European Review for Medical and Pharmacological Sciences

2019; 23: 1357-1378

Mendelian obesity, molecular pathways and
pharmacological therapies: a review
S. PAOLACCI1, A. BORRELLI2, L. STUPPIA3, F.C. CAMPANILE4,
T. DALLAVILLA1, J. KRAJČOVIČ5, D. VESELENYIOVA5, T. BECCARI6,
V. UNFER7, M. BERTELLI8; GENEOB PROJECT
MAGI’S Lab, Genetic Testing Laboratory, Rovereto (TN), Italy
Obesity Center, Pineta Grande Hospital, Castelvolturno (CE), Italy
3
Department of Psychological Sciences, Health and Territory, University “G. d’Annunzio”,
Chieti-Pescara, Italy
4
Department of Surgery, San Giovanni Decollato Andosilla Hospital, ASL VT, Civita Castellana, Italy
5
Department of Biology, Faculty of Natural Sciences, University of ss. Cyril and Methodius, Trnava,
Slovakia
6
Department of Pharmaceutical Sciences, University of Perugia, Perugia, Italy
7
Department of Developmental and Social Psychology, Faculty of Medicine and Psychology,
Sapienza, University of Rome, Rome, Italy
8
MAGI Euregio, Nonprofit Genetic Testing Laboratory, Bolzano, Italy
1
2

Abstract. – OBJECTIVE: In this qualitative re-

view we analyze the major pathways and mechanisms involved in the onset of genetically-determined obesity (Mendelian obesity), identifying
possible pharmacological treatments and trials.
MATERIALS AND METHODS: We searched
PubMed with the keywords (obesity[Title/Abstract]) AND mutation[Title/Abstract], and OMIM
with the keyword “obesity”. In both cases, we
selected non-syndromic Mendelian obesity. We
then searched ClinicalTrials.gov with the following criteria: “recruitment status: active, not recruiting and completed”; “study type: interventional (clinical trial)”; “study results: with results”; type of intervention: “drug or dietary
supplement”.
RESULTS: From the PubMed and OMIM searches we obtained a total of 15 genes associated
with monogenic Mendelian obesity. From ClinicalTrials.gov we retrieved 46 completed or active
trials of pharmacological treatments.
CONCLUSIONS: We summarized the molecular bases of Mendelian obesity and searched for
any clinical trials completed or underway for the
treatment of severe forms of obesity. Most Mendelian obesities are linked to dysfunctions in
the leptin/melanocortin signaling pathway, and
most of the possible drugs target this pathway
in order to improve energy expenditure and reduce food intake.
Key Words:
Mendelian obesity, Leptin/melanocortin pathway,
Adipogenesis, Clinical trials.

Introduction
Adipocytes are the major constituents of white adipose tissue. They control energy balance by
storing and mobilizing triacylglycerol, and they
play roles in endocrine and paracrine regulation.
Adipose tissue controls glucose metabolism, appetite, immunological and inflammatory responses, angiogenesis, blood pressure, and reproductive function through many specific factors. When
adipocytes accumulate, they form adipose tissue.
The amount of adipose tissue in the body is mainly
regulated by leptin, a hormone produced by adipocytes themselves. Adipose tissue expands when
the number and size of adipocytes increases1. An
excessive amount or size of adipocytes can generate a morbid condition called obesity. Obesity is
highly heritable and arises from the interplay of
many genes and environmental factors. It is defined as resulting from a prolonged imbalance
between calorie intake and energy utilization. An
understanding of how these variations influence
susceptibility to become or remain obese will hopefully provide insights into how obesity occurs
and how to prevent and treat it2. It is important to
note that about 5% of cases of obesity are monogenic3. Most mutant genes in Mendelian obesity
are also involved in a predisposition for common
obesity through the action of common single nucleotide polymorphisms (SNPs) (minor allele fre-
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quency >1%). In this qualitative review, we clarify
and analyze the major pathways and mechanisms
involved in the onset of genetically-determined
obesity (Mendelian obesity). We also review drugs that may be or are already used to treat obesity.

Materials and Methods
To identify genes involved in isolated monogenic obesity we searched articles published in
English up to October 2018 in PubMed with the
following combination of terms: (obesity[Title/
Abstract]) AND mutation[Title/Abstract], whereas in OMIM we searched using the word: “obesity”. From the records retrieved, we only selected
publications dealing with Mendelian non-syndromic obesity. We only considered disorders
for which the pathogenicity of the mutations was
supported by segregation studies in more than
one multigenerational family and/or by functional studies. To find drugs useful to treat obesity
we searched ClinicalTrials.gov with the following
criteria: “recruitment status: active, not recruiting, and completed”; “study type: interventional
(clinical trial)”; “study results: with results”; type
of intervention “drug or dietary supplement”.
From the list obtained, we selected drugs that
were used to treat obesity, excluding drugs used
only to treat obesity-related complications.

Results
From the PubMed and OMIM searches, we
obtained 1878 and 655 entries, respectively, from
which we extracted a total of 15 genes associated
with monogenic Mendelian non-syndromic obesity. From ClinicalTrials.gov we retrieved a total
of 433 entries and as described in “Methods”, we
selected 46 completed or active trials of pharmacological treatments.
Mendelian Monogenic Obesity
Most genes known to be associated with monogenic obesity are related to the leptin/melanocortin pathway (Figure 1) and are expressed in the
hypothalamus. They code for proteins involved in
food intake/energy expenditure balance. Another
pathway associated with obesity leads to the formation of mature white adipose tissue and involves several growth and transcription factors.
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The Leptin/Melanocortin Pathway
Leptin (LEP) is secreted by adipose tissue and
binds to leptin receptors (LEPR) in the hypothalamus, where it controls food intake through the
melanocortin pathway. Leptin acts in the arcuate
nucleus where it activates neurons that express
the anorexigenic peptides pro-opiomelanocortin
(POMC), as well as cocaine- and amphetamine-related transcript preprotein (CARTPT) derivatives that control food intake. Leptin also has
inhibitory effects on the neurons that express the
orexigenic peptides neuropeptide Y (NPY) and
Agouti-related protein (AGRP), which increase food intake. Both POMC/CARTPT and NPY/
AGRP subsets of neurons have many connections
with other hypothalamic nuclei. The binding of
leptin to its receptor initiates a cascade of signal
transduction pathways, deficits of which may cause leptin resistance. With the help of Src homology 2B adapter protein 1 (SH2B1), LEPR recruits
JAK2, which in turn phosphorylates the intracellular domain of LEPR. The phosphorylated intracellular domain of LEPR binds and activates
STAT3, which with the aid of Tubby bipartite transcription factor (TUB), translocates to the nucleus
and acts as a transcription factor, mediating the
anorexigenic effects of leptin4. Besides the JAK/
STAT pathway, another important intracellular
pathway for energy homeostasis is the PI3K pathway. Indeed, LEPR stimulation mediates tyrosine phosphorylation of IRS proteins by JAK2. IRS
in turn activates PI3K that generates phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphosphate (PIP2). The
importance of this pathway in the regulation of
energy balance is highlighted by the fact that administration of myo-inositol (the core constituent
of PIP) may improve endocrine and metabolic parameters, and reduce BMI in overweight patients
with polycystic ovary syndrome5. PIP3 induces
activation of PDK1 that triggers a cascade including Akt and members of the PKC family. Akt
activates mTOR and inhibits the transcription
factor FOXO16. Note the close interaction between STAT3 and FOXO1, both of which bind AGRP
and POMC promoters. While STAT3 inhibits
expression of AGRP and activates expression of
POMC, FOXO1 has the opposite effect6.
After its synthesis, POMC is cleaved by
prohormone convertase 1 and 2 (PC1/2) and by
carboxypeptidase E (CPE), which are expressed
in the feeding centers of the ARC, to yield melanocortins α-, β- and γ-MSH. The actions of melanocortins are mediated by two G-protein cou-
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pled receptors known as melanocortin 3 and 4
receptors (MC3R, MC4R) that play a central role
in the control of body weight, decreasing food
intake and favoring weight loss6. Melanocortin
2 receptor accessory protein 2 (MRAP2) can reduce the responsiveness of MC3R and MC4R to
α- and β-MSH. On the other hand, single-minded
1 (SIM1) acts as a facilitator of MC4R activity. MC4R activity also stimulates the release of
brain-derived neurotrophic factor (BDNF), which
binds to the neurotrophin receptor (NTRK2) and
influences food intake and energy expenditure7.
Adipogenesis
Mesenchymal stem cells (MSCs) are the precursors of adipocytes. They can differentiate into adipocytes, chondrocytes, myocytes or osteocytes.
Differentiation towards the adipocyte lineage is
induced by chronic excessive energy intake and
elevated glucose uptake. Lineage determination is
regulated by a network of extracellular signaling
factors8. Although many molecular details of adipogenesis are still unknown, numerous factors involved in this process have been identified. Some
stimulators include peroxisome proliferator-activated receptor γ (PPARG), enhancer binding proteins α, β and δ (CEBPA, CEBPB, CEBPD), single
transducers and activators of transcription (STATs), the transcriptional factor sterol-regulatory-element-binding protein-1 (SRBP1), insulin-like
growth factor I (IGF1), macrophage colony stimulating factor, fatty acids, prostaglandins, glucocorticoids, Kruppel-like factors (KLFs), wingless and INT-1 proteins (WNTs), various cell
cycle proteins, clock proteins (BMAL1, NR1D1),
interferon regulatory factors (IRF3, IRF4), B-cell
factor 1 (EBF1), GATA-binding proteins 2 and 3,
bone morphogenetic proteins (BMPs), transforming growth factor β (TGF-β), fibroblast growth
factors (FGFs), insulin-like growth factor (IGF),
Notch-mediated signaling and pro-inflammatory cytokines. Inhibitors include glycoproteins,
TGF-β, inflammatory cytokines and growth hormone1. In particular, PPARG is necessary and
sufficient for adipocyte differentiation, and is
therefore a master regulator of adipogenesis. It is
not surprising that mutations in this gene cause a
form of Mendelian obesity9.
Obesity Due to mutations in the Leptin
Gene, LEP, and its Receptor, LEPR
LEP encodes a protein that is secreted into circulation by white adipocytes and plays a major
role in the regulation of energy homeostasis. Cir-

culating leptin (LEP) binds to the leptin receptor
(LEPR) in the hypothalamus, which activates
downstream signaling pathways that inhibit feeding and promote energy expenditure. Consistently, loss of function mutations in this gene leads to
the onset of obesity. Obesity linked to mutations
in LEP has a prevalence of < 1/1,000,000 and
autosomal recessive inheritance. LEP was first
linked to human Mendelian obesity in 1997 by
Montague and collaborators studying an inbred
Pakistani family. They found a homozygous deletion of a G in LEP in codon 133 in two individuals (c.398delG). The mutation disrupted the reading frame, leading to a premature stop codon10.
In 2002, a third child from an inbred Pakistani
family with the same single-base deletion was reported11. A fourth case with severe hyperphagia
and obesity, reported by Gibson et al12 in 2004,
had the recurrent homozygous deletion12. In three
obese individuals with very low serum concentrations of leptin, Strobel et al13 (1998) found the first
pathogenic missense mutation in LEP (c.313C >
T; p.Arg105Trp). All three affected individuals
were hyperphagic and one was hyperglycemic13.
Obesity due to mutations in LEPR has autosomal recessive inheritance and unknown prevalence. Clement et al14 (1998) were the first to report a
mutation in the human leptin receptor gene, a G
> A transition at the donor splice site in intron 16
(c.2598 + 1G > A) that causes obesity and pituitary
dysfunction14. The mutation was homozygous in
an inbred family of Algerian origin in which 3 out
of 9 siblings had morbid obesity with onset in early childhood. In addition to obesity, the affected
sibs had no pubertal development and reduced
secretion of growth hormone and thyrotropin14.
To determine the prevalence of pathogenic LEPR
mutations in severely obese patients, Farooqi et
al15 (2007) sequenced LEPR in 300 patients with
hyperphagia and severe early-onset obesity, finding nonsense or missense LEPR mutations in
2.7% of them. All missense mutations resulted in
impaired receptor signaling. Affected individuals
were characterized by hyperphagia, severe obesity, alterations in immune function and hypogonadotropic hypogonadism. Their clinical features
were less severe than those of patients with congenital leptin deficiency15. In general, the clinical phenotypes associated with leptin and LEPR
deficiencies are broadly similar10,15. Patients have
normal birth weight but show rapid weight gain in
the first few months of life. They often accumulate subcutaneous fat over the trunk and limbs.
The most notable feature is intense hyperphagia.
1359

