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Abstract 

Leptin (LEP) and leptin receptor (LEPR) play a major role in energy homeostasis, metabolism, and reproductive func‑
tion. While effects of biallelic likely pathogenic variants (-/-) on the phenotype are well characterized, effects of mono‑
allelic likely pathogenic variants (wt/-) in the LEP and LEPR gene on the phenotype compared to wild‑type homozy‑
gosity (wt/wt) have not been systematically investigated. We identified in our systematic review 44 animal studies (15 
on Lep, 29 on Lepr) and 39 studies in humans reporting on 130 mono‑allelic likely pathogenic variant carriers with 20 
distinct LEP variants and 108 heterozygous mono‑allelic likely pathogenic variant carriers with 35 distinct LEPR vari‑
ants. We found indications for a higher weight status in carriers of mono‑allelic likely pathogenic variant in the leptin 
and in the leptin receptor gene compared to wt/wt, in both animal and human studies. In addition, animal studies 
showed higher body fat percentage in Lep and Lepr wt/- vs wt/wt. Animal studies provided indications for lower leptin 
levels in Lep wt/- vs. wt/wt and indications for higher leptin levels in Lepr wt/- vs wt/wt. Data on leptin levels in human 
studies was limited. Evidence for an impaired metabolism in mono‑allelic likely pathogenic variants of the leptin and 
in leptin receptor gene was not conclusive (animal and human studies). Mono‑allelic likely pathogenic variants in the 
leptin and in leptin receptor gene have phenotypic effects disposing to increased body weight and fat accumulation.
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Introduction
More than 20 years of research reveals the fundamental 
role of leptin (LEP) and its receptor (LEPR) in multiple 
pathways involved in body weight regulation and energy 
homeostasis, as well as in growth, fertility, and immune 
function [1–3]. The occurring of a biallelic likely patho-
genic variant (-/-) leading to obesity and infertility in 
mice was first described by Ingalls et al. who named the 
responsible gene the obese “ob” gene [4]. Later, the C to 
T variant changing an arginine codon to a stop codon at 

position 105 in the ob gene was detected and the product 
of ob was identified in the adipose tissue. Its role as a cen-
tral component in a feedback signaling on stored energy 
amount to the hypothalamus was discussed [5]. This pro-
tein was later described as leptin, derived from the Greek 
root leptos, meaning thin [6]. An additional biallelic 
likely pathogenic variant leading to obesity regardless of 
diet restriction was observed in mice, which additionally 
showed hyperglycemia and infertility. The authors named 
the causative gene diabetes “db” [7]. It was later proven 
that the db mutation consists in a G to T transversion 
leading to abnormal splicing of the leptin receptor [8, 9]. 
The fatty gene fa, responsible for obesity in -/- rats, was 
shown to be orthologous to the db gene [10]. Through 
parabiosis experiments, Coleman et  al. showed that ob 
mice lacked a certain “satiety factor”, while in db mice, 
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a receptor in the “satiety centers” sensitive to the satiety 
factor was missing [11, 12].

Leptin (LEP) is a cytokine mainly produced in the adi-
pose tissue which activates the leptin receptor (LEPR), 
predominantly expressed in the central nervous system 
(CNS) in the arcuate nucleus [13, 14]. Leptin and its 
receptor govern energy intake and expenditure primarily 
through regulation of neuropeptide synthesis and secre-
tion in the CNS. In addition, leptin’s peripheral actions 
have been observed, amongst other tissues, in the skeletal 
muscle, in the intestine, and in the liver [15–18]. After 
the first reports on humans with early-onset severe obe-
sity carrying biallelic likely pathogenic variants in the lep-
tin (LEP) [19] and leptin receptor gene (LEPR) [20], it was 
clear that a fundamental failure in LEP and LEPR sign-
aling causes a dramatic phenotype. Monogenic obesity 
associated with LEP/LEPR variants is inherited through 
an autosomal recessive pattern [21, 22]. Cardinal symp-
toms of congenital leptin deficiency due to LEP -/- vari-
ants include severe early-onset obesity, hyperphagia, and 
disturbance gonadotropic function [23, 24]. Homozy-
gous loss-of-function variants in LEPR also lead to severe 
early-onset obesity, hyperphagia, and hypogonadotropic 
hypogonadism [25]. The prevalence of mono-allelic likely 
pathogenic variants (wt/-) of potentially damaging vari-
ants in LEP has been estimated to amount about 1:1000 
[26]. A prevalence of loss-of-function LEPR wt/- muta-
tion of about 7:1000 can be assumed [27]. In general, 
slight phenotypic effects of wt/- in autosomal recessive 
diseases cannot be excluded [28]. Mono-allelic likely 
pathogenic variants in proteins with structural similar-
ity to LEP/LEPR are known, comparable to variants in 
growth hormone [29], growth hormone receptor [30], 
and G-CSF receptor [31]. In one study of Farooqi et al., 
LEP wt/- showed lower leptin levels and increased preva-
lence of obesity than controls [32].

