanassova N, Banton MC, Bottomley B, van der Klaauw 
AA, Revelli JP, Hendricks A, Keogh JM, Henning E, Doree D, Jeter-Jones 
S, Garg S, Bochukova EG, Bounds R, Ashford S, Gayton E, Hindmarsh 
PC, Shield JP, Crowne E, Barford D, Wareham NJ; UK10K consortium; 
O’Rahilly S, Murphy MP, Powell DR, Barroso I, Farooqi IS. KSR2 
mutations are associated with obesity, insulin resistance, and impaired 
cellular fuel oxidation. Cell 2013;155:765-777. 

13. Cacciottolo TM, Henning E, Keogh JM, Bel Lassen P, Lawler K, Bounds 
R, Ahmed R, Perdikari A, Mendes de Oliveira E, Smith M, Godfrey 
EM, Johnson E, Hodson L, Clément K, van der Klaauw AA, Farooqi IS. 
Obesity Due to Steroid Receptor Coactivator-1 Deficiency Is Associated 
With Endocrine and Metabolic Abnormalities. J Clin Endocrinol Metab 
2022;107:2532-2544. 

14. Huvenne H, Dubern B, Clément K, Poitou C. Rare Genetic Forms of 
Obesity: Clinical Approach and Current Treatments in 2016. Obes 
Facts 2016;9:158-173. Epub 2016 Jun 1

15. van der Klaauw AA, Farooqi IS. The hunger genes: pathways to obesity. 
Cell 2015;161:119-132. 

16. Loos RJF, Yeo GSH. The genetics of obesity: from discovery to biology. 
Nat Rev Genet 2022;23:120-133. Epub 2021 Sep 23

17. Courbage S, Poitou C, Le Beyec-Le Bihan J, Karsenty A, Lemale J, 
Pelloux V, Lacorte JM, Carel JC, Lecomte N, Storey C, De Filippo G, 
Coupaye M, Oppert JM, Tounian P, Clément K, Dubern B. Implication of 
Heterozygous Variants in Genes of the Leptin-Melanocortin Pathway in 
Severe Obesity. J Clin Endocrinol Metab 2021;106:2991-3006. 

18. Nalbantoğlu Ö, Hazan F, Acar S, Gürsoy S, Özkan B. Screening of non-
syndromic early-onset child and adolescent obese patients in terms 
of LEP, LEPR, MC4R and POMC gene variants by next-generation 
sequencing. J Pediatr Endocrinol Metab 2022;35:1041-1050. 

19. Wade KH, Lam BYH, Melvin A, Pan W, Corbin LJ, Hughes DA, Rainbow 
K, Chen JH, Duckett K, Liu X, Mokrosiński J, Mörseburg A, Neaves S, 
Williamson A, Zhang C, Farooqi IS, Yeo GSH, Timpson NJ, O’Rahilly S. 
Loss-of-function mutations in the melanocortin 4 receptor in a UK birth 
cohort. Nat Med 2021;27:1088-1096. Epub 2021 May 27

20. Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O’Rahilly S. Clinical 
spectrum of obesity and mutations in the melanocortin 4 receptor 
gene. N Engl J Med 2003;348:1085-1095. 

21. Kaur Y, de Souza RJ, Gibson WT, Meyre D. A systematic review of 
genetic syndromes with obesity. Obes Rev 2017;18:603-634. Epub 
2017 Mar 27

22. Butler MG, Miller JL, Forster JL. Prader-Willi Syndrome - Clinical 
Genetics, Diagnosis and Treatment Approaches: An Update. Curr 
Pediatr Rev 2019;15:207-244. 

23. Butler MG, Manzardo AM, Heinemann J, Loker C, Loker J. Causes of 
death in Prader-Willi syndrome: Prader-Willi Syndrome Association 

(USA) 40-year mortality survey. Genet Med 2017;19:635-642. Epub 
2016 Nov 17

24. Pacoricona Alfaro DL, Lemoine P, Ehlinger V, Molinas C, Diene G, 
Valette M, Pinto G, Coupaye M, Poitou-Bernert C, Thuilleaux D, Arnaud 
C, Tauber M. Causes of death in Prader-Willi syndrome: lessons from 
11 years’ experience of a national reference center. Orphanet J Rare 
Dis 2019;14:238. 