S. Paolacci, A. Borrelli, L. Stuppia, F.C. Campanile, T. Dallavilla, et al.

Children with leptin deficiency also have striking
abnormalities in T cell number and function11.
Leptin and LEPR deficiency are generally associated with hypothalamic hypothyroidism and
hypogonadotropic hypogonadism11,13.
Obesity Due to Mutations in TUB
Tubby bipartite transcription factor (TUB) is a
member of the tubby-like proteins. It is a membrane-bound transcription regulator that translocates to the nucleus in response to phosphoinositide hydrolysis16. TUB is a substrate for insulin
and leptin receptors in the hypothalamus. It is
translocated to the nucleus after binding to LEPR
via JAK2. Inhibition of TUB expression in the
hypothalamus results in increased food intake,
fasting glucose levels and hepatic glucose output,
and in reduced oxygen consumption and POMC
sensitivity to leptin17. Only a single mutation in
TUB has so far been reported. The subject was
a boy with deteriorating vision, obesity and normal glucose/cholesterol/triglycerides levels from
an inbred Caucasian family18. The mutation was
a homozygous frameshift variant in TUB (c.1194_
1195delAG, p.Arg398Serfs*9) that results in a
truncated form of TUB.
Obesity Due to Mutations in
Melanocortin Receptor MC4R
MC4R is a G-protein-coupled receptor mainly
expressed in the brain and involved in energy intake and expenditure19. MC4R mutations are the
most common cause of human monogenic obesity, having a frequency of 1.5%4 and a prevalence
of 1-5/10,000 in the general population. Besides
obesity, MC4R-deficient children also display
hyperinsulinemia and increased linear growth20.
Interestingly, patients experience an increase in
adiposity as well as lean mass21. The first mutations in MC4R, c.631_634delGAGA and c.732insCATT, were discovered in humans in 1998. They
are heterozygous frameshifts and were found in
a severely obese child and an adult, respectively.
Neither had evidence of impaired adrenal function, and sexual development and fertility were
normal22,23. Several other cases were subsequently reported in extremely obese individuals whose
BMIs all exceeded the 99th percentile4,24. Farooqi
et al21 (2003) defined the clinical spectrum, mode
of inheritance and genotype-phenotype correlations. They found patients with heterozygous
and homozygous loss-of-function mutations: heterozygous carriers had severe obesity, increased
lean mass, increased linear growth, hyperphagia,
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and severe hyperinsulinemia, whereas homozygotes were more severely affected than heterozygotes. MC4R mutations are therefore inherited in
a co-dominant manner21.
Obesity Due to Mutations in POMC
POMC encodes a preproprotein that undergoes
extensive post-translational processing via cleavage by prohormone convertases. There are eight
cleavage sites in the preproprotein and processing
may yield as many as ten biologically active peptides, involved in various cell functions. Peptides
with roles in energy homeostasis, such as alpha-melanocyte-stimulating hormone (α-MSH),
which has anorexigenic effects, are generated
in the hypothalamus25. Obesity associated with
POMC mutations has autosomal recessive inheritance and a prevalence of < 1/1,000,000 in the general population. The first pathogenic mutations
in POMC were discovered in 1998. One patient
had biallelic loss-of-function mutations in exon 3
of POMC (c.7013G > T; p.Glu79* and c.7133delC)
that interfered with the appropriate synthesis
of adrenocorticotropic hormone (ACTH) and
α-MSH. The other patient was homozygous for
a mutation (c.-11C > A) in exon 2 that abolished
POMC translation. The POMC gene was chosen
for investigation because studies in animal models elucidated a central role of α-MSH in the
regulation of food intake by activation of brain
MC4R 26. In addition to obesity, patients with
POMC mutations displayed hypocortisolism, hair
and skin hypopigmentation, neonatal hypoglycemia, seizures, cholestasis, and voracious appetite26. Although most research has been focused
on α-MSH, a missense loss-of-function mutation
in β-MSH (c.14G > A; p.Cys5Tyr) has also been
associated with childhood obesity. The lack of
function of β-MSH reduces the amount of MSH
peptide in the POMC/MC4R pathway, resulting
in obesity27.
Obesity Due to Mutations in PCSK1
Another gene involved in the onset of Mendelian obesity is PCSK1 that translates for pro-protein convertase subtilisin/kexin type 1. Obesity
linked to PCSK1 mutations has a prevalence of <
1/1,000,000 in the general population and autosomal recessive inheritance. Complete prohormone
convertase 1 deficiency was reported for the first
time in a patient with a compound heterozygous
mutation in PCSK1 (c.1447G > A; p.Gly483Arg,
c.285 + 4A > C) characterized by severe early-onset obesity, hyperphagia, hypoglycemia, hypo-
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gonadotropic hypogonadism, hypocortisolism,
elevated plasma proinsulin and elevated POMC
but low insulin concentrations28. Partial loss-offunction heterozygous mutations in PCSK1 seem
associated with a non-fully penetrant intermediate obesity phenotype29.
Obesity Due to Mutations in SH2B1
The protein translated by SH2B1 is an adapter protein for several members of the tyrosine
kinase receptor family involved in multiple signaling pathways mediated by JAK and receptor
tyrosine kinases, such as the receptor of insulin
or the receptor of brain-derived neurotrophic
factor (BDNF). In leptin signaling, SH2B1 is
a key regulator of leptin sensitivity, binding to
and potentiating activation of JAK2 by globally
enhancing downstream pathways. SH2B1 binds
simultaneously to JAK2 and IRS1 or IRS2, thus
mediating formation of a JAK2, SH2B1 and IRS1
or IRS2 complex. The result of this interaction is
the activation of the PI3K pathway30. Obesity associated with mutations in this gene has autosomal dominant inheritance with a prevalence of <
1/1,000,000 in the general population. In humans,
loss-of-function mutations in SH2B1 result in severe early-onset obesity. Eight different mutations
have been reported: seven missense and one frameshift variant31,32. All patients exhibit hyperphagia, early onset obesity, insulin resistance, and
short stature31. Note that recurrent deletions of
the SH2B1-containing region on the short arm of
chromosome 16 have been associated with behavioral disorders and obesity33.
Obesity Due to Mutations in the
Receptor NTRK2 and its Ligand BDNF
Neurotrophic receptor tyrosine kinase 2
(NTRK2) is a member of the neurotrophin family, known to be involved in the development
and in maintenance and function of peripheral
and central neurons; it is thought to play a role
in mediating neuronal plasticity in the hypothalamus34. NTRK2 and its ligand BDNF are also
known to be involved in the regulation of food
intake and body weight35. A de novo heterozygous missense mutation (c.2165A > G; p.Tyr722Cys) in the neurotrophic tyrosine kinase receptor type 2 (NTRK2) gene was found in a boy
with early onset obesity, hyperphagia, developmental delay, impaired short-term memory, and
impaired nociception. Further analysis showed
an impairment in BDNF-stimulated protein kinase phosphorylation36.