We hypothesized effects of mono-allelic likely patho-
genic variants in the LEP/LEPR gene on weight status, 
body fat percentage, leptin levels, and metabolic risk fac-
tors in animal and humans. We performed a systematic 
review exploring reported animal and human phenotypes 
in LEP/LEPR mono-allelic likely pathogenic variants. We 
present observed results focusing on weight status, body 
fat, leptin levels, and metabolic features in Lep/Lepr ani-
mal model and in human subjects carrying rare LEP/
LEPR mono-allelic likely pathogenic variants, particularly 
in comparison to the phenotype in the wildtype homozy-
gosity condition.

Methods
Literature research
We performed a systematic literature review on ani-
mal and human studies that reported the phenotype 

in mono-allelic likely pathogenic variants for the LEP 
or LEPR gene (wt/-). The literature research was per-
formed in PubMed NCBI. Identified abstracts were 
screened and according to defined inclusion and exclu-
sion criteria, full-text articles were sought and then 
reviewed by two independent reviewers. Eligibility cri-
teria were full-text availability in English language and 
published status.

Search criteria used for systematic literature review 
on the phenotype in mono-allelic likely pathogenic 
variants in the LEP or LEPR gene in the animal model 
were: “heterozygous leptin mice,” “heterozygous leptin 
receptor mice,” “heterozygous leptin animals,” “het-
erozygous leptin receptor animals,” “fa heterozyg*,” “ob 
heterozyg*,” and “db heterozyg*,” (date last searched 
March 1, 2021). We included articles reporting the 
phenotype of mono-allelic likely pathogenic variants in 
the Lep/Lepr gene in animal models as well as of wt/wt 
animals. Exclusion criteria were reviews not present-
ing original data, intervention studies without base-
line phenotype, studies using Lep/Lepr wt/- animals as 
models for studies on tumorigenesis, gestational diabe-
tes or development of other diseases without informa-
tion on baseline phenotype, double mutants, or animals 
with combined mutation status. In animal studies, 
baseline data on body mass, body weight, body fat, lep-
tin levels, metabolic parameters, hyperphagia, immu-
nological phenotype, and puberty development were 
extracted.

For the systematic literature review on the phenotype 
in mono-allelic likely pathogenic variants in the in the 
LEP/LEPR gene in humans, used search criteria were 
“leptin heterozyg* human,” “leptin receptor heterozyg* 
human,” “rare variant LEP,” and “rare variant LEPR” 
(date last searched March 1, 2021). We included articles 
expressively reporting humans with rare mono-allelic 
likely pathogenic variants in the LEP or in LEPR gene. 
Exclusion criteria were articles only reporting polymor-
phisms (minor allele frequency > 0.01), low frequency 
variants, compound or double heterozygotes, reviews 
not presenting original data, publications without infor-
mation on BMI or weight status, and publications whose 
full text was not available in English language. Extracted 
data consisted of information on age, sex, birth weight, 
weight status, fat mass, leptin levels, comorbidities, 
and metabolic parameters. Moreover, information on 
hyperphagia, puberty as well as reproductive status, 
and immunological status was searched. In humans, 
data was extracted for mono-allelic likely pathogenic 
variants (wt/-), wild- type homozygosity (wt/wt), and 
biallelic likely pathogenic variants group (-/-). Data in 
-/- relatives was extracted to better evaluate the pheno-
type of mono-allelic likely pathogenic variants within 
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described families and to better correlate the pheno-
type of mono-allelic likely pathogenic variants with 
the spectrum of different variants reported. Subjects 
aged 0–19  years were classified as children, and sub-
jects older than 19  years or parents were classified as 
adults. Four siblings (n = 3 LEP wt/wt siblings, one LEP 
wt/- sibling) in the study of Montague et al. [19] with no 
reported age were classified as children. Three LEP wt/- 
subjects were classified as adults based on information 
in the text [33].

