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Abstract: Leptin and its receptor are essential for regulating food intake, energy expenditure, glucose
homeostasis and fertility. Mutations within leptin or the leptin receptor cause early-onset obesity
and hyperphagia, as described in human and animal models. The effect of both heterozygous and
homozygous variants is much more investigated than compound heterozygous ones. Recently, we
discovered a spontaneous compound heterozygous mutation within the leptin receptor, resulting in
a considerably more obese phenotype than described for the homozygous leptin receptor deficient
mice. Accordingly, we focus on compound heterozygous mutations of the leptin receptor and their
effects on health, as well as possible therapy options in human and animal models in this review.

Keywords: leptin receptor; compound heterozygous mutation; mouse model

1. Introduction

A compound heterozygote variant occurs if two or more different, recessive heterozy-
gote mutations are present at the same locus on both alleles [1]. Compound heterozygous
mutations are known to impact several diseases, such as the Brugada syndrome, infantile
onset refractory epilepsy and restrictive dermopathy [2–4]. Pathogenic compound het-
erozygous variants of genes causing severe obesity are rarely reported, and most of them
are located within the leptin receptor (LEPR) signaling cascade [5]. Thereby, compound
heterozygous mutations are known in LEPR, proopiomelanocortin (POMC), melanocortin
4 receptor (MC4R), and proprotein convertase subtilisin/kexin type 1 (PCSK1), but not
in leptin [5,6]. These mutations in the different genes have been described for fewer than
20 patients each [5]. Due to the low number of cases, the role of the environment and other
possible genetic factors, a comparison between compound heterozygous and homozygous
mutations is challenging. Here we review compound heterozygous mutations in human
and animal models and gives an insight into the pathophysiology and therapy options.

2. Leptin Receptor

Leptin and LEPR signaling play a key role in regulating appetite, food intake, energy
expenditure, glucose homeostasis, and fertility [7,8]. Leptin, also known as obese (ob)
gene, was discovered as the molecule that causes a mutated form of severe obesity in
ob/ob mice [9]. Leptin is an adipokine and is mainly secreted from white adipose tissue
into the circulation [9]. While serum leptin levels decrease by fasting and increase with
feeding, they also correlate with body fat mass and hyperleptinemia and can lead to leptin
resistance [10–12]. The transport of leptin through the blood–brain barrier is not dependent
on LEPR or passively transported, but the mechanism is still unclear [13]. In humans,
mutations of leptin with severe early onset of obesity and hyperphagia has been diagnosed
in fewer than 100 patients worldwide [5,14,15].
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Lepr was discovered in db/db mice as a leptin-binding and membrane-spanning recep-
tor expressed in the hypothalamus [16,17]. Also, mutations within the Lepr are rare, and
only 2–3% of patients with severe early onset of obesity find that homozygous variants are
the cause [5].

2.1. Structure of the Leptin Receptor

The extracellular part of the receptor is clustered in five domains (Figure 1): an N-
terminal domain (NTD), with an unknown function and which is not necessary for signal-
ing [18], followed by cytokine receptor homology (CRH) 1, immunoglobulin-like (Ig), CRH2
and fibronectin type III (FNIII) domain. CRH2 acts as the main leptin-binding domain and
CRH1 as enhancer, which diminishes signaling if deleted [18,19]. Immunoglobulin-like
domain (Ig) as well as fibronectin type III domain (FNIII) are essential for leptin binding
and activation of the signaling [20,21].