A girl with loss of one functional copy of
BDNF, due to a de novo chromosomal inversion
(inv(11)(p13p15.3)), presented with hyperphagia,
severe obesity, cognitive impairment, and hyperactivity35. Since cases associated with mutations
in NTRK2 and BDNF are rare, their prevalence in
the general population is unknown.
Obesity Due to Mutations in SIM1
Single-minded homolog 1 (SIM1) is a member of the helix-loop-helix PAS family of nuclear
transcription factors. It is expressed in kidneys
and the central nervous system and plays an essential role in the formation of the paraventricular nucleus (PVN) of the hypothalamus37,38.
This could be a mechanism in which SIM1 plays
a role in energy homeostasis, as PVN neurons
express MC4R which inhibits food intake5. Severe early-onset obesity was observed in a girl with
haploinsufficiency of SIM1. The proband had early-onset obesity and a de novo balanced translocation between chromosomes 1p22.1 and 6q16.2.
Her weight gain was due to excessive food intake39. Further support for the involvement of SIM1
in obesity came from studies in which patients
displayed Prader-Willi-like phenotype due to heterozygous mutations in SIM1. In particular, three
mutations showed strong loss-of-function effects
(p.Thr46Arg, p.His323Tyr, and p.Thr714Ala) and
were associated with high intra-family risk for
obesity40. In another study, at least six severely
damaging heterozygous variants in SIM1 (p.Ser71Arg, p.Arg171His, p.Leu238Arg, p.Pro497Arg,
p.Arg550His, p.Thr712Ile) were associated with
severe obesity and neurobehavioral phenotype.
It is noteworthy that SIM1-mutant patients share
many features with melanocortin-deficient patients, but they do not share the accelerated linear
growth and increased final height seen in MC4R
deficiency41.
Obesity Due to Mutations in KSR2
Kinase suppressor of Ras 2 (KSR2) is a molecular scaffold that facilitates and regulates the
intensity and duration of Raf/MEK/ERK signaling42. KSR2 also promotes activation, by direct interaction, of the primary regulator of cell
energy homeostasis, 5′-adenosine monophosphate-activated protein kinase (AMPK)43,44. The interaction between KSR2 and AMPK is suggested
to be involved in obesity, high insulin levels and
impaired glucose tolerance observed in Ksr2 KO
mice45. Under conditions of nutrient deprivation
and cell stress, intracellular ATP levels fall and
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levels of AMP rise, promoting AMPK activation that in turn promotes catabolic processes
and inhibits anabolic pathways46. Many of the
variants studied impaired signaling through the
Raf-MEK-ERK pathway, while some reduced the
interaction between KSR2 and AMPK, compared
to wild-type KSR247. In 2013, Pearce et al47 sequenced the coding exons of KSR2 in 1770 Europeans with severe, early-onset obesity (age of
onset < 10 years) to clarify whether genetic variants in KSR2 contribute to obesity. They also
retrospectively analyzed data from whole-exome sequencing of a further 331 unrelated individuals belonging to a cohort patients with severe,
early-onset obesity. They identified 27 different
rare variants in 45 of the 2101 unrelated severely obese individuals screened. Most variants
were found in heterozygous form, although one
severely obese subject was homozygous for two
variants (p.Arg253Trp and p.Asp323Glu). Twenty-three variants were only identified in severely
obese individuals; many were predicted to be functionally deleterious and altered highly conserved
residues47. Nine of them were truncating variants.
Obesity Due to Mutations in ADCY3
ADCY3 encodes adenylyl cyclase 3 which is
a membrane-associated enzyme that catalyzes
the formation of the secondary messenger cyclic
adenosine monophosphate (cAMP). This protein
is widely expressed in various human tissues,
showing high levels in subcutaneous and visceral
fat cells. The cAMP is an essential second messenger in intracellular signaling of key metabolic
factors such as glucagon-like peptide 1, ghrelin
and α-melanocyte stimulating hormone. cAMP
signaling has been linked to control of adipose
tissue development and function, as well as insulin secretion in beta cells. Leptin resistance may
possibly occur through disrupted cAMP signaling
in primary cilia in the hypothalamus, affecting
downstream signaling and neuron morphology46.
Two papers published in 2018 link homozygous
loss-of-function mutations to onset of obesity and
type 2 diabetes46,47. The studies were performed
in a small inbred population (Greenlandic) and in
an inbred Pakistani family, respectively46,47.
Obesity Due to Mutations in NR0B2
NR0B2 belongs to the nuclear hormone receptor family and contains a putative ligand-binding
domain, while lacking a conventional DNA-binding domain. The protein has been shown to interact with retinoid, thyroid hormone, and estrogen
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receptors. Furthermore, NR0B2 has the ability to
modulate the transcriptional activity of the nuclear receptor 4-alpha (HNF4A) involved in maturity onset diabetes of the young (MODY). In 2001,
NR0B2 was screened in 173 Japanese patients
diagnosed with MODY. The authors reported
that seven heterozygous mutations (p.Arg57Trp,
p.Gly189Glu, p.His53Alafs, p.Leu98_Ala101delinsPro, p.Arg34*, p.Ala195Ser, p.Arg213Cys),
found in 12 subjects who were mildly or moderately obese at the onset of diabetes, were associated with obesity rather than with diabetes. All
were truncating or loss-of-function mutations48.
Although 7% of Japanese obese and diabetic patients showed NR0B2 mutations, this association
seems absent in the UK and very rare in Danish
subjects49,50. Studies in mice suggest that NR0B2
may also be linked to the hypothalamic-pituitary
axis, important in the regulation of appetite and
energy expenditure51.
Obesity Due to Mutations in PPARG
PPARG encodes a member of the peroxisome
proliferator-activated receptor (PPAR) subfamily
of nuclear receptors. PPARs form heterodimers
with retinoid X receptors (RXRs). Three subtypes
of PPARs are known: PPAR-alpha, PPAR-delta,
and PPAR-gamma. The protein encoded by this
gene is PPAR-gamma, a regulator of adipocyte
differentiation. PPAR-gamma has been implicated in the pathology of diseases such as obesity
and diabetes.
In 1998, Ristow et al53 studied 121 obese
subjects and identified the p.Pro115Gln mutation
in exon 6 of PPARG in four of them. The four
German patients with the mutant allele had severe obesity, their body mass indexes ranging from
37.9 to 47.352. Significantly, the mutation was in
the codon immediately adjacent a Ser114 phosphorylation site that down-regulates the transcriptional activity of the protein53. Over-expression of the mutant gene in murine fibroblasts led
to the production of a protein with defective phosphorylation of Ser114, accelerated differentiation
into adipocytes and greater cell accumulation of
triglycerides than for the wild-type53.
Obesity Due to Mutations in DYRK1B
DYRK1B encodes a member of a family of nuclear-localized protein kinases and participates in
cell cycle regulation. DYRK1B inhibits the SHH
and WNT1 pathways, thereby enhancing adipogenesis. In affected members of three Iranian families with metabolic syndrome and early-onset
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coronary artery disease, Keramati et al54 identified a heterozygous missense mutation in DYRK1B (p.Arg102Cys) that segregated with disease
in all three families. Functional characterization
showed that the p.Arg102Cys allele has a gain-offunction effect. To further confirm the involvement of DYRK1B in obesity, analysis of the gene
in 300 morbidly obese Caucasian individuals
with coronary artery disease and multiple metabolic phenotypes identified another heterozygous
missense mutation (p.His90Pro) in five unrelated
patients54,55.

Discussion
Obesity is generally a multifactor disorder associated with the Western lifestyle and linked to
genetic and environmental factors. However, in a
small percentage of cases (~5%)3, obesity is clearly associated with specific mutations in specific
genes. 5% might seem a rather small percentage
but if one considers that million people are obese,
the absolute number might be quite high. These
forms of obesity are defined as Mendelian obesity
or monogenic obesity. Many studies have already
elucidated the pathways deregulated in patients
with monogenic obesity. In most cases, it is the
leptin/melanocortin hypothalamic pathway that
regulates food intake and energy expenditure. Pathways that lead to adipocyte differentiation have
also recently been found deregulated in Mendelian obesity. Considering the role played by genetics in obesity, we developed genetic tests for
the diagnosis of Mendelian obesity and for the
identification of genes encoding elements of these pathways. We also analyze genes involved in
candidate pathways, studied in mice, or for which mutations have been identified in single cases
without additional information about pathogenicity56,57. As the understanding of the genetic, behavioral and biochemical basis of obesity increases,
more and more drugs are being tested to treat this
disorder. We summarized the molecular bases of
Mendelian obesity and searched for clinical trials,
completed or underway, of drugs to treat severe
forms of obesity. Some of these drugs, such as liraglutide and topiramate activate the thermogenic
activity of beige adipocytes, inducing the catabolism of the stored fat; others reduce fat absorption
such as the lipase inhibitor orlistat; other drugs
target hypothalamic neurons in order to reduce food consumption or increase energy expenditure. Some of these drugs will be extensively