In the description of the results and in the discussion 
of the findings the term “heterozygous” (wt/-) is used 
instead of “mono-allelic likely pathogenic variant,” the 
term “homozygous” (-/-) is used instead of “biallelic likely 
pathogenic variant,” and the term “wild-type” (wt/wt) 
is used instead of “wild-type homozygosity” for better 
readability.

Weight status and BMI z score calculation
In human subjects, we evaluated the weight status based 
on qualitative reporting and on available anthropometric 
data for BMI z score calculation. When human data on 
sex, age, weight, height, or BMI were available, we cal-
culated BMI z scores according to WHO criteria [34] to 
obtain comparable values. For calculation of the BMI z 
score in subjects older than 19 years, an age of 19 years 
was assumed. The normal weight was defined as BMI z 
score − 2 to 1, overweight was defined as BMI z score > 1, 
obesity as BMI z score > 2, and thinness as a BMI z 
score < -2.

Leptin serum concentrations
To describe leptin levels in the human LEP/LEPR 
wt/-, -/-, and in the wt/wt group, we extracted values 
reported in literature and calculated mean and range 
values. In the case of LEP variants leading to bioinac-
tive leptin (p.D100Y and p.N103K), we included only 
bioactive leptin levels for calculations of mean lep-
tin and for plotting in Fig.  4A. Bioactive leptin levels 
measured with the reported assay are highly corre-
lated to immunoreactive leptin levels measured in 
patients showing leptin variants which do not lead to 
bioinactivity or in healthy controls [35], so that leptin 
concentrations could be compared in Fig. 4A. For cal-
culations of mean leptin levels in LEPR wt/- and plot-
ting in Fig.  4B, values from the study of Clement [20] 
have not been included, since the reported LEPR vari-
ant causes a truncated receptor which binds to serum 
leptin and thus to apparently elevated blood leptin val-
ues. The same LEPR variant is described in two further 
studies, which also report very high leptin levels due 
to truncated receptor binding. In these studies, also 

free (not-bound) leptin levels in variant carriers were 
reported [36, 37]. Thus, these free leptin levels were 
used for calculations of mean leptin levels and for plot-
ting in Fig. 4B.

Body fat percentage
We extracted information on body fat percentage from 
5 studies on human LEP wt/- subjects and 4 studies on 
human LEPR wt/- subjects. Methods of body fat meas-
urement varied in the different studies (biphotonic 
absorptiometry, electric impedance, or dual energy X-ray 
absorptiometry scanning reported), and described val-
ues are reported in Table S2, 3 (Table S2, 3, Mean body 
fat%). For values in the study of Karvonen et al. 1998 [38], 
in which fat mass in kilograms and body weight in kilo-
grams were reported, we calculated body fat percentage 
and reported it in Table S2.

Evaluation of reported data on the phenotype

A  Animal studies: Three authors (Koerber-Rosso, 
Brandt, and Wabitsch) evaluated the reported data 
on weight (W), leptin levels (L), and metabolic 
parameters (M) separately for Lep wt/- (Table S1a) 
and Lepr wt/- (Table S1b) compared to wt/wt ani-
mals, respectively, for each of the published studies. 
Results were reported as follows:

(1)  W + , if there was a significant difference in 
body weight and/or body fat mass reported, 
otherwise as W-

(2) L + , if there was a significant difference for cir-
culating leptin levels reported, otherwise as L-

(3) M + , if there was a significant difference in 
metabolic parameters reported, otherwise as 
M-.