The intracellular part of the receptor consists of the box1 motif, essential for Janus
kinase 2 (JAK2) binding and signaling, and the three phosphorylatable tyrosine residues:
Y985, Y1077 and Y1138 [22,23].
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expression and the inhibition of AGRP mediating a satiety signal. Phosphorylated JAK2 phosphory-
lates IRS, which activates the PI3K/AKT signaling pathway. In turn, pAKT phosphorylates FOXO1,
resulting in translocation of pFOXO1 and a suppression of food intake. Phosphorylation of Y985
recruits and activates SHP2 and GRB2, which results in ERK phosphorylation, regulating energy
homeostasis. NTD: N-terminal domain; CRH: cytokine receptor homology; Ig: immunoglobulin-like
domain; FNIII: fibronectin type III; JAK2: Janus kinase 2; IRS: insulin receptor substrate; PI3K:
phosphatidylinositol 3-OH kinase; AKT: serine-threonine kinase; SHP2: Src homology region 2
domain-containing phosphatase-2; GRB2: growth factor receptor-bound protein 2; ERK: extracellular
signal-regulated kinase; STAT: signal transducer and activator of transcription; POMC: proopiome-
lanocortin; SOCS3: suppressor of cytokine signaling 3. Modified from Kwon et al. [24].

2.2. Isoforms

In humans, six different splicing variants of the LEPR—named LEP-Ra to LEP-Rf—are
known. While all of them have the same N-terminal, extracellular sequence, they differ in
their C-terminal, transmembrane and intracellular region [21]. LEP-Rb is the longest and
only isoform that is highly expressed in the nuclei of the hypothalamus and regulates food
intake and energy expenditure in humans and mice [25]. It is also expressed in adipose
tissue, testis and peripheral blood cells in mice [26]. LEP-Ra, -Rc, -Rd and -Rf each have
unique C-termini, and their function is still not completely understood. Hileman et al.
suggested a role in the transport of leptin through the blood-brain barrier for LEP-Ra and
-Rc [21,27]. While LEP-Rf only exists in humans and not in mice, LEP-Ra to -Re occur in
both species. LEP-Ra is expressed in both species in lung, kidney, heart, liver and choroid
plexuses [26,28].

The short and soluble LEP-Re is generated by proteolytic cleavage in humans and is
a product of splicing in mice, directly secreted into the blood [29]. LEP-Re blood levels
display the amount of membrane-bound receptors, with high levels indicating energy
deficiency and low concentrations indicating a positive energy balance, reflecting leptin
sensitivity in humans [30].

2.3. Leptin Receptor Signaling

The functional signaling is characterized by leptin binding to its receptor within the
hypothalamus at neurons of the arcuate nucleus [31]. When leptin binds to its receptor
in a stoichiometry of 1:1, it dimerizes or oligomerizes with other leptin–leptin receptor
complexes [32,33] and induces the activation and self-phosphorylation of JAK2, as well
as the autophosphorylation of the tyrosine residues Y985, Y1077 and Y1138 [23,34,35]
(Figure 1). JAK2 itself activates different signaling pathways: signal transducer and
activator of transcription 3 (STAT3), phosphatidylinositol 3-OH kinase/protein kinase B
(PI3K/AKT) and extracellular signal-regulated kinase (ERK) pathway [34–37]. The STAT3
pathway is activated by phosphorylation of Y1138, which leads to STAT3 recruitment and
phosphorylation by JAK2, followed by pSTAT3 translocation into the nucleus. There it acts
as a transcription factor of suppressor of cytokine signaling 3 (SOCS3) and POMC, and
inhibits agouti-related protein (AGRP) [34,36,38–40]. SOCS3 acts as a feedback inhibitor of
JAK2 [34], while activation of anorexic POMC and inhibition of orexic AGRP expression
leads to reduced food intake [39,40]. Taken together, STAT3 regulates food intake and
energy balance [41].

In the second pathway (PI3K/AKT), phosphorylated JAK2 phosphorylates insulin
receptor substrate (IRS), resulting in PI3K and AKT activation. In turn, pAKT phospho-
rylates forkhead box protein O1 (FOXO1), which then translocates from the nucleus to
the cytoplasm [37]. The translocation of FOXO1 stops the expression of orexic AGRP
gene and increases the expression of the anorexic POMC gene, followed by reduced food
intake [42,43]. Thereby, translated POMC is processed by PCSK1 and results in releasing
α-melanocyte-stimulating hormone (α-MSH), which activates the melanocortin 4 receptor
(MC4R), finally leading to satiety [44,45]. In the fasting state, AGRP binds to MC4R as a
competitive α-MSH antagonist, causing increased hunger [44].
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Third in the process, the ERK-pathway is activated. Recruited by phosphorylated
Y985, Src homology region 2 domain-containing phosphatase-2 (SHP2) activates growth
factor receptor-bound protein 2 (GRB2), followed by ERK activation [46]. Activated ERK is
important for the regulation of energy homeostasis [34].