discussed in the following sub-section, whereas
other drugs will only be enlisted in Table I.
Liraglutide is a glucagon-like peptide 1 (GLP1)
agonist. It modulates AMPK, a protein expressed
in the ventromedial hypothalamus and involved
in activation of thermogenic activity in beige adipocytes. While liraglutide increases AMPK phosphorylation in various tissues (endothelium, heart, liver, muscle and white fat), it reduces AMPK
phosphorylation in pancreatic beta cells and the
hypothalamus (Figure 1). The main effect of liraglutide is a decrease in inflammation, improvement of insulin sensitivity, induction of β-cell
proliferation and an increase in beige adipocyte
thermogenic capacity58. Since 2009, liraglutide
has been used to treat type 2 diabetes, and subsequently obesity. Its mechanism of action is based on glucose-dependent stimulation of insulin
secretion by pancreatic β-cells, inhibition of glucagon secretion by α-cells under normoglycemic
conditions, slowing of gastric emptying, and appetite suppression. Liraglutide results in weight
loss in more than 5% of patients with obesity. In
obese non-diabetics, the therapeutic effects are
significant compared to placebo (5.9% weight reduction in obese diabetics and 8.0% in obese and
overweight non-diabetics compared to about 2%
in placebo-treated patients). Liraglutide also reduces the probability of developing type 2 diabetes
and has a positive effect on blood pressure and
lipid profile when used in the treatment of obesity
(Table I)59.
Orlistat is a gastric and pancreatic lipase inhibitor that reduces dietary fat absorption from the
gastrointestinal tract by around 30%60. Approved
by the FDA in 1999, it is indicated for obesity
management, including weight loss and weight
maintenance when used in conjunction with a
low-calorie diet, and to reduce the risk of weight regain after weight loss. Patients on orlistat
are prescribed a balanced, low-calorie diet with
approximately 30% of calories from fat. They
should also take a multivitamin dietary supplement during orlistat therapy, as the drug may decrease absorption of fat-soluble vitamins (A, D,
E, K). In a double-blind prospective study that
randomized 3305 patients with a BMI ≥ 30 kg/m2
with orlistat or placebo, mean weight loss was significantly greater with orlistat (5.8 kg) than with
placebo (3 kg) after 4 years; 53% of the patients
assigned orlistat lost ≥ 5%, and 26.2% lost ≥10%
of their initial body weight. Besides promoting
weight loss, orlistat lowers serum levels of glucose and improves insulin sensitivity. However,
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orlistat is not commonly used for obesity management because of side effects such as oily stool and
fecal incontinence (Table I)61.
Lorcaserin is a 5-hydroxytryptamine (5-HT;
serotonin) 2C receptor agonist. Its precise mechanism of action is not known but it is believed to
reduce food consumption and promote satiety by
selectively activating 5-HT2C receptors located
on anorexigenic pro-opiomelanocortin neurons in
the hypothalamus. Available data suggests it does
not alter energy expenditure. The 5-hydroxytryptamine (serotonin) system is a fundamental component of brain control of energy homeostasis.
The neurotransmitter serotonin has a well-defined
role in eating behavior and is associated with decreased food intake, increased satiety, and appetite suppression. Pharmacological agents that selectively target the 5-HT2C receptor subtypes that
mediate the anorectic effects of 5-HT offer a novel
approach to improving weight-loss intervention
programs. 5-HT2C receptors are located in the
choroid plexus, limbic structures, extrapyramidal pathways, thalamus, and hypothalamus. The
key mechanism of 5HT2C modulation of body
weight occurs in the brain melanocortin circuit.
About 40% of hypothalamic pro-opiomelanocortin neurons (POMC) express 5HT2C receptors.
POMC activation leads to the release of α-MSH,
which binds to melanocortin 4 receptors leading
to a reduction in appetite and increased energy
expenditure (Figure 1). In addition, pharmacological activation of 5-HT2C receptors improves
glycemic control, whereas their inactivation leads
to weight gain and insulin resistance. Lorcaserin
is indicated as an adjunct to diet and exercise for
chronic weight management, including weight
loss and maintenance, in patients with obesity
[BMI ≥ 30 kg/m2], or in patients with overweight
(BMI ≥ 27 kg/m2) and at least one weight-related
comorbid condition (hypertension, dyslipidemia
or type 2 diabetes). The safety and tolerability
profile of lorcaserin has been documented in three
Phase III studies (NCT00603902, NCT00395135,
NCT00603291) (Table I)62,63.
Phentermine, initially approved for obesity treatment in 1959, is a derivative of amphetamine
but has less abuse potential than the latter. It is
estimated that phentermine can lead to an average
weight loss of 3.6 kg in obese patients64. Its antiobesity effect could be due to its ability to release norepinephrine in the brain. Phentermine is
currently approved as a short-term adjunct in a
regimen of weight reduction based on exercise,
behavioral modification, and calorie restriction in
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the management of obesity for patients with an
initial body mass index of ≥ 30 kg/m2 or ≥ 27 kg/
m2 and other risk factors (hypertension, diabetes,
hyperlipidemia). It generally appears to be relatively well-tolerated65. The exact mechanism of
phentermine is not known but it is known to stimulate neurons to release or maintain high levels
of catecholamines, such as dopamine and norepinephrine. High levels of these catecholamines
tend to suppress hunger signals and appetite. The
drug seems to inhibit reuptake of noradrenaline,
dopamine, and serotonin through inhibition of
reuptake transporters, and to inhibit monoamine
oxidase enzymes leaving more neurotransmitter
available at synapses. Through catecholamine
elevation, phentermine may also indirectly raise
leptin levels in the brain (Figure 1). Increased levels of catecholamines are theoretically responsible for halting neuropeptide Y, that initiates eating, decreases energy expenditure, and increases
fat storage66.
Topiramate was approved for seizure treatment in 1996 and migraine prophylaxis in 2004.
Its weight-loss properties were initially reported in patients with seizure, mood, binge eating,
and borderline personality disorders. Topiramate treatment leads to an average weight loss of
5.3 kg67. It blocks voltage-gated sodium channels, reduces L-type calcium currents, increases
potassium conductance, antagonizes α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor/kainate glutamate receptors
and enhances γ-aminobutyric-acid-mediated
chloride channels68. Studies in mice have provided insights into its mechanisms of action in the
hypothalamus. The administration of topiramate
to mice fed a high-fat diet reduced food intake and
increased energy expenditure, leading to diminished adiposity and increased insulin and leptin
signaling in the hypothalamus. The signaling of
insulin and leptin in the hypothalamus is a key
to inducing anorexia and weight loss. Treatment
with topiramate also reduces hypothalamic levels
of negative modulators of insulin signaling, such
as the phosphatases LAR, PTP1B, and PHLPP1,
suggesting that their reduction may have a role in
improving the action of insulin. Topiramate-treated obese mice also showed activation of the leptin-induced JAK2/STAT3 pathway, important for
food intake reduction and weight loss (Figure 1).
This pathway is necessary to enhance the downstream melanocortin pathway, which contributes
to hypophagia and increased energy expenditure.
The MAPK/ERK pathway is regulated by leptin
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and insulin in the hypothalamus. Activation of the
SHP2/ERK pathway, induced by leptin, mediates
thermogenesis and energy expenditure: topiramate may interfere with energy use efficiency,
enhancing thermogenesis. Topiramate treatment
also increases UCP-1 and PGC-1α levels in brown
adipocytes of obese mice. In addition, it can lead
to increased phosphorylation of AMPK in skeletal muscle, heart, adipose tissue and liver, causing
enhanced glucose uptake and fatty acid oxidation69.
Although phentermine and topiramate, taken
singly, have body weight reduction effects, their
combination is more effective. Comparison of the
effects of single and combined use is the subject
of a study that showed that combined phentermine/topiramate led to a ~11% reduction in baseline
weight, compared with ~2% for placebo, ~5% for
phentermine and ~6% for topiramate. Patients
who received high doses of phentermine/topiramate achieved an average weight loss of ~9%,
compared with ~1.5% with placebo, ~6% with
phentermine, ~6% with topiramate. This demonstrates additive weight loss when the two drugs
are combined (Table I)70,71.
Naltrexone is an opioid antagonist with high
affinity for the µ-opioid receptor, implicated in
eating behavior. Its activity may influence food
intake and body weight via the hypothalamic melanocortin and reward systems containing opioid
neurons. Indeed, studies in animals indicate that
acute naltrexone administration influences the
activity of the reward system and eating behavior. Systemic naltrexone prevents the increase
in dopamine in the nucleus accumbens caused
by food ingestion and reduces food intake, food
seeking, binge-like eating and preference for high-calorie foods. Human studies demonstrate that
naltrexone reduces the subjective pleasantness of
palatable foods, in line with the role of opioids in
the rewarding aspects of eating. Despite the indications of these preliminary studies, naltrexone
monotherapy-mediated blockade of opioid neurotransmission is insufficient to produce reliable
decreases in food intake in humans72.
Bupropion is an antidepressant that inhibits reuptake of catecholamines, such as dopamine and norepinephrine. In mice, acute treatment
with bupropion produces changes in extracellular
dopamine and norepinephrine concentrations in
the brain and alters the activity of dopamine- and
norepinephrine-releasing neurons. The activity of the melanocortin system is influenced by
both dopamine and norepinephrine, and reduced

dopaminergic tone in the hypothalamus is associated with obesity. The hypothalamic melanocortin system is, therefore, a potential site of
action of bupropion. Indeed, bupropion stimulates
the activity of POMC cells in vitro and increases
α-MSH secretion. It reduces short-term food intake and increases energy expenditure by increasing heat production, although the overall effect
of bupropion on body weight in mice is modest.
In humans, weight loss is a common side effect of
bupropion use for the treatment of depression. In
overweight and obese adults, bupropion treatment
leads to limited weight loss72.
Combining naltrexone and bupropion was proposed on the basis of in vitro studies in the mouse
hypothalamus, and was linked to melanocortin
and reward pathways. The effect of bupropion in
increasing POMC activity is limited by µ-opioid
receptors, which mediate autoinhibition of POMC
cells by β-endorphin, resulting in the modest weight loss and reduction of calorie intake of bupropion monotherapy. On the other hand, blockade
of the µ-opioid receptor with naltrexone alone
gradually increases POMC activity. The simultaneous administration of bupropion and naltrexone
produces a large increase in POMC activity (Figure 1): the combination stimulates POMC cells
(bupropion) and removes β-endorphin inhibition
on POMC cells (naltrexone). At the same time,
injection of bupropion or naltrexone alone directly into the reward system is sufficient to reduce
food intake in hungry mice, while direct injection
of naltrexone and bupropion produces a synergistic reduction in food intake. Initial Phase 2 clinical studies comparing the naltrexone/bupropion
(NB) combination with naltrexone or bupropion
monotherapy for weight loss in obese subjects
demonstrated that NB produces synergistic weight loss. In Phase 3 studies, NB-treated subjects
showed more than twice the weight loss of those in the bupropion monotherapy group and NB
therapy was associated with corresponding reductions in visceral and total body fat (Table I)72.
Exenatide is a GLP-1 agonist and was approved for the treatment of type 2 diabetes mellitus
(T2DM) in 2005. It is a synthetic exendin-4 (a
hormone found in the saliva of the lizard Heloderma suspectum) that is resistant to peptidase
degradation, but has a short half-life due to rapid
clearance by glomerular filtration. The shortacting compounds suppress postprandial glucose elevation by inhibiting gastric emptying73. In
studies of patients with T2DM, exenatide treatment was usually associated with reductions in
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Figure 1. Graphical representation of the leptin/melanocortin pathway in the hypothalamus, with the main molecular members of this signaling pathway. Drugs that may be beneficial for the treatment of obesity are indicated.

body weight of about 2-3 kg. This was also seen
in obese non-diabetics with normal or impaired
glucose tolerance or impaired fasting glucose
and BMI 39.6 ± 7 kg/m 2, who showed a progressive reduction in body weight over 24 weeks and
improved glucose tolerance. In a small, double-blind, placebo-controlled crossover study, 41
obese (BMI 33.1 ± 4.1 kg/m 2) female non-diabetics, treated with exenatide for 16 weeks, showed
a significant weight loss of 2.49 ± 0.66 kg. Other
clinical trials are testing the effect of exenatide
on obese patients74. Exenatide was also tested in
patients with type 1 diabetes: a crossover study
with high doses of exenatide was performed for
6 months in 13 adults who showed a significant
average weight loss of 4.2 kg (Table I)73.
Gymnema sylvestre (GS) is a tropical plant
of the Asclepiadaceae family. It is well known
for its antihypercholesterolemic, anti-inflammatory, antimicrobial, antidiabetic and anti-obesity
effects. The leaves are known to contain gymnemic acids, stigmasterol, quercitol and amino acid derivatives of betaine, ethylamine, and
choline. Major active compounds are gymnemic
acids found in all parts of the plant75. Gymnemic
acids are molecules similar to that of glucose
that bind the taste buds receptors of the tongue,
temporarily destroying the taste of sweetness76.
They also suppress absorption of glucose from
the intestine into the blood by binding Na+-glucose symporters in the intestine77. Furthermore,
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3T3-L1 adipocytes (a cell line derived from murine 3T3 cells that is used in research on adipose
tissue) treated with gymnemic acids conjugated
with gold nanoparticles (GA-AuNPs) showed
enhancement in glucose uptake efficiency by
translocating GLUT4 glucose transport vesicles
from the cytosol to the plasma membrane. These
findings suggest that GA-AuNPs may act as suppressors of mitochondrial ATP synthase in the
presence of insulin or an inducer of AMPK (an
activator of fatty acid oxidation) in the absence of
insulin78,79. Although clinical approval and scientific validation are necessary before they can be
approved for the treatment of diabetes, several
studies have reported anti-diabetic effects, sugar
inactivation properties and anti-obesity action of
gymnemic acids in pre-clinical studies (cell and
animal models) and clinical studies75,77,80-85. A
recent interventional, randomized, double-blind
clinical study (NCT02370121) reported a statistically significant reduction in body weight, reduced BMI and lower values for very-low-density
lipoprotein (VLDL) (Table I)86, thereby justifying the interest of the scientific community in
this promising molecule.