B  Human studies: Three authors (Koerber-Rosso, 
Brandt, and Wabitsch) evaluated the reported data 
on weight (W), circulating leptin levels (L), and met-
abolic parameters (M) separately for humans with 
LEP wt/- (Table S2) and LEPR wt/- (Table S3) com-
pared to wt/wt, respectively, for each of the published 
studies. Results were reported as follows:

(1)  W + , if the BMI z score was > 1 in one group 
(LEP wt/- or wt/wt) and not in the other, or if 
the reported BMI range was not overlapping 
between wt/- individuals and wt/wt and/or if 
the reported range of body fat % was not over-
lapping between wt/- individuals and wt/wt, 
otherwise as W-



Page 4 of 21Koerber‑Rosso et al. Mol Cell Pediatr            (2021) 8:10 

(2) L + if the reported range of leptin levels was not 
overlapping between wt/- individuals and wt/
wt, otherwise as L-

(3)  M + if a significant difference in metabolic 
parameters was reported between heterozy-
gous individuals and WT in the individual 
study, otherwise as M-.

Human LEP/LEPR variants and possible pathogenic effects
In Table S2 and 3 (Variant/c.DNA/p.position), the 
amino acid position in the immature leptin protein 
is reported as described in respective studies. Wher-
ever possible, we used the nomenclature adhering to 
the recommendations of the Human Genome Varia-
tion Society [39]. Possible pathogenic effects of reported 
variants are listed as described in cited studies. Mostly, 
variants were described in mutated homozygosity car-
riers, so that high penetrance and pathogenicity can be 
assumed. If no assessment of pathogenicity was pre-
sented, we assessed pathogenicity by using the predic-
tion tool PolyPhen-2 and SIFT (Table S2,  3: Possible 
pathogenic consequence). Transcripts used for Poly-
Phen-2 analyses were transcript ENST00000308868.5 
for leptin (ENSG00000174697, NM_000230.3, P41159) 
and transcript ENST00000349533.10 for leptin recep-
tor (ENSG00000116678, NM_002303.5, P48357). Many 
reviewed studies did not report transcript number, 
but it can be assumed that they referred to the above 
reported transcripts, since the aminoacid position was 
corresponding.

Statistical analysis
Statistical analyses were computed using SAS 9.2 (SAS 
9.2, SAS Institute Inc., Cary, North Carolina). Data 
are presented as mean and range. Differences in BMI 
z score values, in body fat (%), and in leptin levels 
between wt/wt, wt/-, and -/- carriers of a LEP or LEPR 
variant in children as well as in adults were tested by 
using the Kruskal–Wallis test (non-parametric). If the p 
value of the Kruskal–Wallis test was lower than 0.05, we 
used the Mann–Whitney U test to identify differences 
between two groups. A p value (two-sided) of less than 
0.05 was considered as statistically significant. Differ-
ences in BMI z score, in BF% as well as in leptin levels 
between wt/wt, wt/-, and -/- carriers of a LEP or LEPR 
variant in children as well as in adults are presented as 
box plots (including individual data). Graphs were com-
puted using Graph Pad Prism 7 (Graph Pad Software 
Inc., San Diego, CA).

Results
Comparison of phenotype between Lep wt/‑ and wt/wt 
(animals)
We identified 15 studies describing the phenotype in Lep 
wt/- compared to wt/wt animals (Table S1 A). Fourteen 
studies were performed in mice [18, 40–52], and one 
study was performed in cows [53].

Weight status: Fourteen studies reported weight sta-
tus in wt/- and wt/wt mice. In seven studies, no differ-
ence between Lep wt/- and wt/wt was observed [18, 42, 
43, 45, 46, 51, 52]. In six studies, significantly higher 
weight status for Lep wt/- and wt/wt was observed [40, 
41, 44, 47, 49, 50], although two of these studies only 
investigated female mice [47, 50] and one only male 
mice [40]. In one out of the six studies, significantly 
higher weight status was observed only in female and 
not in male Lep wt/- mice [44], and in another study 
only in male Lep wt/- mice [41]. In the one study on 
cows, significantly lower body weight in Lep wt/- vs wt/
wt was reported [53].