25. Burnett LC, LeDuc CA, Sulsona CR, Paull D, Rausch R, Eddiry S, 
Carli JF, Morabito MV, Skowronski AA, Hubner G, Zimmer M, Wang 
L, Day R, Levy B, Fennoy I, Dubern B, Poitou C, Clement K, Butler 
MG, Rosenbaum M, Salles JP, Tauber M, Driscoll DJ, Egli D, Leibel 
RL. Deficiency in prohormone convertase PC1 impairs prohormone 
processing in Prader-Willi syndrome. J Clin Invest 2017;127:293-305. 
Epub 2016 Dec 12

26. Maillard J, Park S, Croizier S, Vanacker C, Cook JH, Prevot V, Tauber M, 
Bouret SG. Loss of Magel2 impairs the development of hypothalamic 
Anorexigenic circuits. Hum Mol Genet 2016;25:3208-3215. Epub 2016 
Jun 10

27. Tsang SH, Aycinena ARP, Sharma T. Ciliopathy: Bardet-Biedl Syndrome. 
Adv Exp Med Biol 2018;1085:171-174. 

28. Vaisse C, Reiter JF, Berbari NF. Cilia and Obesity. Cold Spring Harb 
Perspect Biol 2017;9:a028217. 

29. Chennen K, Scerbo MJ, Dollfus H, Poch O, Marion V. Syndrome de 
Bardet-Biedl: cils et obésité - de la génétique aux approches intégratives 
[Bardet-Biedl syndrome: cilia and obesity - from genes to integrative 
approaches]. Med Sci (Paris) 201430:1034-1039. Epub 2014 Nov 10

30. Maillard AM, Hippolyte L, Rodriguez-Herreros B, Chawner SJ, Dremmel 
D, Agüera Z, Fagundo AB, Pain A, Martin-Brevet S, Hilbert A, Kurz S, 
Etienne R, Draganski B, Jimenez-Murcia S, Männik K, Metspalu A, 
Reigo A, Isidor B, Le Caignec C, David A, Mignot C, Keren B; 16p11.2 
European Consortium; van den Bree MB, Munsch S, Fernandez-Aranda 
F, Beckmann JS, Reymond A, Jacquemont S. 16p11.2 Locus modulates 
response to satiety before the onset of obesity. Int J Obes (Lond) 
2016;40:870-876. Epub 2015 Dec 1

31. Chung WK, Roberts TP, Sherr EH, Snyder LG, Spiro JE. 16p11.2 deletion 
syndrome. Curr Opin Genet Dev 2021;68:49-56. Epub 2021 Mar 2

32. Doche ME, Bochukova EG, Su HW, Pearce LR, Keogh JM, Henning 
E, Cline JM, Saeed S, Dale A, Cheetham T, Barroso I, Argetsinger LS, 
O’Rahilly S, Rui L, Carter-Su C, Farooqi IS. Human SH2B1 mutations 
are associated with maladaptive behaviors and obesity. J Clin Invest 
2012;122:4732-4736. Epub 2012 Nov 19

33. Coursimault J, Guerrot AM, Morrow MM, Schramm C, Zamora 
FM, Shanmugham A, Liu S, Zou F, Bilan F, Le Guyader G, Bruel AL, 
Denommé-Pichon AS, Faivre L, Tran Mau-Them F, Tessarech M, Colin 
E, El Chehadeh S, Gérard B, Schaefer E, Cogne B, Isidor B, Nizon M, 
Doummar D, Valence S, Héron D, Keren B, Mignot C, Coutton C, Devillard 
F, Alaix AS, Amiel J, Colleaux L, Munnich A, Poirier K, Rio M, Rondeau 
S, Barcia G, Callewaert B, Dheedene A, Kumps C, Vergult S, Menten B, 
Chung WK, Hernan R, Larson A, Nori K, Stewart S, Wheless J, Kresge 
C, Pletcher BA, Caumes R, Smol T, Sigaudy S, Coubes C, Helm M, Smith 
R, Morrison J, Wheeler PG, Kritzer A, Jouret G, Afenjar A, Deleuze JF, 
Olaso R, Boland A, Poitou C, Frebourg T, Houdayer C, Saugier-Veber 
P, Nicolas G, Lecoquierre F. MYT1L-associated neurodevelopmental 
disorder: description of 40 new cases and literature review of clinical 
and molecular aspects. Hum Genet 2022;141:65-80. Epub 2021 Nov 8