Conclusions
We found that most Mendelian forms of obesity are linked to dysfunctions in the leptin/mela-

Table I. List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from ClinicalTrials.gov).
NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Sponsor/Collaborators

Acipimox (lipase
NCT01488409
Abdominal obesity with 20 (drug); 19 (placebo)
To examine whether acipimox
Significant reduction
Massachusetts General
activity)
(2)
insulin resistance and 		
can improve mitochondria in
in low density
Hospital, American
		
hypertriglyceridemia		
order to reduce free fatty acids
lipoprotein (LDL)
Diabetes Association
		(18-55)			
cholesterol
Actiponin, dietary
NCT01667224
Obesity (19-65)
40 (drug); 40 (placebo)
To test the efficacy and safety
Significant reduction
Chonbuk National
supplement
(2)			
of actiponin in obese
in body fat mass,
University Hospital
(AMPK pathway)				
Korean subjects
total visceral fat, body
					
weight, body mass index
Barley β-glucan,
NCT01402128
Overweight and
40 (drug); 40 (placebo)
To investigate whether barley
No significant results
Chonbuk National
dietary
(2 and 3)
hyperlipidemia		
β-glucan supplements		
University Hospital
supplement		
(19-70)
reduce visceral fat, 		
				
serum LDL and total 		
				
cholesterol in mildly		
				
hypercholesterolemic subjects		
Bupropion
NCT00414167
Binge eating
31 (drug); 30 (placebo)
To test the efficacy of
No significant results
Yale University
(melanocortin
(2 and 3)
disorder and		
bupropion on overweight
pathway)		
obesity (18-65)		
women with binge eating disorder
Canagliflozin
NCT00650806
Obesity (18-65)
98 (canagliflozin 50 mg),
To assess the safety and
Significant reduction
Johnson & Johnson
(re-absorption of
(2)		
93 (canagliflozin 100 mg), effectiveness of canagliflozin
in body weight and
Pharmaceutical Research &
glucose from renal			
96 (canagliflozin 300 mg), (JNJ-28431754) in
body mass index. Both Development, L.L.C.
tubule lumen)			
89 (placebo)
promoting weight loss in
reductions are positively
				
overweight and obese
correlated with dose
				
non-diabetics
of the drug
Canagliflozin +
NCT02243202
Obesity (18-65)
82 (placebo),
To test the effects of coSignificant reduction in Janssen Research &
Phentermine
(2)		
85 (phentermine 15 mg),
administration of
body weight with
Development, LLC
(re-absorption of 			
84 (canagliflozin 300 mg), canagliflozin and
phentermine and
glucose from tubule 			
84 (canagliflozin 300 mg/ phentermine with
phentermine plus
lumen and			
phentermine 15 mg)
placebo in the treatment
canagliflozin
dopamine/leptin 				
of overweight and		
pathway)
		
obese non-diabetics		
Linoleic acid,
NCT00204932
Obesity (18-44)
24 (drug); 24 (placebo)
To determine whether
Significant reduction
University of Wisconsin,
conjugated
(2)			
consumption of a purified form in fat mass
Madison
(fat oxidation)				
of conjugated linoleic acid (CLA) 		
				
results in loss of body fat		
				
compared to control; to		
				
determine whether CLA		
				
consumption increases		
				
oxidation of total fat
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Drug
(target pathway/
metabolism)

Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from ClinicalTrials.gov).
Drug
(target pathway/
metabolism)

NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

National Institute of
Diabetes and Digestive and
Kidney Diseases (NIDDK),
National Institute of Health,
Clinical Center (CC)
University of Minnesota Clinical and Translational
Science Institute
University of Minnesota Clinical and Translational
Science Institute, Children’s
Hospitals and Clinics of
Minnesota
Mayo Clinic, National
Institute of Diabetes and
Digestive and Kidney
Diseases (NIDDK)
AstraZeneca, Eli Lilly and
Company
Hanyang University

Massachusetts General
Hospital, National Heart,
Lung, and Blood Institute
(NHLBI)
University of Guadalajara
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Exenatide (glucose
NCT00856609
Obesity (18-55)
41 (drug); 39 (placebo)
To evaluate whether
Significant decrease
metabolism)
(3)			
exenatide treatment
in energy intake,
				
leads to weight loss
body weight, and
				
in obese non-diabetics
increase in energy
					
expenditure
NCT00886626
Obesity (8-19)
11 (drug); 11 (placebo)
To test the effect of a
Decrease in BMI but
(2)			
GLP-1 agonist (exenatide)
sample size too small
			
on glucose disposal, 		
				
glucose tolerance, 		
				
weight loss		
NCT01237197
Obesity (12-19)
13 (drug); 13 (placebo)
To test the effect of
Decrease in BMI but
(2)			
exenatide in pediatric
sample size too small
				
extreme obesity		
						
						
NCT02160990
Obesity (18-70)
10 (drug); 10 (placebo)
To evaluate the effect of
Reduction in gastric
(4)			
exenatide vs placebo on
emptying time but
				
gastric emptying, satiety,
sample size too small
				
satiation and weight loss 		
				
in obese participants		
NCT00500370
Obesity (> 18)
80 (drug); 83 (placebo)
To test the effect of
Significant decrease in
(2)			
exenatide on body weight
body weight, BMI
				
in obese non-diabetics		
Glycin max (L.)
NCT02108691
Obesity (19-65)
40 (drug); 40 (placebo)
To evaluate the efficacy and
No significant results
Merr. peel extract,
(2 and 3)			
safety of Glycin max (L.) 		
dietary supplement
			
Merr. peel extract on 		
				
decrement of body fat		
Growth hormone
NCT00675506
Abdominal obesity
31 (drug); 29 (placebo)
To evaluate the effect of
Reduction in visceral
releasing hormone
(2)
and growth hormone		
synthetic GHRH in decreasing
fatty tissue, triglycerides
(growth hormone		
deficiency (18-55)		
abdominal fat and improving
and increase in glucose
pathway)				
cardiovascular function
tolerance; no statistical
				
in obesity
analysis provided
Gymnema sylvestre NCT02370121
Metabolic syndrome
12 (drug); 12 (placebo)
To evaluate the effect of
No significant results
(glucose metabolism, (2)
(30-60)		
Gymnema sylvestre on		
insulin pathway)		
		
metabolic syndrome and		
				
insulin resistance		

Sponsor/Collaborators

Drug
(target pathway/
metabolism)

NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

IQP-VV-102,
NCT01681069
Obesity or overweight
60 (drug); 60 (placebo)
To evaluate the safety and
Reduction in body weight,
dietary supplement
(3)
(18-60)		
efficacy of IQP-VV-102 in
body fat, waist
				
reducing body weight in
circumference, but no
				
overweight and obese subjects
statistical analysis provided
Liraglutide (AMPK NCT01272219
Obesity (> 18)
959 (liraglutide 3 mg,
To test the effect of liraglutide
Significant reduction in
pathway)
(3)		
no pre-diabetes);
on body weight in
body weight and number
			
487 (placebo);
obese/overweight
of patients with
			
1528 (liraglutide 3 mg,
non-diabetics with
type 2 diabetes
			
pre-diabetes);
co-morbidities
			
757 (placebo)			
NCT01272232
Obesity (> 18)
423 (liraglutide 3 mg),
To test the effect of liraglutide
Significant reduction in
(3)		
211 (liraglutide 1.8 mg), on body weight in overweight/
body weight, glycosylated
			
212 (placebo)
obese subjects with
hemoglobin, waist
				
type 2 diabetes
circumference
NCT02647944
Obesity (18-65)
19 (drug); 21 (placebo)
To test the effect of liraglutide
Significant reduction
(2)			
on weight loss and gastric
in body weight and
				
unctions in obesity
increase in gastric
					 emptying time but
Diseases (NIDDK), Novo
					 without statistical
Nordisk A/S
					analysis
Liraglutide and
NCT00422058
Obesity (18-65)
98 (placebo/liraglutide
To test the effect of liraglutide
Decrease in body weight
orlistat (AMPK
(2)		
2.4 mg/liraglutide
on body weight in obese
only with highest dose
pathway and 			
3 mg), 95 (liraglutide
subjects without diabetes
of liraglutide;
lipase activity)			
1.2 mg/liraglutide 3 mg),		 no statistical analysis		
			
90 (liraglutide 1.8 mg/				
			
liraglutide 3 mg), 93 				
			
(liraglutide 2.4 mg/				
			
liraglutide 3 mg), 				
			
93 (liraglutide 3 mg), 				
			
95 (orlistat)				

Sponsor/Collaborators
In Qpharm Group

Novo Nordisk A/S

Novo Nordisk A/S

Mayo Clinic, National
Institute of Diabetes and
Digestive and Kidney

Novo Nordisk A/S
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Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from
ClinicalTrials.gov).

Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from
ClinicalTrials.gov).
Drug
(target pathway/
metabolism)

NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Columbia University

Arena Pharmaceuticals

Arena Pharmaceuticals

Arena Pharmaceuticals

University of Colombo
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L-leucine, dietary
NCT00683826
Overweight or
8 (drug); 8 (control)
To determine whether oral
No significant results
supplement
(NA)
obesity (18-65)		
leucine supplementation in 		
				
overweight/obese individuals		
				
increases basal metabolic rate, 		
				
reduces body weight, improves		
				
glucose tolerance and/or 		
				
insulin sensitivity, and/or 		
				
reduces circulating 		
				
LDL-cholesterol levels		
Lorcaserin
NCT00603902
Obesity (18-65)
802 (lorcaserin 10 mg);
To test the effects of lorcaserin
Significant reduction
(serotonin/
(3)		
1603 (lorcaserin 10 mg); hydrochloride on overweight
in body weight
melanocortin			
1603 (placebo)
or obese volunteers		
pathway)			
				
NCT00395135
Obesity (18-65)
1595 (year 1,
To assess the safety and
Significant reduction in
(3)		
lorcaserin 10 mg);
efficacy of lorcaserin
body weight
			
1587 (year 1, placebo);
hydrochloride in
			
573 (year 2, lorcaserin
obese patients
			
10 mg (year 1)/lorcaserin 		
			
10 mg (year 2) 283 		
			
(year 2, lorcaserin 10 m		
			
(year 1)/placebo (year 2);
			
697 (year 2, placebo)				
NCT00603291
Obesity (18-65)
95 (lorcaserin 10 mg,
To assess the weight loss
Significant reduction
(3)		
once a day); 256
effect of lorcaserin in
in body weight
			
(lorcaserin 10 mg, twice overweight and obese patients
			
a day); 253 (placebo)
with Type II diabetes mellitus
				
treated with metformin,
				
sulfonylurea or both with other
				
oral hypoglycemic agents.		
Metformin
NCT02274948
Obesity (8-16)
166 (drug); 173 (control) To evaluate the effect of
Reduction in body
(AMPK pathway)
(4)			
metformin on changes in
weight, BMI, insulin
				
insulin resistance, fatty liver
resistance; no
				
status, body fat content, BMI
statistical analysis
				
and other metabolic markers
provided

Sponsor/Collaborators

Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from
ClinicalTrials.gov).
NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Naltrexone +
NCT00532779
Obesity or overweight
578 (naltrexone 16 mg/
Bupropion (opioid
(3)
(18-65)
bupropion 360 mg /day);
and melanocortin			
583 (naltrexone 32 mg/
pathway)
		
bupropion 360 mg /day);
			
581 (placebo)
				
				
				
NCT00711477 (2) Obesity (18-45)
23 (drug); 23 (placebo)
				
				
NCT00567255 (3) Obesity or overweight
1001 (drug); 495 (placebo)
		
(18-65)		
				
				
				
				
				
NCT02317744
Binge-eating disorder
12 (drug); 10 (placebo)
(NA)
(21-65)		
				
				
		
(18-60)		
NCT01764386 (3) Obesity or overweight
153 (drug); 89 (control)
				
				
				
				
				
				
				
				
				
				
Orlistat
NCT00752726 (4) Obesity or overweight
65 (drug); 66 (placebo)
(lipase activity)
(18-60)			
				