Body fat: The body fat content in Lep wt/- mice was 
reported in three studies and all reporting significantly 
higher body fat than in WT mice [40, 41, 51]. In a fur-
ther study, significantly higher white adipose tissue 
weight was found in Lep wt/- vs WT [47].

Leptin levels: Five studies reported leptin levels in Lep 
wt/- compared to wt/wt mice. Three of them observed 
that leptin levels were similar in Lep wt/- and wt/wt. 
But in relation to body fat, they were significantly lower 
in LEP wt/- compared to wt/wt [40, 41, 51]. Two studies 
observed significantly lower mean leptin levels than in 
wt/wt without relating them to body fat [47, 49].

Metabolic parameters: Metabolic parameters in Lep 
wt/- and wt/wt were described in 10 studies. In four of 
them, varying differences were observed under stand-
ard conditions, including significantly higher glucose 
and insulin levels [43]; significantly higher fasting 
blood glucose in female Lep wt/- mice [44]; signifi-
cantly higher triglyceride levels but normal insulin, 
glucose, and cholesterol [50]; and slight glucose intoler-
ance and significantly higher alanine aminotransferase 
[40]. In further four studies, no differences in metabolic 
parameters including blood glucose and insulin con-
centrations were observed [18, 42, 46, 52]. Interestingly, 
in studies investigating metabolic differences occurring 
under high-fat diets, greater metabolic impairment was 
observed in Lep wt/- vs wt/wt mice, comprising greater 
loss of glucose tolerance, hypercholesterinemia, and 
hepatic steatosis [40] higher insulin levels in male mice 
[51] and higher serum cholesterol and glucose [49].

Eating behavior: Two of the reviewed studies com-
mented on eating behavior and observed that Lep wt/- 
consumed more food compared to wt/wt mice [43, 47].
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Pubertal development, immune system: No animal 
study investigating the effect of the Lep wt/- genotype 
vs wt/wt on pubertal development or on the immune 
system was found.

Comparison of phenotype between Lepr wt/‑ and wt/wt 
(animals)
A total of 29 animal studies reporting the phenotype in 
Lepr wt/- and wt/wt animals were evaluated (Table S1B). 
Fourteen studies were performed in mice [41, 42, 54–65], 
fourteen studies in rats [10, 66–78], and one study in 
sheep [79].

Weight status: 28 studies provided information on 
body weight in Lepr wt/- and wt/wt. Out of these stud-
ies, 11 observed no differences in weight status between 
Lepr wt/- and wt/wt [41, 42, 54, 56, 69, 70, 72, 73, 75–77]. 
Eight studies observed significantly higher body weight 
in Lepr wt/- [10, 55, 57, 65–67, 78], including one study 
reporting higher weight in Lepr wt/- sheep vs wt/wt only 
at adult age [79]. Four further studies observed signifi-
cantly lower body weight in Lepr wt/- animals than in 
wt/wt [58, 62, 71, 74]. Several studies investigated body 
weight in pregnant Lepr wt/- mice vs wt/wt mice. Three 
studies reported significantly higher weight in pregnancy 
in Lepr wt/- than in wt/wt dams [61, 63, 65], one study 
reported additionally higher prepregnant body weight in 
Lepr wt/- than wt/wt female mice [60]. Lower weight of 
offspring of Lepr wt/- mothers was observed in one study 
[61], whereby higher weight in offspring of Lepr wt/- [61, 
63], or similar weight in offspring of Lepr wt/- and wt/wt 
dams were also reported [65].