Taken together, LEPR signaling is a complex interactive network, where every part of
the receptor is necessary for a functioning regulation of hunger and satiety.

2.4. Function

Besides hunger and satiety, the loss of LEPR function causes infertility, accelerated
growth, disrupted pubertal development [47,48], metabolic disorders such as insulin
resistance [49], impaired thyroid and immune function [50,51].

Women suffering from mutations in leptin or LEPR can be infertile due to low levels of
follicle-stimulating and luteinizing hormones, leading to the loss of pubertal maturity and
hypogonadotropic hypogonadism [48,52]. On the other hand, it is reported that men with
leptin receptor mutations achieve fertility at the beginning of puberty [53]. Fertility depends
on the location of the mutation, and while STAT3 and 5 signaling do not influence fertility,
the exact mechanism is not yet known [41,54]. Also, growth is not dependent on STAT3
signaling of LEPR, as studies of STAT3 in Lepr-deficient mice exhibited increased growth,
while whole-brain knockout animals demonstrated reduced body length [41,55]. Reports
on growth in humans with impaired LEPR function are very heterogeneous. Decreased
growth hormone response and insulin-like growth factor 1 (IGF1) concentrations or Leptin
as counterpart are still discussed.

Leptin signaling is also able to regulate glucose homeostasis, as shown in ob/ob
mice [56]. Thereby, the signaling is taking place in the hypothalamus, as well as within the
PI3K part of the Lepr signaling pathway [41,57,58].

The nutritional status and concentrations of leptin within serum modulate the T-cell
immune function [59]. Thereby, low leptin levels lead to a reduced CD4+ T-cell number,
a decreased T-cell proliferation, and a higher compensatory B-cell number, leading to an
altered cytokine release after nonspecific and specific stimuli [48,60].

2.5. Inheritance Pattern of Human LEPR Mutation and Functional Analysis

LEPR mutations are inherited in an autosomal–recessive pattern. As shown by Nun-
ziata et al., most homozygous patients are born of consanguineous parents, and obesity
due to LEPR mutations aggregates in cultures with consanguineous marriages [61,62]. In
contrast, compound heterozygous mutations appear in progeny of non-consanguineous
parents [5].

To determine if obesity is of monogenic origin, the DNA of subjects has to be se-
quenced and further analyzed—at least the genes of the LEPR signaling cascade. Using
computational algorithms, it is now possible to predict structural and functional changes
resulting from single mutations. As shown by Gandhi Muruganandhan and Manian, single
nucleotide polymorphisms (SNPs) within the LEPR gene result in structural and functional
changes like changing the binding affinity of ligand and receptor [63]. Other SNPs within
the LEPR are associated with a higher BMI in a Korean or Spanish population [64,65],
insulin resistance or adiponectin serum level [64], as well as obesity and leptin serum
level [66]. Thereby, the analysis of SNPs helps to identify disease-causing variants in a gene
within a population [67].

Moreover, Voigtmann et al. used RaptorX, a computational protein structure predic-
tion technique, and further analyzed the receptor models with Rosetta to predict the impact
of the different mutations [68]. Approaches like these will help to predict the pathogenicity
of new mutations.

3. Pathogenesis of Leptin Receptor Mutations

In 1998, Clément et al. reported the first pathogenic LEPR mutation after assessing a
consanguineous family of Kabyle origin, including three children with early-onset morbid
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obesity and short stature [52]. To the best of our knowledge, 40 different pathologic variants
of the LEPR gene have been described in 52 published cases so far [19,47,48,53,61,68–76].