34. Wabitsch M, Fehnel S, Mallya UG, Sluga-O’Callaghan M, Richardson D, 
Price M, Kühnen P. Understanding the Patient Experience of Hunger 
and Improved Quality of Life with Setmelanotide Treatment in POMC 
and LEPR Deficiencies. Adv Ther 2022;39:1772-1783. Epub 2022 Feb 
22

35. Kimonis VE, Tamura R, Gold JA, Patel N, Surampalli A, Manazir J, Miller 
JL, Roof E, Dykens E, Butler MG, Driscoll DJ. Early Diagnosis in Prader-



Faccioli N et al. 
Genetic Obesity Treatments

J Clin Res Pediatr Endocrinol
2023;15(2):108-119

118

Willi Syndrome Reduces Obesity and Associated Co-Morbidities. Genes 
(Basel) 2019;10:898. 

36. Bellicha A, Coupaye M, Hocquaux L, Speter F, Oppert JM, Poitou C. 
Increasing physical activity in adult women with Prader-Willi syndrome: 
A transferability study. J Appl Res Intellect Disabil 2020;33:258-267. 
Epub 2019 Oct 2

37. Morales JS, Valenzuela PL, Pareja-Galeano H, Rincón-Castanedo C, 
Rubin DA, Lucia A. Physical exercise and Prader-Willi syndrome: A 
systematic review. Clin Endocrinol (Oxf) 2019;90:649-661. Epub 2019 
Mar 18

38. Bellicha A, Coupaye M, Mosbah H, Tauber M, Oppert JM, Poitou C. 
Physical Activity in Patients with Prader-Willi Syndrome-A Systematic 
Review of Observational and Interventional Studies. J Clin Med 
2021;10:2528. 

39. Reinehr T, Hebebrand J, Friedel S, Toschke AM, Brumm H, Biebermann 
H, Hinney A. Lifestyle intervention in obese children with variations in 
the melanocortin 4 receptor gene. Obesity (Silver Spring) 2009;17:382-
389. Epub 2008 Nov 6

40. Paepegaey AC, Coupaye M, Jaziri A, Ménesguen F, Dubern B, Polak M, 
Oppert JM, Tauber M, Pinto G, Poitou C. Impact of transitional care on 
endocrine and anthropometric parameters in Prader-Willi syndrome. 
Endocr Connect 2018;7:663-672. Epub 2018 Apr 17

41. Kühnen P, Biebermann H, Wiegand S. Pharmacotherapy in Childhood 
Obesity. Horm Res Paediatr 2022;95:177-192. 

42. He L, Wang J, Ping F, Yang N, Huang J, Li Y, Xu L, Li W, Zhang H. 
Association of Glucagon-Like Peptide-1 Receptor Agonist Use With Risk 
of Gallbladder and Biliary Diseases: A Systematic Review and Meta-
analysis of Randomized Clinical Trials. JAMA Intern Med 2022;182:513-
519. 

43. Kelly AS, Auerbach P, Barrientos-Perez M, Gies I, Hale PM, Marcus 
C, Mastrandrea LD, Prabhu N, Arslanian S; NN8022-4180 Trial 
Investigators. A Randomized, Controlled Trial of Liraglutide for 
Adolescents with Obesity. N Engl J Med 2020;382:2117-2128. Epub 
2020 Mar 31

44. Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, Krempf M, 
Lau DC, le Roux CW, Violante Ortiz R, Jensen CB, Wilding JP; SCALE 
Obesity and Prediabetes NN8022-1839 Study Group. A Randomized, 
Controlled Trial of 3.0 mg of Liraglutide in Weight Management. N Engl 
J Med 2015;373:11-22. 