1371

Sponsor/Collaborators

To test the safety and efficacy
Significant decrease in
Orexigen Therapeutics
of the combination of
body weight, waist
Inc.
naltrexone SR and
circumference,
bupropion SR compared to
triglycerides and fasting
placebo in obese subjects and
glucose, increase in HDL
in overweight/obese subjects		
with hypertension and/or 		
dyslipidemia		
To assess the effects of
No significant results
Orexigen Therapeutics
naltrexone SR / bupropion SR 		
Inc.
on overweight or obese subjects
To test the safety and efficacy
Significant decrease in body Orexigen Therapeutics
of the combination of
weight, waist circumference Inc.			
naltrexone SR and bupropion SR and triglycerides, increase
compared to placebo in obese
in HDL
subjects and in overweight/obese
subjects with hypertension
and/or dyslipidemia		
To test the effect of the
No significant results
Yale University		
combination of naltrexone and
bupropion relative to placebo on
binge eating in persons with
obesity and binge eating disorder
To assess the effects of
Significant reduction in
Orexigen Therapeutics Inc.
combination therapy with
body weight, waist
naltrexone SR/bupropion SR
circumference,
(NB) and comprehensive
triglycerides, glucose,
lifestyle intervention (CLI)
fasting insulin, insulin
on body weight and
resistance and binge eating,
cardiovascular risk factors
increase in HDL
compared to the effects of usual
care in overweight or obese
dyslipidemic subjects with or
without controlled hypertension
To determine if weight loss with Significant reduction in
GlaxoSmithKline
orlistat affects visceral adipose
visceral fat mass,
tissue compared to placebo
body weight, total fat mass			
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Drug
(target pathway/
metabolism)

Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from
ClinicalTrials.gov).
NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Phentermine
NCT01886937 (4) Obesity (18-60)
7 (drug); 6 (placebo)
To determine whether
No significant results
Psychiatric				
phentermine changes food		
(dopamine/leptin 				
intake compared to placebo
pathway)				
administration
Phentermine+
NCT00554216 (3) Obesity (18-70)
241 (phentermine +
To evaluate the efficacy and
Significant reduction in
Topiramate			
topiramate, low dose);
safety of VI-0521 compared to
body weight
(dopamine/leptin, 			
512 (phentermine+
placebo in the treatment of
insulin/leptin			
topiramate, high dose);
obesity (BMI ≥35)
signaling)			
514 (placebo)			
NCT00553787 (3) Obesity and type 2
154 (phentermine +
To evaluate the long-term safety Significant reduction in
		
diabetes (18-70)
topiramate, low dose);
and efficacy of VI-0521 compared body weight
			
295 (phentermine +
to placebo in the treatment of
			
topiramate, high dose);
adult overweight and obesity
			
227 (placebo)			
NCT00796367 (3) Obesity (18-70)
154 (phentermine +
To evaluate the safety and
Significant reduction in
			
topiramate, low dose);
efficacy of VI-0521 compared to body weight
			
295 (phentermine +
placebo in the treatment of
			
topiramate, high dose);
overweight and obese adults
			
227 (placebo)			
NCT00563368 (3) Obesity (18-70)
108 (7.5 mg phentermine); To compare the effect of VI-0521 Significant reduction in body
			
107 (46 mg topiramate);
(topiramate+phetermine) or
weight
			
108 (7.5 mg/46 mg
topiramate or phentermine alone
			
phentermine/topiramate); with placebo treatment of obesity
			
107 (15 mg phentermine); in adults
			
108 (92 mg topiramate
			
15 mg/92 mg phentermine/
			
topiramate); 109 (placebo) 		
NCT01834404 (4) Obesity (18-70)
12 (phentermine+
To determine the effect of
No significant results due
			
topiramate); 12 (placebo) phentermine and topiramate ER to the low number of
				
on gastric emptying, gastric
participants
				
accommodation, satiety and 		
				
satiation in obesity		

Sponsor/Collaborators
New York State
Institute, AstraZeneca
VIVUS Inc., Medpace Inc

.
VIVUS Inc., Medpace
Inc.

VIVUS Inc., Medpace
Inc.

VIVUS Inc., Medpace
Inc.

Mayo Clinic, National
Institute of Diabetes and
Digestive and Kidney
Diseases (NIDDK)
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Drug
(target pathway/
metabolism)

Drug
(target pathway/
metabolism)

NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Pramlintide and
NCT00673387 (2) Overweight or obesity 77 (pramlintide 360 mcg); To examine the safety, tolerability Significant reduction in
metreleptin			
72 (metreleptin 5 mg);
and effect on body weight of
body weight
(calcitonin			
75 (pramlintide 180 mcg
metreleptin and pramlintide in
receptor pathway			
+ metreleptin 2.5 mg); 78 obese and overweight subjects
and leptin/			
(pramlintide 180 mcg +
melanocortin			
metreleptin 5 mg); 78
pathway)			
(pramlintide 360 mcg
			
+ metreleptin 1.25 mg);
			
78 (pramlintide 360 mcg
			
+ metreleptin 2.5 mg);
			
75 (pramlintide 360 mcg
			
+ metreleptin 5 mg); 75
			
(placebo)			
NCT00819234 (2) Obesity (18-65)
242 (drug); 31 (placebo)
To examine the long-term safety, Significant reduction in body
				
tolerability and effect on body
weight
				
weight of pramlintide
				
administered in combination
				
with metreleptin		
Recombinant human NCT01169103 (2) Obesity (13-21)
11 (drug); 11 (placebo)
To test the effect of recombinant No significant results due to
growth hormone				
human growth hormone (rhGH) the low number of
(growth hormone				
on reduction of abdominal fat
participants
pathway)				
and cardiovascular risk in obese
				
girls		
Rosuvastatin (lipid
NCT01068626 (3) Abdominal obesity
30 (drug); 29 (placebo)
To investigate whether treatment No statistical significance
synthesis)		
(40-65)		
with rosuvastatin reduces
provided
				
visceral fat in obese men		
SCH 497079
NCT00642993 (2) Obesity or overweight 267 (drug); 134 (placebo) To evaluate the effect of SCH
(Histamine H3		
(>18)		
497079 on weight in obese and
No significant results
receptor pathway)				
overweight participants		
Topiramate (insulin/ NCT01859013 (2) Obesity (12-17)
16 (drug); 14 (placebo)
To evaluate the safety and
No statistical significance
leptin signaling)				
efficacy of topiramate therapy
provided
				
with meal replacement therapy 		
				
in adolescents with severe obesity		
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Sponsor/Collaborators
AstraZeneca

AstraZeneca

Massachusetts General
Hospital, Genentech Inc.

Göteborg University,
Sahlgrenska University
Hospital, Sweden
Merck Sharp & Dohme
Corp.
University of Minnesota,
Clinical and Translational
Science Institute
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Table I (Continued). List of active (not recruiting) and completed interventional clinical trials using drugs or dietary supplements for the treatment of obesity (retrieved from
ClinicalTrials.gov).

Drug
(target pathway/
metabolism)

NCT
ID
(phase)

Condition
(age of treated
patients in years)

Number			
of
participants
Aim
Results

Vitamin D, dietary
NCT00493012
Overweight or obesity 100 (drug); 100 (placebo) To investigate the influence
No statistical significance
supplement
(NA)
(18-70)		
of vitamin D supplement on
provided
				
weight loss and body composition
				
in overweight patients		
Zonisamide
NCT00275834
Obesity (18-65)
76 (zonisamide 200 mg; 75 To test the effect of zonisamide
No statistical significance
(GABAergic
(NA)			
on weight reduction in obese
provided
synaptic activity)				
adults		
						
β3-adrenergic
NCT01783470 (2) Obesity (18-65)
12 (drug); 12 (placebo)
To test the hypothesis that human Significant increase in BAT
receptor agonist				
brown adipose tissue can be
activity
(β-adrenergic				
activated using a β3-adrenergic 		
pathway)				
receptor agonist. The efficacy 		
				
of β3-AR agonist will be 		
				
compared with cold exposure 		
				
and a placebo control		
						

Sponsor/Collaborators
Heart and Diabetes
Center
North-Rhine Westfalia
Duke University, National
Institute of Diabetes and
Digestive and Kidney
Diseases (NIDDK)
Aaron Cypess, National
Institutes of Health (NIH),
National Institute of
Diabetes and Digestive
and Kidney Diseases
(NIDDK), Beth Israel
Deaconess Medical
Center
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nocortin hypothalamic signaling pathway. Most
of the drugs being evaluated target this pathway
with the aim of improving energy expenditure
and/or reducing food intake. The results of these trials are promising in many cases, though in
others the sample has been too small to obtain
significant results. Of course, the possibility of
severe side effects should be weighed by clinicians when prescribing these medications.

Conflict of Interest

The Authors declare that they have no conflict of interests.

Acknowledgements

We would like to thank Helen Ampt for the English language
editing and all the laboratory staff of the MAGI group.

Contributorship Statement

MB conceived the study; SP, TD, DV and MB collected information; SP wrote the manuscript; SP, AB, LS, FCC, TD,
JK, DV, TB, VU, MB reviewed and edited the text; MB supervised the work.

Funding

The authors did not receive any funding for this study.

References
1) A li AT, Hochfeld WE, Myburgh R, Pepper MS. Adipocyte and adipogenesis. Eur J Cell Biol 2013; 92:
229-236.
2) R ao KR, L al N, Giridharan NV. Genetic and epigenetic approach to human obesity. Indian J Med
Res 2014; 140: 589-603.
3) K leinendorst L, M assink MPG, Cooiman MI, Savas M,
van der Baan -Slootweg OH, Roelants RJ, Janssen
ICM, Meijers-Heijboer HJ, K noers NVAM, Ploos van
A mstel HK, van Rossum EFC, van den A kker ELT, van
Haaften G, van der Zwaag B, van Haelst MM. Genetic obesity: next-generation sequencing results
of 1230 patients with obesity. J Med Genet 2018;
55: 578-586.
4) Yazdi FT, Clee SM, Meyre D. Obesity genetics in
mouse and human: back and forth, and back
again. PeerJ 2015; 3: e856.
5) Saleem F, Rizvi SW. New therapeutic approaches in
obesity and metabolic syndrome associated with
polycystic ovary syndrome. Cureus 2017; 9: 1-11
6) Oswal A, Yeo GSH. The leptin melanocortin pathway and the control of body weight: lessons from
human and murine genetics. Obes Rev 2007; 8:
293-306.