Until now, only eight patients were described with compound heterozygous mu-
tations within the LEPR gene, and two of them were siblings with the same mutation
(Table 1) [68,71,77–79]. All of them developed early-onset severe obesity from the first
days of life, with pronounced hyperphagia reaching a BMI of 29.7 and 33.1 kg/m2 for
the nine-year-old girls and 41.6–67.7 kg/m2 for the adult subjects [68,71,77–79]. Due to
the possible defect in signaling and the extended adipose tissue mass, strongly elevated
leptin levels were measured in three subjects [71]. In contrast, three others exhibited leptin
levels comparable to other people with obesity [48,68,77]. In the two remaining cases,
leptin levels were not reported [79]. Hypogonadotropic hypogonadism was also described
as a symptom for two [79], while three patients did not suffer from it [71,77]. Another
symptom described was the altered growth induced by impaired levels of growth hormone.
Thereby, an increased [77] or decreased [48,68,79] growth was detected. Additionally,
two subjects suffered from hyperinsulinemia as well as dyslipidemia [68,79]. Type 2 dia-
betes, hepatic steatosis, hyperuricemia and hypothyroidism were described for one patient
each [68,71,79].

Several compound heterozygous LEPR mutations result in diverse effects on human
health. Therefore, it can be considered likely that these mutations are widespread within
the LEPR gene. However, while the range is between 1264 bp and 2227 bp at LEPR gene
(protein: 422–743 aa), all of them are located within the extracellular part of the receptor
(Figure 2). Hence, in six of seven variants, these mutations lead to a truncated or probably
truncated protein with decreased or abolished activation of LEPR signaling.
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Table 1. List of different published LEPR mutations on gene and protein level with effects on LEPR itself, as well as on the health of the subjects and their treatment.

Mutation Gene Level Mutation Protein Level Protein Symptoms Treatment

Kimber 2008, Farooqi 2007 [48,78] 1 bp deletion in codon 15
and Arg612His

-
Arg612His

“Receptors with some residual
ability to phosphorylate STAT3

in response to leptin”

-Early extreme obesity
-Hyperphagia

-Lep not elevated
-Impaired growth

Not described

Huvenne 2015 [71]
c.1604–1G > A and

c.∆exon6–8
p.535–1G>A (probably exon 12
skipping) and p.Pro166CysfsX7

Probably truncated protein and
truncated protein (172 aa)

-Early extreme obesity
-Hyperphagia

-Elevated leptin level

Care models described

c.1264T > C and c.2131 dup p.Tyr422His and
p.Thr711AsnfsX18

Probably damaged and
truncated protein

-Early extreme obesity
-Hyperphagia

-Elevated Lep level
-Type 2 diabetes (1 of sibling)

-No Hypogonadotropic hypogonadism

Care models described

Hannema 2016 [77] c.1753–1dupG c.2168C > T p.Met585Aspfs * 2 p.Ser723Phe Probably truncated protein -Early extreme obesity
-Normal Lep for obese