45. Anker MS, Butler J, Anker SD. Liraglutide for Adolescents with Obesity. 
N Engl J Med 2020;383:1192. 

46. Page LC, Freemark M. Role of GLP-1 Receptor Agonists in Pediatric 
Obesity: Benefits, Risks, and Approaches to Patient Selection. Curr 
Obes Rep 2020;9:391-401. Epub 2020 Oct 21

47. Kelishadi R. Liraglutide for management of adolescent obesity. Nat Rev 
Endocrinol 2020;16:405-406. 

48. Weghuber D, Forslund A, Ahlström H, Alderborn A, Bergström 
K, Brunner S, Cadamuro J, Ciba I, Dahlbom M, Heu V, Hofmann J, 
Kristinsson H, Kullberg J, Ladinger A, Lagler FB, Lidström M, Manell 
H, Meirik M, Mörwald K, Roomp K, Schneider R, Vilén H, Widhalm K, 
Zsoldos F, Bergsten P. A 6-month randomized, double-blind, placebo-
controlled trial of weekly exenatide in adolescents with obesity. Pediatr 
Obes 2020;15:e12624. Epub 2020 Feb 16

49. Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay 
I, McGowan BM, Rosenstock J, Tran MTD, Wadden TA, Wharton S, 
Yokote K, Zeuthen N, Kushner RF; STEP 1 Study Group. Once-Weekly 
Semaglutide in Adults with Overweight or Obesity. N Engl J Med 
2021;384:989-1002. Epub 2021 Feb 10

50. Weghuber D, Barrett T, Barrientos-Pérez M, Gies I, Hesse D, Jeppesen 
OK, Kelly AS, Mastrandrea LD, Sørrig R, Arslanian S; STEP TEENS 

Investigators. Once-Weekly Semaglutide in Adolescents with Obesity. 
N Engl J Med 2022;387:2245-2257. Epub 2022 Nov 2

51. Diene G, Angulo M, Hale PM, Jepsen CH, Hofman PL, Hokken-Koelega 
A, Ramesh C, Turan S, Tauber M. Liraglutide for Weight Management 
in Children and Adolescents With Prader-Willi Syndrome and Obesity. 
J Clin Endocrinol Metab 2022;108:4-12. 

52. Iepsen EW, Zhang J, Thomsen HS, Hansen EL, Hollensted M, Madsbad 
S, Hansen T, Holst JJ, Holm JC, Torekov SS. Patients with Obesity 
Caused by Melanocortin-4 Receptor Mutations Can Be Treated with a 
Glucagon-like Peptide-1 Receptor Agonist. Cell Metab 2018;28:23-32. 
Epub 2018 May 31

53. Roth CL, Perez FA, Whitlock KB, Elfers C, Yanovski JA, Shoemaker AH, 
Abuzzahab MJ. A phase 3 randomized clinical trial using a once-weekly 
glucagon-like peptide-1 receptor agonist in adolescents and young 
adults with hypothalamic obesity. Diabetes Obes Metab 2021;23:363-
373. Epub 2020 Oct 25

54. Tan Q, Orsso CE, Deehan EC, Triador L, Field CJ, Tun HM, Han JC, 
Müller TD, Haqq AM. Current and emerging therapies for managing 
hyperphagia and obesity in Prader-Willi syndrome: A narrative review. 
Obes Rev 2020;21:e12992. Epub 2019 Dec 30

55. Grugni G, Sartorio A, Crinò A. Growth hormone therapy for Prader-
willi syndrome: challenges and solutions. Ther Clin Risk Manag 
2016;12:873-881. 

56. Wolfgram PM, Carrel AL, Allen DB. Long-term effects of recombinant 
human growth hormone therapy in children with Prader-Willi 
syndrome. Curr Opin Pediatr 2013;25:509-514. 