7) Morton GJ, Cummings DE, Baskin DG, Barsh GS,
Schwartz MW. Central nervous system control of
food intake and body weight. Nature 2006; 443:
289-295.
8) Tang QQ, L ane MD. Adipogenesis: from stem cell
to adipocyte. Annu Rev Biochem 2012; 81: 715736.
9) L efterova M, H aakonsson A, L azar M, M andrup
S. PPARγ and the global map of adipogenesis
and beyond. Trends Endocrinol Metab 2014; 25:
293-302.
10) Montague CT, Farooqi IS, Whitehead JP, Soos MA,
R au H, Wareham NJ, Sewter CP, Digby JE, Mohammed
SN, Hurst JA, Cheetham CH, E arley AR, Barnett AH,
Prins JB, O’R ahilly S. Congenital leptin deficiency
is associated with severe early-onset obesity in
humans. Nature 1997; 387: 903-908.
11) Farooqi IS, Depaoli AM, R ahilly SO, Farooqi IS, Matarese G, Lord GM, Keogh JM, L awrence E, Agwu C, Sanna V, Jebb SA, Perna F, Fontana S, Lechler RI, Depaoli
AM, O’R ahilly 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.
12) Gibson WT, Farooqi IS, Moreau M, DePaoli AM,
L awrence E, O’R ahilly S, Trussell RA. Congenital leptin deficiency due to homozygosity for the
Δ133G mutation: report of another case and evaluation of response to four years of leptin therapy.
J Clin Endocrinol Metab 2004; 89: 4821-4826.
13) Strobel A, Issad T, C amoin L, Ozata M, Strosberg A.
A leptin missense mutation associated with hypogonadism and morbid obesity. Nat Genet 1998;
18: 213-215.
14) Clément K, Vaisse C, L ahlou N, C abrol S, Pelloux
V, C assuto D, Gourmelen M, Dina C, Chambaz J,
L acorte JM, Basdevant A, Bougnères P, L ebouc Y,
Froguel P, Guy-Grand B. A mutation in the human
leptin receptor gene causes obesity and pituitary
dysfunction. Nature 1998; 392: 398-401.
15) Farooqi IS, Wangensteen T, Collins S, K imber W,
M atarese G, K eogh JM, L ank E, Bottomley B, Lo pez-Fernandez J, Ferraz-A maro I, Dattani MT, Ercan
O, Myhre AG, Retterstol L, Stanhope R, Edge JA,
McK enzie S, L essan N, Ghodsi M, De Rosa V, Perna F,
Fontana S, Barroso I, Undlien DE, O’R ahilly S. Clinical and molecular genetic spectrum of congenital deficiency of the leptin receptor. N Engl J Med
2007; 356: 237-247.
16) C arroll K, Gomez C, Shapiro L. Tubby proteins: the
plot thickens. Nat Rev Mol Cell Biol 2004; 5: 55-63.
17) K im J, K im H, K im S, Park J. Insulin phosphorylates
tyrosine residue 464 of Tub and translocates Tubby into the nucleus in HIRcB cells. Endocrinol Metab (Seoul) 2014; 29: 163-168.
18) Borman AD, Pearce LR, M ackay DS, Nagel-Wolfrum
K, Davidson AE, Henderson R, G arg S, Waseem NH,
Webster AR, Plagnol V, Wolfrum U, Farooqi IS,
Moore AT. A homozygous mutation in the TUB
gene associated with retinal dystrophy and obesity. Hum Mutat 2014; 35: 289-293.

1375

S. Paolacci, A. Borrelli, L. Stuppia, F.C. Campanile, T. Dallavilla, et al.
19) Ghamari -L angroudi M, Digby GJ, Sebag JA, Millhauser GL, Palomino R, M atthews R, Gillyard T, Panaro
BL, Tough IR, Cox HM, Denton JS, Cone RD. G-protein-independent coupling of MC4R to Kir7.1 in
hypothalamic neurons. Nature 2015; 520: 94-98.
20) Martinelli CE, Keogh JM, Greenfield JR, Henning E,
Van Der Klaauw AA, Blackwood A, O’R ahilly S, Roelfsema F, C amacho -Hübner C, Pijl H, Farooqi IS. Obesity due to melanocortin 4 receptor (MC4R) deficiency is associated with increased linear growth and
final height, fasting hyperinsulinemia, and incompletely suppressed growth hormone secretion. J
Clin Endocrinol Metab 2011; 96: 181-188.
21) Farooqi I, K eogh J, Yeo G, L ank E, Cheetham T, O’R ahilly S. Clinical spectrum of obesity and mutations
in the melanocortin 4 receptor gene. N Engl J
Med 2003; 348: 1085-1095.
22) 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.
23) Yeo GSH, Farooqi IS, A minian S, Halsall DJ, Stan hope RG, O’R ahilly S. A frameshift mutation in
MC4R associated with dominantly inherited human obesity. Nat Genet 1998; 20: 111-112.
24) Hinney A, Schmidt A, Nottebom K, Heibult O, Becker I, Ziegler A, Gerber G, Sina M, Gorg T, M ayer H,
Siegfried W, Fichter M, Remschmidt H, Hebebrand J.
Several mutations in the melanocortin-4 receptor
gene including a nonsense and a frameshift mutation associated with dominantly inherited obesity in humans. J Clin Endocrinol Metab 1999; 84:
1483-1486.
25) Smith AI, Funder JW. Proopiomelanocortin processing in the pituitary, central nervous system, and peripheral tissues. Endocr Rev 1988; 9: 159-179.
26) K rude H, B iebermann H, L uck W, Horn R, B rabant
G, G rüters A. Severe early-onset obesity, adrenal insufficiency and red hair pigmentation
caused by POMC mutations in humans. Nat
Genet 1998; 19: 155-157.
27) Biebermann H, C astañeda TR, van L andeghem F, von
Deimling A, Escher F, Brabant G, Hebebrand J, Hinney
A, Tschöp MH, Grüters A, K rude H. A role for β-melanocyte-stimulating hormone in human bodyweight regulation. Cell Metab 2006; 3: 141-146.
28) Jackson RS, Creemers JWM, Ohagi S, R affin-Sanson
ML, Sanders L, Montague CT, Hutton JC, O’R ahilly S.
Obesity and impaired prohormone processing associated with mutations in the human prohormone
convertase 1 gene. Nat Genet 1997; 16: 303-306.
29) Creemers JWM, Choquet H, Stijnen P, Vatin V, Pigeyre
M, Beckers S, Meulemans S, Than ME, Yengo L, Tau ber M, Balkau B, Elliott P, Jarvelin MR, Van Hul W,
Van G aal L, Horber F, Pattou F, Froguel P, Meyre D.
Heterozygous mutations causing partial prohormone convertase 1 deficiency contribute to human obesity. Diabetes 2012; 61: 383-390.
30) Ren D, Zhou Y, Morris D, Li M, Li Z, Rui L. Neuronal
SH2B1 is essential for controlling energy and glucose homeostasis. J Clin Invest 2007; 117: 397-406.

1376

31) Doche ME, Henning E, Cline JM, Dale A, Cheeth am T, A rgetsinger LS, R ahilly SO, Rui L, C arter - su C,
Farooqi IS, Bochukova G, Su H, Pearce LR, K eogh
JM. Human SH2B1 mutations are associated with
maladaptive behaviors and obesity. J Clin Invest
2012; 122: 4732-4736.
32) Pearce LR, Joe R, Doche ME, Su HW, K eogh JM,
Henning E, A rgetsinger LS, Bochukova EG, Cline JM,
G arg S, Saeed S, Shoelson S, O’R ahilly S, Barroso I,
Rui L, Farooqi IS, C arter -Su C. Functional characterization of obesity-associated variants involving
the alpha and beta isoforms of human SH2B1.
Endocrinology 2014; 155: 3219-3226.
33) Bachmann-Gagescu R, Mefford HC, Cowan C, Glew
GM, Hing A V., Wallace S, Bader PI, Hamati A, Reitnauer PJ, Smith R, Stockton DW, Muhle H, Helbig I, Eichler
EE, Ballif BC, Rosenfeld J, Tsuchiya KD. Recurrent
200-kb deletions of 16p11.2 that include the SH2B1
gene are associated with developmental delay and
obesity. Genet Med 2010; 12: 641-647.
34) Gray J, Yeo G, Hung C, K eogh J, Clayton P, Baner jee K, Mc A ulay A, O’R ahilly S, Farooqi IS. Functional characterization of human NTRK2 mutations
identified in patients with severe early-onset obesity. Int J Obes 2007; 31: 359-364.
35) Gray J, Yeo GSH, Cox JJ, Morton J, A dlam ALR, K eogh JM, Yanovski JA, El Gharbawy A, H an JC, Tung
YCL, Hodges JR, R aymond FL, O’R ahilly S, Faroo qi IS. Hyperphagia, severe obesity, impaired cognitive function, and hyperactivity associated with
functional loss of one copy of the brain-derived
neurotrophic factor (BDNF) gene. Diabetes 2006;
55: 3366-3371.
36) Yeo GSH, Connie Hung C-C, Rochford J, K eogh J,
Gray J, Sivaramakrishnan S, O’R ahilly S, Farooqi IS.
A de novo mutation affecting human TrkB associated with severe obesity and developmental delay. Nat Neurosci 2004; 7: 1187-1189.
37) Crews ST. Control of cell lineage-specefic development and transcription by bHLH-PAS proteins.
Genes Dev 1998; 12: 607-620.
38) Michaud JL, Derossi C, M ay NR, Holdener BC, Fan
CM. ARNT2 acts as the dimerization partner of
SIM1 for the development of the hypothalamus.
Mech Dev 2000; 90: 253-261.
39) Holder J, Butte N, Zinn A. Profound obesity associated with a balanced translocation that disrupts
the SIM1 gene. Hum Mol Genet 2000; 9: 101-108.
40) Bonnefond A, R aimondo A, Stutzmann F, Ghoussaini
M, R amachandrappa S, Bersten DC, Durand E, Vatin
V, Gaal L Van, Peet DJ, Weill J, Miller JL, Horber
F, Goldstone AP, Driscoll DJ, Bruning JB, Meyre D,
Whitelaw ML, Froguel P. Loss-of-function mutations
in SIM1 contribute to obesity and Prader-Willi-like
features. J Clin Invest 2013; 123: 3037-3041.
41) R amachandrappa S, R aimondo A, C ali AM, K eogh JM,
Henning E, Saeed S, Thompson A, G arg S, Bochukova
EG, Brage S, Trowse V, Wheeler E, Sullivan AE, Dattani M, Clayton PE, Datta V, Bruning JB, Wareham
NJ, R ahilly SO, Peet DJ, Barroso I, Whitelaw ML, Farooqi IS. Rare variants in single-minded 1 (SIM1)

Mendelian obesity, molecular pathways and pharmacological therapies: a review

42)

43)

44)

45)

46)
47)

48)

49)

50)

51)