Body fat: Information on fat mass or weight of fat pads 
both in heterozygous Lepr wt/- and wt/wt animals was 
provided in 16 studies. Most studies (n = 12) observed 
significantly higher fat mass or higher weight of fat 
pads in wt/- animals [10, 41, 56, 60, 64–68, 74, 75, 78]. 
One study observed significantly lower fat mass in Lepr 
wt/-, but considering lower body weight found in Lepr 
wt/- than in wt/wt, in total also here higher body fat per-
centage than in wt/wt was observed [71]. Three studies 
found no difference in fat mass in Lepr wt/- animals com-
pared to wt/wt. Among those, one of them investigated 
only brown adipose tissue [77], the other two reported 
retroperitoneal and intrascapular fat pad’s [72] and 
epidydimal fat pad’s [69] weight, respectively.

Leptin levels: We found information on leptin levels in 
Lepr wt/- and wt/wt in animals in 11 studies. Five stud-
ies described significantly higher blood leptin levels for 
Lepr wt/- compared to wt/wt [41, 64, 67, 69, 78]: in two 
of these, leptin levels were found to be higher in in Lepr 
wt/- than in wt/wt also if related to fat mass [41, 78]. 
One study reported significantly higher leptin levels in 
homogenized adipose tissue of Lepr wt/- than in wt/wt 

[68]. Moreover, in three articles [59–61], hyperleptinemia 
during pregnancy of Lepr wt/- mice was observed. On 
the other hand, two studies [56, 72] observed comparable 
leptin levels between Lepr wt/- and wt/wt.

Metabolic parameters: Information on metabolic 
parameters in Lepr wt/- and wt/wt animals was provided 
in 24 studies. In most studies (n = 15) [42, 54–56, 64, 66–
68, 72, 73, 75, 76, 78], including two studies on pregnant 
Lepr wt/- mice [60, 61], no differences between Lepr wt/- 
and wt/wt were observed in provided metabolic param-
eters. Abnormal metabolic values in comparison to wt/wt 
were observed in Lepr wt/- in eight studies [57, 62, 69, 74, 
77], three of which reported status in pregnant Lepr wt/- 
mice [59, 63, 65]. Abnormalities in Lepr wt/- included 
significantly higher insulin levels [57, 65, 69], higher fast-
ing blood glucose [57, 62, 65], higher cholesterol [74], 
higher triglycerides [57, 69, 74], and higher fatty acid lev-
els [77]. In one study, Lepr wt/- mice showed lower blood 
glucose than wt/wt [58].

Pubertal development, immune system: An investiga-
tion on sheep showed that LEPR wt/- sheep had a signifi-
cantly higher risk to fail to undergo puberty before 1 year 
of age compared to wt/wt [79]. No other studies inves-
tigating puberty onset in Lepr wt/- animals were found. 
No study investigated the effect of the Lepr wt/- vs wt/wt 
genotype on the immune system.

Eating behavior: Eating behavior was reported in five 
studies. Four did not observe hyperphagia in Lepr wt/- 
mice compared to wt/wt [69, 72], two of them investi-
gating pre-pregnant state [64, 65], while higher eating 
amount than in wt/wt was observed in two studies [70], 
one of them performed in pregnant mice [65].

Phenotype in human carriers of LEP wt/‑ variants
We reviewed 25 studies reporting on 130 carriers of rare 
wt/- LEP variants (114 adults, children, 7 subjects with no 
reported age), showing 20 different LEP variants (Fig. 1C, 
D and Table S2). Among the 130 carriers, 61 were male 
subjects and 51 female subjects, whereas in further 18 
individuals, sex category was not reported. Out of 114 
adults, 41 were reported to be normal weight, 23 as over-
weight, and 28 as obese, while the weight status was not 
reported in the remaining in 22 subjects. Out of the nine 
children, seven were normal weight, one was overweight, 
and one showed thinness. Out of the subjects with not 
reported age, three were normal weight, whereby no 
information was provided for the other four.