-Increased growth
-No Hypogonadotropic hypogonadism

Not described

Zorn 2020 [79]
c.2598-3_2607delTA-

GAATGAAAAAG c.2227
T > C

Intron
p.Ser743Pro

Truncated protein -Early extreme obesity
-Hyperphagia

-Hypogonadotropic hypogonadism
-Dyslipidemia

-Hyperinsulinemia
-Hepatic steatosis
-Hyperuricemia

-Behavioral treatments
-Bariatric surgery

-MC4R agonist Setmelanotide
therapy

c.1874G > A
c.2051A > C

p.His684Pro
p.Trp625 *

Truncated protein -Early extreme obesity
-Hyperphagia

-Hypogonadotropic hypogonadism
-Growth hormone deficiency

-Conservative treatment
-Gastric banding and removal
-MC4R agonist Setmelanotide

therapy

Voigtmann 2020 [68] c.1231_1233
c.1835G > A

p.Tyr411del
p.Trp664Arg

Probably truncated protein -Early severe obesity
-Hyperphagia
-Short statue

-Hypothyroidism
-Dyslipidemia

-Hyperinsulinemia
-Normal Lep for obese

-MC4R agonist Setmelanotide in
clinical trail
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Altered LEPR signaling was investigated in two studies. Voigtmann et al. used
Hek293 cells expressing either fluorescence-tagged wildtype LEPR proteins or the mutant
mimicking the compound heterozygous phenotype. In cell culture, they analyzed the
surface expression, leptin binding, and signal transduction. They pointed out that the
compound heterozygous variant showed reduced incidence at the cell surface with high
intracellular protein retention, reduced binding affinity, and a loss of pSTAT3 activation [68].
In the second study, Kimber et al. analyzed the Arg612His mutation with a transfected
Hek293 cell model regarding cell surface expression, ligand binding and STAT3 activation.
There, the homozygous mutated variant showed a reduced surface expression, a mostly
reduced leptin binding, and a low residual pSTAT3 activity. Neither the second mutation
of the compound heterozygous variant nor the mixed variant was analyzed in the cell
model [78]. Both cell models gave an impression of the changed molecular mechanism
causing hyperphagia and the severe obese phenotype.

4. Therapy Options

For a long time, bariatric surgery and/or restricted food intake were considered the
only therapy options for patients suffering from severe obesity. Since November 2020, the
MC4R agonist Setmelanotide was approved by the U.S. Food and Drug Administration
(FDA) (see Table 1) [80,81]. The phase 3 clinical trial included 11 participants (6 with
compound heterozygous and 5 with homozygous LEPR mutations) treated over 52 weeks.
Setmelanotide was injected subcutaneously once daily while the dose was adjusted for
every patient individually within the first weeks. After 12 weeks on therapeutic dose,
7 participants reached the 5 % weight-loss threshold and continued within the study. At
the end of the trial period, 5 of the 11 participants lost at least 10 % of weight. Hunger
was reduced for 8 of the 11 participants by at least 25 %, as measured by a questionnaire.
During the treatment, several adverse events, like injection site reaction (11 participants),
skin hyperpigmentation (4 participants), and nausea (4 participants) occurred. In addition,
one participant developed grade 1 hypereosinophilia, possibly related to Setmelanotide,
and had to end the trial.

Other therapy options are controlled and restrictive diets, physical activity programs,
psychomotricity and hormone substitution, including the familial environment, to increase
the efficacy of the treatment [5,71]. The success of a bariatric surgery depends on the
method as well as the familial environment, while vertical gastroplasty seems to be the
best variant for monogenetic obesity, according to Huvenne et al. [5].

Taken together, this is a milestone for people suffering from LEPR mutations, especially
since a bariatric surgery does not cure the cause and does not show a good long-term
outcome [19]. Setmelanotide should be considered as a therapy option while taking into
account the side effects.

5. Animal Models of Compound Heterozygous Lepr Mutations

Interestingly, animal models of compound heterozygous Lepr mutations are even rarer
than human cases, and there are no spontaneous cases on record so far. Only two experi-
mentally designed mouse models have been published: one is from 1998 and describes
a mixed model of ob/ob and db/db mice, which is actually not heterozygous on the same
gene, but still has a heterozygous Lepr mutation; the other is our previously published
C57BL/6N-LeprL536Hfs*6-1NKB/db (LeprL536Hfs*6/db) model [82,83].

The LeprL536Hfs*6/db model develops an even more early-onset severe obese phenotype
and body fat mass than both homozygous parental strains [82]. Both mutations originally
occurred spontaneously, were backcrossed onto the same C57BL/6N background, and
crossed by heterozygous breeding to create the new compound heterozygous mouse
model [16,82]. The compound heterozygous model might be of particular interest to
better understand how allelic and locus heterogeneity affect variation in human genotype–
phenotype associations.
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Additionally, in a study focused on the characterization of a homozygous Lepr mu-
tation created by CRISPR/Cas9 system, a compound heterozygous rat strain is named
but not characterized [84]. Furthermore, in canine and feline models, only homozygous
mutations within the Lepr signaling cascade are described [85]. In conclusion, the only
known, characterized animal model with compound heterozygous Lepr mutation is the
LeprL536Hfs*6/db model.