57. Vogt KS, Emerick JE. Growth Hormone Therapy in Adults with Prader-
Willi Syndrome. Diseases 2015;3:56-67. 

58. Oto Y, Tanaka Y, Abe Y, Obata K, Tsuchiya T, Yoshino A, Murakami 
N, Nagai T. Exacerbation of BMI after cessation of growth hormone 
therapy in patients with Prader-Willi syndrome. Am J Med Genet A 
2014;164A:671-675. Epub 2014 Jan 17

59. Kuppens RJ, Donze SH, Hokken-Koelega AC. Promising effects of 
oxytocin on social and food-related behaviour in young children 
with Prader-Willi syndrome: a randomized, double-blind, controlled 
crossover trial. Clin Endocrinol (Oxf) 2016;85:979-987. Epub 2016 Aug 
26

60. Einfeld SL, Smith E, McGregor IS, Steinbeck K, Taffe J, Rice LJ, Horstead 
SK, Rogers N, Hodge MA, Guastella AJ. A double-blind randomized 
controlled trial of oxytocin nasal spray in Prader Willi syndrome. Am J 
Med Genet A 2014;164A:2232-2239. 

61. Tauber M, Boulanouar K, Diene G, Çabal-Berthoumieu S, Ehlinger V, 
Fichaux-Bourin P, Molinas C, Faye S, Valette M, Pourrinet J, Cessans 
C, Viaux-Sauvelon S, Bascoul C, Guedeney A, Delhanty P, Geenen V, 
Martens H, Muscatelli F, Cohen D, Consoli A, Payoux P, Arnaud C, 
Salles JP. The Use of Oxytocin to Improve Feeding and Social Skills in 
Infants With Prader-Willi Syndrome. Pediatrics 2017;139:e20162976. 

62. Allas S, Caixàs A, Poitou C, Coupaye M, Thuilleaux D, Lorenzini F, Diene 
G, Crinò A, Illouz F, Grugni G, Potvin D, Bocchini S, Delale T, Abribat 
T, Tauber M. AZP-531, an unacylated ghrelin analog, improves food-
related behavior in patients with Prader-Willi syndrome: A randomized 
placebo-controlled trial. PLoS One 2018;13:e0190849. 

63. Miller JL, Lacroix A, Bird LM, Shoemaker AH, Haqq A, Deal CL, 
Clark KA, Ames MH, Suico JG, de la Peña A, Fortier C. The Efficacy, 
Safety, and Pharmacology of a Ghrelin O-Acyltransferase Inhibitor 
for the Treatment of Prader-Willi Syndrome. J Clin Endocrinol Metab 
2022;107:2373-2380. 

64. Montague CT, Farooqi IS, Whitehead JP, Soos MA, Rau H, Wareham NJ, 
Sewter CP, Digby JE, Mohammed SN, Hurst JA, Cheetham CH, Earley 
AR, Barnett AH, Prins JB, O’Rahilly S. Congenital leptin deficiency 



Faccioli N et al. 
Genetic Obesity Treatments

J Clin Res Pediatr Endocrinol
2023;15(2):108-119

119

is associated with severe early-onset obesity in humans. Nature 
1997;387:903-908. 

65. Farooqi IS, Jebb SA, Langmack G, Lawrence E, Cheetham CH, Prentice 
AM, Hughes IA, McCamish MA, O’Rahilly S. Effects of recombinant 
leptin therapy in a child with congenital leptin deficiency. N Engl J Med 
1999;341:879-884. 

66. Farooqi IS, Matarese G, Lord GM, Keogh JM, Lawrence E, Agwu C, 
Sanna V, Jebb SA, Perna F, Fontana S, Lechler RI, DePaoli AM, O’Rahilly 
S. Beneficial effects of leptin on obesity, T cell hyporesponsiveness, 
and neuroendocrine/metabolic dysfunction of human congenital leptin 
deficiency. J Clin Invest 2002;110:1093-1103. 

67. Licinio J, Caglayan S, Ozata M, Yildiz BO, de Miranda PB, O’Kirwan F, 
Whitby R, Liang L, Cohen P, Bhasin S, Krauss RM, Veldhuis JD, Wagner 
AJ, DePaoli AM, McCann SM, Wong ML. Phenotypic effects of leptin 
replacement on morbid obesity, diabetes mellitus, hypogonadism, 
and behavior in leptin-deficient adults. Proc Natl Acad Sci U S A 
2004;101:4531-4536. Epub 2004 Mar 9

68. Hukshorn CJ, Saris WH, Westerterp-Plantenga MS, Farid AR, Smith FJ, 
Campfield LA. Weekly subcutaneous pegylated recombinant native 
human leptin (PEG-OB) administration in obese men. J Clin Endocrinol 
Metab 2000;85:4003-4009. 