Weight status in LEP heterozygotes compared to WT: 
In eight studies, information on the weight status in LEP 
wt/- as well as in wt/wt relatives [19, 32, 33, 37, 80–83] 
was provided (Table S2). We found slight differences in 
regard to weight status between LEP wt/- variant car-
riers and wt/wt subjects in seven out of eight studies 
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comparing wt/- with wt/wt relatives. In six of them, a 
slightly increased frequency of overweight or obesity 
was observed in adults with LEP wt/- vs wt/wt [19, 32, 
33, 37, 82, 83]. In contrast, the related children with LEP 
wt/- reported in two studies [19, 82] showed a normal 
weight. The subjects showing overweight or obesity car-
ried heterozygous LEP variants p.G133Vfs*15, p.R105W, 
p.N103K, and p.C117F. A leptin secretion defect has 
been shown in functional studies for p.G133Vfs*15 and 
p.R105W and had been predicted for p.C117F. Variant 
p.N103K leads to leptin bioinactivity [84]. On the other 
side, in one study [81], out of the seven showing differ-
ences in weight status between LEP wt/- variants and wt/
wt, underweight and low body weight were found in two 
carriers of the heterozygous LEP p.P23R variant, puta-
tively leading to increased leptin activity (Table S2); how-
ever, the third relative carrying this variant had normal 
weight. In the last one out of the eight studies comparing 
LEP wt/- to wt/wt, LEP heterozygotes, as well as wt/wt 
relatives were normal weight [80].

Weight status in LEP heterozygotes compared to non-
related control group: In six studies, information on LEP 
heterozygotes as well as on non-related control groups 
was provided. Compared to control groups, LEP wt/- 
showed normal weight and no differences in weight sta-
tus in two out of the six studies [85, 86] (Table S2). In a 
further study, LEP wt/- showed normal weight, while the 

control group was BMI-matched to -/- subjects. In the 
other three studies describing subjects with heterozy-
gous variants p.R105W and p.G133Vfs*15, increased fre-
quency of obesity in wt/- subjects than in control groups 
was observed [32, 87, 88].

BMI z-scores in LEP heterozygotes vs WT and LEP 
homozygous relatives: We plotted the calculated BMI 
z scores for the LEP wt/-, wt/wt, and LEP -/- relatives 
depending on the variant position (Fig. 2A–C). The indi-
vidual BMI z scores for LEP wt/- are comparable to the 
BMI z scores of the wt/wt relatives. The highest BMI z 
score values for LEP wt/- were reported in adults show-
ing variants p.V110M and p.H118L in the studies of 
Karvonen et al. and of Zhao et al., who did not report wt/
wt and -/- relatives [38, 89]. We did not find differences 
between BMI z scores in male and female adults with LEP 
wt/- (data not shown). Only male children are reported in 
literature; thus, comparison with female children was not 
possible.

Body fat percentage in LEP heterozygotes vs. WT: In 
two articles reporting on variant p.G133Vfs*15, infor-
mation on body fat (BF) percentage in LEP wt/-as well 
as in wt/wt controls was available [19, 32], whereby 
double reporting cannot be excluded. The calculated 
BF percentage was higher in LEP wt/- (5 including four 
obese adults and one child) compared to wt/wt relatives 
(3 children) (mean 33% (range 15–43%) vs. mean 17% 

Fig. 1 Flowchart of the included studies reporting phenotype in animals as well as in humans with mono‑allelic likely pathogenic variant A in the 
LEP and B in the LEPR gene
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(range 14–20%) [19, 32]. In a study of Farooqi et  al., 
BF percentage measured by X-ray absorptiometry was 
reported to be significantly higher than predicted by the 
Deurenberg formula in 13 subjects carrying wt/- LEP 

variants (measured: 41.4% vs. predicted: 34.4%), while 
in six wt/wt subjects, the calculated BF was found to be 
similar to predicted values [32].