52)

are associated with severe obesity. J Clin Invest
2013; 123: 3042-3050.
Costanzo -G arvey DL, Pfluger PT, Dougherty MK,
Stock JL, Boehm M, Chaika O, Fernandez MR, Fish er K, Kortum RL, Hong G, Jun JY, Ko HJ, Schreiner
A, Volle DJ, Swift AL, Winer M, Chen D, Wu M, L eon LR, Shaw AS, McNeish J, K im JK, Morrison DK,
Tschöp MH, L ewis RE. KSR2 is an essential regulator of AMP kinase, energy expenditure, and insulin sensitivity. Cell Metab 2009; 10: 366-378.
Fernandez MR, Henry MD, L ewis RE. Kinase suppressor of Ras 2 (KSR2) regulates tumor cell
transformation via AMPK. Mol Cell Biol 2012; 32:
3718-3731.
Guo L, Costanzo -G arvey DL, Smith DR, Neilsen BK,
M acDonald RG, L ewis RE. Kinase suppressor of
Ras 2 (KSR2) expression in the brain regulates
energy balance and glucose homeostasis. Mol
Metab 2017; 6: 194-205.
Revelli JP, Smith D, Allen J, Jeter-Jones S, Shadoan
MK, Desai U, Schneider M, Van Sligtenhorst I, Kirkpatrick L, Platt KA, Suwanichkul A, Savelieva K, Gerhardt
B, Mitchell J, Syrewicz J, Zambrowicz B, Hamman BD,
Vogel P, Powell DR. Profound obesity secondary to
hyperphagia in mice lacking kinase suppressor of
Ras 2. Obesity 2011; 19: 1010-1018.
Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient
and energy sensor that maintains energy homeostasis. Nat Rev Mol Cell Biol 2017; 13: 251-262.
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, Bo chukova EG, Bounds R, A shford S, Gayton E, Hind marsh PC, Shield JPH, Crowne E, Barford D, Wareham
NJ, O’R ahilly 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.
Nishigori H. Mutations in the small heterodimer
partner gene are associated with mild obesity in
Japanese subjects. Proc Natl Acad Sci 2001; 98:
575-580.
Echwald SM, A ndersen KL, Sørensen TIA, L arsen
LH, A ndersen T, Tonooka N, Tomura H, Takeda J,
Pedersen O. Mutation analysis of NR0B2 among
1545 Danish men identifies a novel c.278G>A
(p.G93D) variant with reduced functional activity.
Hum Mutat 2004; 24: 381-387.
Mitchell SM, Weedon MN, Owen KR, Shields B,
Wilkins-Wall B, Walker M, McC arthy MI, Frayling
TM, Hattersley AT. Genetic variation in the small
heterodimer partner gene and young-onset type
2 diabetes, obesity, and birth weight in U.K. subjects. Diabetes 2003; 52: 1276-1279.
Vega A, M artinot E, Baptissart M, De Haze A, Saru
JP, Baron S, C aira F, Schoonjans K, Lobaccaro JMA,
Volle DH. Identification of the link between the
hypothalamo-pituitary axis and the testicular orphan nuclear receptor NR0B2 in adult male mice.
Endocrinology 2015; 156: 660-669.
Ristow M, Müller -Wieland D, Pfeiffer A, K rone W,
K ahn CR. Obesity associated with a mutation in

53)

54)

55)
56)

57)

58)
59)
60)
61)
62)
63)
64)

65)

66)

67)

a genetic regulator of adipocyte differentiation. N
Engl J Med 1998; 339: 953-959.
Wang XL, Oosterhof J, Duarte N. Peroxisome proliferator-activated receptor G C161 → T polymorphism and coronary artery disease. Cardiovasc
Res 1999; 44: 588-594.
Keramati AR, Fathzadeh M, Go G-W, Singh R, Choi
M, Faramarzi S, Mane S, K asaei M, Sarajzadeh-Fard K,
Hwa J, Kidd KK, Babaee Bigi MA, Malekzadeh R, Hosseinian A, Babaei M, Lifton RP, M ani A. A Form of the
metabolic syndrome associated with mutations in
DYRK1B. N Engl J Med 2014; 370: 1909-1919.
Hickmott J. DYRK1B variant linked to autosomal
dominant metabolic syndrome. Clin Genet 2015;
87: 30-31.
Zhang L, Reidy SP, Nicholson TE, L ee HJ, M ajdalawieh A, Webber C, Stewart BR, Dolphin P, Ro HS. The
role of AEBP1 in sex-specific diet-induced obesity. Mol Med 2005; 11: 39-47.
Paz-Filho G, Boguszewski MCS, M astronardi CA,
Patel HR, Johar AS, Chuah A, Huttley GA, Bo guszewski CL, Wong ML, A rcos-B urgos M, L icin io J. Whole exome sequencing of extreme morbid obesity patients: translational implications
for obesity and related disorders. Genes (Basel)
2014; 5: 709-725.
López M. Hypothalamic AMPK and energy balance. Eur J Clin Invest 2018; 48: 1-10.
M atyjaszek-M atuszek B, Szafraniec A, Porada D.
Pharmacotherapy of obesity — state of the art.
Endokrynol Pol 2018; 69: 448-457.
Padwal RS, M ajumdar SR. Drug treatments for obesity: orlistat, sibutramine, and rimonabant. Lancet
2007; 369: 71-77.
Saunders KH, Umashanker D, Igel LI, Kumar RB,
A ronne LJ. Obesity pharmacotherapy. Med Clin
North Am 2018; 102: 135-148.
Greenway FL, Shanahan W, Fain R, M a T, Rubino D.
Safety and tolerability review of lorcaserin in clinical trials. Clin Obes 2016; 6: 285-295.
Shukla A, Kumar R, A ronne L. Lorcaserin for the
treatment of obesity. Expert Opin Pharmacother
2015; 16: 2531-2538.
H addock C, Poston W, Dill P, Foreyt J, Ericsson
M. Pharmacotherapy for obesity: a quantitative
analysis of four decades of published randomized clinical trials. Int J Obes 2002; 26: 262-273.
Nelson DL, Gehlert DR. Central nervous system
biogenic amine targets for control of appetite
and energy expenditure. Endocrine 2006; 29:
49-60.
Wishart DS, Feunang YD, Guo AC, Lo EJ, M arcu A,
Grant JR, Sajed T, Johnson D, L i C, Sayeeda Z, A ssempour N, Iynkkaran I, L iu Y, M acIejewski A, G ale N,
Wilson A, Chin L, Cummings R, L e Di, Pon A, K nox
C, Wilson M. DrugBank 5.0: a major update to the
DrugBank database for 2018. Nucleic Acids Res
2018; 46: D1074-D1082.
K ramer CK, L eitão CB, Pinto LC, C anani LH, A zevedo
MJ, Gross JL. Efficacy and safety of topiramate on

1377

S. Paolacci, A. Borrelli, L. Stuppia, F.C. Campanile, T. Dallavilla, et al.

68)
69)

70)

71)

72)

73)
74)

75)

76)
77)

weight loss: a meta-analysis of randomized controlled trials. Obes Rev 2011; 12: 338-347.
Xiong GL, Gadde KM. Combination phentermine/
topiramate for obesity treatment in primary care:
a review. Postgrad Med 2014; 126: 110-116.
C aricilli AM, Penteado E, De A breu LL, Quaresma
PGF, Santos AC, Guadagnini D, R azolli D, Mittestain er FC, C arvalheira JB, Velloso LA, Saad MJA, Prada
PO. Topiramate treatment improves hypothalamic insulin and leptin signaling and action and reduces obesity in mice. Endocrinology 2012; 153:
4401-4411.
G adde KM, A llison DB, R yan DH, Peterson CA,
Troupin B, Schwiers ML, Day WW. Effects of lowdose, controlled-release, phentermine plus topiramate combination on weight and associated
comorbidities in overweight and obese adults
(CONQUER): a randomised, placebo-controlled,
phase 3 trial. Lancet 2011; 377: 1341-1352.
A ronne LJ, Wadden TA, Peterson C, Winslow D,
Odeh S, G adde KM. Evaluation of phentermine
and topiramate versus phentermine/topiramate
extended-release in obese adults. Obesity 2013;
21: 2163-2171.
Billes SK, Sinnayah P, Cowley MA. Naltrexone/bupropion for obesity: an investigational combination pharmacotherapy for weight loss. Pharmacol
Res 2014; 84: 1-11.
Polsky S, Ellis SL. Obesity, insulin resistance, and
type 1 diabetes mellitus. Curr Opin Endocrinol Diabetes Obes 2015; 22: 277-282.
Tomlinson B, Hu M, Zhang Y, Chan P, L iu ZM. Investigational glucagon-like peptide-1 agonists for the
treatment of obesity. Expert Opin Investig Drugs
2016; 25: 1167-1179.
K im HJ, K im S, L ee AY, Jang Y, Davaadamdin O, Hong
SH, K im JS, Cho MH. The effects of Gymnema sylvestre in high-fat diet-induced metabolic disorders. Am J Chin Med 2017; 45: 813-832.
Sahu N, M ahato S, Sarkar S, Poddar G. Triterpenoid
saponins from Gymnema sylvestre. Phytochemistry 1996; 41: 1181-1185.
Pothuraju R, Sharma RK, Chagalamarri J, Jangra S,
Kumar K avadi P. A systematic review of Gymnema

1378

78)

79)

80)

81)

82)
83)

84)

85)

86)

sylvestre in obesity and diabetes management. J
Sci Food Agric 2014; 94: 834-840.
Desjardins EM, Steinberg GR. Emerging role of
AMPK in brown and beige adipose tissue (BAT):
implications for obesity, insulin resistance, and
type 2 diabetes. Curr Diab Rep 2018; 18: 80.
R ajarajeshwari T, Shivashri C, R ajasekar P. Synthesis
and characterization of biocompatible gymnemic
acid-gold nanoparticles: a study on glucose uptake stimulatory effect in 3T3-L1 adipocytes. RSC
Adv 2014; 4: 63285-63295.
A l-Romaiyan A, L iu B, A sare-A nane H, M aity CR,
Chatterjee SK, Koley N, Biswas T, Chatterji AK,
Huang GC, A miel SA, Persaud SJ, Jones PM. A novel
Gymnema sylvestre extract stimulates insulin secretion from human islets in vivo and in vitro. Phytother Res 2010; 24: 1370-1376.
K amble B, Gupta A, Moothedath I, K hatal L, Jan rao S, Jadhav A, Duraiswamy B. Effects of Gymnema sylvestre extract on the pharmacokinetics
and pharmacodynamics of glimepiride in streptozotocin induced diabetic rats. Chem Biol Interact
2016; 245: 30-38.
Kumar SN, M ani UV, M ani I. An open label study
on the supplementation of Gymnema sylvestre in
type 2 diabetics. J Diet Suppl 2010; 7: 273-282.
Kumar V, Bhandari U, Tripathi CD, K hanna G. Protective effect of Gymnema sylvestre ethanol extract on high fat diet-induced obese diabetic wistar rats. Indian J Pharm Sci 2014; 76: 315-322.
Li Y, Zheng M, Zhai X, Huang Y, Khalid A, Malik A,
Shah P, K arim S, A zhar S, Hou X. Effect of Gymnema sylvestre, Citrullus colocynthis and Artemisia
absinthium on blood glucose and lipid profile in diabetic human. Acta Pol Pharm 2015; 72: 981-985.
Singh DK, Kumar N, Sachan A, L akhani P, Tutu S,
Nath R, Sachan AK, Dixit RK. Hypolipidaemic effects of Gymnema sylvestre on high fat diet induced dyslipidaemia in wistar rats. J Clin Diagn
Res 2017; 11: FF01-FF05.
Zuñiga LY, González-Ortiz M, M artínez-A bundis E.
Effect of Gymnema sylvestre administration on
metabolic syndrome, insulin sensitivity, and insulin secretion. J Med Food 2017; 20: 750-754.