69. Zelissen PM, Stenlof K, Lean ME, Fogteloo J, Keulen ET, Wilding J, 
Finer N, Rössner S, Lawrence E, Fletcher C, McCamish M; Author 
Group. Effect of three treatment schedules of recombinant methionyl 
human leptin on body weight in obese adults: a randomized, placebo-
controlled trial. Diabetes Obes Metab 2005;7:755-761. 

70. Scarpace PJ, Zhang Y. Leptin resistance: a prediposing factor for diet-
induced obesity. Am J Physiol Regul Integr Comp Physiol 2009;296:493-
500. Epub 2008 Dec 17

71. Clément K, Vaisse C, Lahlou N, Cabrol S, Pelloux V, Cassuto D, 
Gourmelen M, Dina C, Chambaz J, Lacorte JM, Basdevant A, Bougnères 
P, Lebouc Y, Froguel P, Guy-Grand B. A mutation in the human leptin 
receptor gene causes obesity and pituitary dysfunction. Nature 
1998;392:398-401. 

72. Krude H, Biebermann H, Luck W, Horn R, Brabant G, Grüters A. Severe 
early-onset obesity, adrenal insufficiency and red hair pigmentation 
caused by POMC mutations in humans. Nat Genet 1998;19:155-157. 

73. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in 
human MC4R is associated with a dominant form of obesity. Nat Genet 
1998;20:113-114. 

74. Clément K, van den Akker E, Argente J, Bahm A, Chung WK, Connors 
H, De Waele K, Farooqi IS, Gonneau-Lejeune J, Gordon G, Kohlsdorf K, 
Poitou C, Puder L, Swain J, Stewart M, Yuan G, Wabitsch M, Kühnen P; 
Setmelanotide POMC and LEPR Phase 3 Trial Investigators. Efficacy 
and safety of setmelanotide, an MC4R agonist, in individuals with 
severe obesity due to LEPR or POMC deficiency: single-arm, open-label, 
multicentre, phase 3 trials. Lancet Diabetes Endocrinol 2020;8:960-
970. Epub 2020 Oct 30

75. Kühnen P, Clément K. Long-Term MC4R Agonist Treatment in POMC-
Deficient Patients. N Engl J Med 2022;387:852-854. 

76. Collet TH, Dubern B, Mokrosinski J, Connors H, Keogh JM, Mendes 
de Oliveira E, Henning E, Poitou-Bernert C, Oppert JM, Tounian P, 
Marchelli F, Alili R, Le Beyec J, Pépin D, Lacorte JM, Gottesdiener A, 
Bounds R, Sharma S, Folster C, Henderson B, O’Rahilly S, Stoner E, 
Gottesdiener K, Panaro BL, Cone RD, Clément K, Farooqi IS, Van der 
Ploeg LHT. Evaluation of a melanocortin-4 receptor (MC4R) agonist 
(Setmelanotide) in MC4R deficiency. Mol Metab 2017;6:1321-1329. 
Epub 2017 Jul 8 

77. Haqq AM, Chung WK, Dollfus H, Haws RM, Martos-Moreno GÁ, 
Poitou C, Yanovski JA, Mittleman RS, Yuan G, Forsythe E, Clément 

K, Argente J. Efficacy and safety of setmelanotide, a melanocortin-4 
receptor agonist, in patients with Bardet-Biedl syndrome and Alström 
syndrome: a multicentre, randomised, double-blind, placebo-
controlled, phase 3 trial with an open-label period. Lancet Diabetes 
Endocrinol 2022;10:859-868. Epub 2022 Nov 7

78. Poirier P, Cornier MA, Mazzone T, Stiles S, Cummings S, Klein 
S, McCullough PA, Ren Fielding C, Franklin BA; American Heart 
Association Obesity Committee of the Council on Nutrition, Physical 
Activity, and Metabolism. Bariatric surgery and cardiovascular risk 
factors: a scientific statement from the American Heart Association. 
Circulation 2011;123:1683-1701. Epub 2011 Mar 14

79. Sjöström L. Review of the key results from the Swedish Obese Subjects 
(SOS) trial - a prospective controlled intervention study of bariatric 
surgery. J Intern Med 2013;273:219-234. Epub 2013 Feb 8 

80. Vos N, Oussaada SM, Cooiman MI, Kleinendorst L, Ter Horst KW, 
Hazebroek EJ, Romijn JA, Serlie MJ, Mannens MMAM, van Haelst 
MM. Bariatric Surgery for Monogenic Non-syndromic and Syndromic 
Obesity Disorders. Curr Diab Rep 2020;20:44. 