6. Conclusions

Compound heterozygous mutations in LEPR are exceedingly rare. To guarantee the
best treatment, subjects with early-onset severe obesity should be sequenced in forehand
of a bariatric surgery, and preferably treated with the new therapeutic Setmelanotide if
a mutation in LEPR or POMC is detected. For a better understanding of the effects of
different mutations on developing obesity, transgenic cell or animal models are a good
option to determine damaged signaling or residual activity.
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70. Armağan, C.; Yılmaz, C.; Koç, A.; Abacı, A.; Ülgenalp, A.; Böber, E.; Erçal, D.; Demir, K. A Toddler with a Novel LEPR Mutation.
Hormones 2019, 18, 237–240. [CrossRef]

71. Huvenne, H.; Le Beyec, J.; Pépin, D.; Alili, R.; Kherchiche, P.P.; Jeannic, E.; Frelut, M.; Lacorte, J.; Nicolino, M.; Viard, A.; et al.
Seven Novel Deleterious LEPR Mutations Found in Early-Onset Obesity: A ∆Exon6–8 Shared by Subjects From Reunion Island,
France, Suggests a Founder Effect. J. Clin. Endocrinol. Metab. 2015, 100, 757–766. [CrossRef]

72. Kakar, N.; Ahmad, J.; Kubisch, C.; Borck, G. Exon Skipping and Severe Childhood-Onset Obesity Caused by a Leptin Receptor
Mutation. Am. J. Med. Genet. Part A 2013, 161, 2672–2674. [CrossRef] [PubMed]

73. Kleinendorst, L.; Van Haelst, M.M.; Van Den Akker, E.L.T. Young Girl with Severe Early-Onset Obesity and Hyperphagia. BMJ
Case Rep. 2017, 2017, bcr-2017. [CrossRef] [PubMed]

74. Saeed, S.; Bonnefond, A.; Manzoor, J.; Philippe, J.; Durand, E.; Arshad, M.; Sand, O.; Butt, T.A.; Falchi, M.; Arslan, M.; et al. Novel
LEPR Mutations in Obese Pakistani Children Identified by PCR-Based Enrichment and next Generation Sequencing. Obesity 2014,
22, 1112–1117. [CrossRef] [PubMed]

75. Saeed, S.; Bonnefond, A.; Manzoor, J.; Shabir, F.; Ayesha, H.; Philippe, J.; Durand, E.; Crouch, H.; Sand, O.; Ali, M.; et al. Genetic
Variants in LEP, LEPR, and MC4R Explain 30% of Severe Obesity in Children from a Consanguineous Population. Obesity 2015,
23, 1687–1695. [CrossRef]

76. Vauthier, V.; Jaillard, S.; Journel, H.; Dubourg, C.; Jockers, R.; Dam, J. Homozygous Deletion of an 80 Kb Region Comprising Part
of DNAJC6 and LEPR Genes on Chromosome 1P31.3 Is Associated with Early Onset Obesity, Mental Retardation and Epilepsy.
Mol. Genet. Metab. 2012, 106, 345–350. [CrossRef] [PubMed]

77. Hannema, S.E.; Wit, J.M.; Houdijk, M.E.C.A.M.; Van Haeringen, A.; Bik, E.C.; Verkerk, A.J.M.H.; Uitterlinden, A.G.; Kant, S.G.;
Oostdijk, W.; Bakker, E.; et al. Novel Leptin Receptor Mutations Identified in Two Girls with Severe Obesity Are Associated with
Increased Bone Mineral Density. Horm. Res. Paediatr. 2016, 85, 412–420. [CrossRef] [PubMed]

78. Kimber, W.; Peelman, F.; Prieur, X.; Wangensteen, T.; O’Rahilly, S.; Tavernier, J.; Farooqi, I.S. Functional Characterization of
Naturally Occurring Pathogenic Mutations in the Human Leptin Receptor. Endocrinology 2008, 149, 6043–6052. [CrossRef]

79. Zorn, S.; von Schnurbein, J.; Kohlsdorf, K.; Denzer, C.; Wabitsch, M. Diagnostic and Therapeutic Odyssey of Two Patients with
Compound Heterozygous Leptin Receptor Deficiency. Mol. Cell. Pediatr. 2020, 7, 15. [CrossRef]

80. Clément, K.; van den Akker, E.; Argente, J.; Bahm, A.; Chung, W.K.; Connors, H.; De Waele, K.; Farooqi, I.S.; Gonneau-Lejeune, J.;
Gordon, G.; et al. 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. [CrossRef]

81. U.S. Food and Drug Administration. FDA Approves First Treatment for Weight Management for People with Certain Rare
Genetic Conditions—FDA. Available online: https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-first-
treatment-weight-management-people-certain-rare-genetic-conditions (accessed on 22 February 2021).

82. Berger, C.; Heyne, H.O.; Heiland, T.; Dommel, S.; Höfling, C.; Guiu-Jurado, E.; Roßner, S.; Dannemann, M.; Kelso, J.; Kovacs,
P.; et al. A Compound Heterozygous Leptin Receptor Mouse Model Mimics Db/Db Mouse Characteristics but Displays More
Severe Obesity. J. Lipid. Res. 2021. under review.

83. Chung, W.K.; Belfi, K.; Chua, M.; Wiley, J.; Mackintosh, R.; Nicolson, M.; Boozer, C.N.; Leibel, R.L. Heterozygosity for Lep(Ob) or
Lepr(Db) Affects Body Composition and Leptin Homeostasis in Adult Mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1998, 274,
R985–R990. [CrossRef]

84. Xu, S.; Zhu, X.; Li, H.; Hu, Y.; Zhou, J.; He, D.; Feng, Y.; Lu, L.; Du, G.; Hu, Y.; et al. The 14th Ile Residue Is Essential for Leptin
Function in Regulating Energy Homeostasis in Rat. Sci. Rep. 2016, 6, 1–12. [CrossRef]

85. Wallis, N.; Raffan, E. The Genetic Basis of Obesity and Related Metabolic Diseases in Humans and Companion Animals. Genes
2020, 11, 1378. [CrossRef] [PubMed]

http://doi.org/10.1002/jcb.29212
http://doi.org/10.3390/ijms18081690
http://doi.org/10.1007/s10038-005-0327-8
http://doi.org/10.1111/iep.12271
http://doi.org/10.1007/s10038-007-0200-z
http://doi.org/10.1016/j.metabol.2020.154438
http://doi.org/10.1515/JPEM.2011.313
http://www.ncbi.nlm.nih.gov/pubmed/22308862
http://doi.org/10.1007/s42000-019-00097-6
http://doi.org/10.1210/jc.2015-1036
http://doi.org/10.1002/ajmg.a.36125
http://www.ncbi.nlm.nih.gov/pubmed/23949901
http://doi.org/10.1136/bcr-2017-221067
http://www.ncbi.nlm.nih.gov/pubmed/28951511
http://doi.org/10.1002/oby.20667
http://www.ncbi.nlm.nih.gov/pubmed/24319006
http://doi.org/10.1002/oby.21142
http://doi.org/10.1016/j.ymgme.2012.04.026
http://www.ncbi.nlm.nih.gov/pubmed/22647716
http://doi.org/10.1159/000444055
http://www.ncbi.nlm.nih.gov/pubmed/26925581
http://doi.org/10.1210/en.2008-0544
http://doi.org/10.1186/s40348-020-00107-3
http://doi.org/10.1016/S2213-8587(20)30364-8
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-first-treatment-weight-management-people-certain-rare-genetic-conditions
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-first-treatment-weight-management-people-certain-rare-genetic-conditions
http://doi.org/10.1152/ajpregu.1998.274.4.R985
http://doi.org/10.1038/srep28508
http://doi.org/10.3390/genes11111378
http://www.ncbi.nlm.nih.gov/pubmed/33233816

	Introduction 
	Leptin Receptor 
	Structure of the Leptin Receptor 
	Isoforms 
	Leptin Receptor Signaling 
	Function 
	Inheritance Pattern of Human LEPR Mutation and Functional Analysis 

	Pathogenesis of Leptin Receptor Mutations 
	Therapy Options 
	Animal Models of Compound Heterozygous Lepr Mutations 
	Conclusions 
	References