81. Alqahtani AR, Elahmedi MO, Al Qahtani AR, Lee J, Butler MG. 
Laparoscopic sleeve gastrectomy in children and adolescents with 
Prader-Willi syndrome: a matched-control study. Surg Obes Relat Dis 
2016;12:100-110. Epub 2015 Jul 22

82. Gantz MG, Driscoll DJ, Miller JL, Duis JB, Butler MG, Gourash L, Forster 
J, Scheimann AO. Critical review of bariatric surgical outcomes in 
patients with Prader-Willi syndrome and other hyperphagic disorders. 
Obesity (Silver Spring) 2022;30:973-981. Epub 2022 Apr 13

83. Campos A, Cifuentes L, Hashem A, Busebee B, Hurtado-Andrade MD, 
Ricardo-Silgado ML, McRae A, De la Rosa A, Feris F, Bublitz JT, Hensrud 
D, Camilleri M, Kellogg TA, Eckel-Passow JE, Olson J, Acosta A. Effects 
of Heterozygous Variants in the Leptin-Melanocortin Pathway on Roux-
en-Y Gastric Bypass Outcomes: a 15-Year Case-Control Study. Obes 
Surg 2022;32:2632-2640. Epub 2022 Jun 3

84. Li Y, Zhang H, Tu Y, Wang C, Di J, Yu H, Zhang P, Bao Y, Jia W, Yang 
J, Hu C. Monogenic Obesity Mutations Lead to Less Weight Loss After 
Bariatric Surgery: a 6-Year Follow-Up Study. Obes Surg 2019;29:1169-
1173. 

85. Cooiman MI, Kleinendorst L, Aarts EO, Janssen IMC, van Amstel 
HKP, Blakemore AI, Hazebroek EJ, Meijers-Heijboer HJ, van der 
Zwaag B, Berends FJ, van Haelst MM. Genetic Obesity and Bariatric 
Surgery Outcome in 1014 Patients with Morbid Obesity. Obes Surg 
2020;30:470-477. 

86. Cooiman MI, Alsters SIM, Duquesnoy M, Hazebroek EJ, Meijers-
Heijboer HJ, Chahal H, Le Beyec-Le Bihan J, Clément K, Soula H, 
Blakemore AI, Poitou C, van Haelst MM. Long-Term Weight Outcome 
After Bariatric Surgery in Patients with Melanocortin-4 Receptor Gene 
Variants: a Case-Control Study of 105 Patients. Obes Surg 2022;32:837-
844. Epub 2022 Jan 4

87. Poitou C, Puder L, Dubern B, Krabusch P, Genser L, Wiegand S, Verkindt 
H, Köhn A, von Schwartzenberg RJ, Flück C, Pattou F, Laville M, Kühnen 
P, Clément K. Long-term outcomes of bariatric surgery in patients with 
bi-allelic mutations in the POMC, LEPR, and MC4R genes. Surg Obes 
Relat Dis 2021;17:1449-1456. Epub 2021 May 8

88. Rajamani U, Gross AR, Hjelm BE, Sequeira A, Vawter MP, Tang J, 
Gangalapudi V, Wang Y, Andres AM, Gottlieb RA, Sareen D. Super-
Obese Patient-Derived iPSC Hypothalamic Neurons Exhibit Obesogenic 
Signatures and Hormone Responses. Cell Stem Cell 2018;22:698-712. 
Epub 2018 Apr 19 

89. Zhu L, Yang X, Li J, Jia X, Bai X, Zhao Y, Cheng W, Shu M, Zhu Y, Jin S. 
Leptin gene-targeted editing in ob/ob mouse adipose tissue based on 
the CRISPR/Cas9 system. J Genet Genomics 2021;48:134-146. Epub 
2021 Mar 30