Fig. 2 A, B Illustration of individual BMI z scores in A children and B adults depending on LEP genotype (wt/wt vs. wt/- vs. ‑/‑). A Children: LEP wt/
wt (n = 2): mean: 0.5 (range 0.4–0.6); LEP wt/- (n = 8): mean − 0.1 (range − 2.4–1.3); LEP-/- (n = 25): mean 5.5 (range 2.7 − 12.5); B Adults: LEP wt/
wt (n = 4): mean 0.3 (range − 1.0–1.0); LEP wt/- (n = 64): mean 1.0 (range − 0.9–4.2); LEP-/- (n = 13): mean 4.8 (range 4.1–5.2); C BMI z scores in 
association with LEP variant (green circle: wt/wt subject; blue square: wt/- subject; red triangle: -/- subject; yellow line: BMI z score = 1) (subjects 
reported in different studies, but showing the same variant are grouped together. It is not distinguished between children and adults. Only variants 
reported to be carried by wt/- are shown. However, not always a BMI z score for the wt/- carrier could be calculated; *p < 0.05)
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Body fat percentage in LEP heterozygotes vs. control 
group: Compared to BF in a control group of 5 indi-
viduals without known genotype, BF in two LEP wt/- 
(mean 17.6 vs 16.5%) was similar [80].

Body fat percentage in LEP heterozygotes vs WT 
and LEP homozygous relatives: We plotted available 

individual BF values for LEP wt/-, wt/wt, and LEP -/- 
subjects in children and adults (Fig. 3A, B). Comparison 
between LEP wt/-and wt/wt adult subjects was not appli-
cable due to limited data, but in children, BF percentage 
was similar in LEP wt/- and wt/wt group.

Fig. 3 Illustration of individual body fat (BF) values [%] for children and adults in association with genotype for LEP (A, B) or LEPR (C, D) (wt/wt vs. 
wt/- vs. -/-; *p < 0.05). A Children: LEP wt/wt (n = 3): mean 17% (range 14–20%); LEP wt/- (n = 2): mean 19% (range 15–23%); LEP‑/‑ (n = 6): mean 
53% (range 50–57%). B Adults: LEP wt/wt (n = 0) LEP wt/- (n = 11): mean 28% (range 15–36%); LEP‑/‑ (n = 2): mean 50.4% (range 42.8–57.9%); 
C Children: LEPR wt/wt (n = 7) mean 31% (range 18–49%); LEPR wt/‑ (n = 2): mean 20.5% (range 20–21%); LEPR‑/‑ (n = 13): mean 54% (range 
41–68%); D Adults: LEPR wt/wt (n = 7) mean 38% (range 20–52%); LEPR wt/- (n = 22) mean: 35% (range 18–48%); LEPR‑/‑ (n = 7): mean 57% (range 
50.7–66%)
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Leptin serum concentrations in LEP heterozygotes vs. WT 
or control group: Leptin levels in LEP wt/- and wt/wt rela-
tives were provided in six studies [19, 22, 32, 37, 80, 82]. 
A further study reported leptin values also in a not-related 
wt/wt control group [88]. In five out of these seven studies, 
leptin levels were similar in wt/- and wt/wt subjects (Table 
S2). In the study of Farooqi et  al. [32], leptin levels were 
lower in LEP wt/- than in wt/wt subjects (mean 5.5 ng/ml 
vs mean 27.7 ng/ml), whereas they were higher in the study 
of Saeed et al. (mean 6.9 ng/ml vs mean 3.5 ng/ml) [88]. In 
both studies, the reported LEP variant was p.G133Vfs*15, 

which leads to a secretion defect. Compared to leptin lev-
els in the control groups without known genotype, lep-
tin levels in LEP wt/- were higher in one study [86] and 
slightly lower in another study [87]. In these two studies, 
variants p.I35del and p.R105W were reported.

Leptin levels in LEP heterozygotes vs WT and LEP 
homozygous relatives: We calculated a mean leptin 
value of 4.6 ng/ml (range 0.7–24 ng/ml) in 70 LEP wt/- 
adults. In 16 WT adults mean leptin level was 7.6 ng/ml 
(1–32  ng/ml). In 6 LEP wt/- children mean leptin was 
2.1  ng/ml (range 1.5–3  ng/ml), while in 6 wt/wt obese 

Fig. 4 Leptin levels [ng/ml] in relation to BMI z score in LEP (A) and LEPR (B) variant carriers and wildtype subjects (wt/wt vs. wt/- vs. -/-). Data are 
shown for children and adults
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control children 32.8  ng/ml (1.6–133.1  ng/ml) [90]. 
Differences in leptin levels both in the adult and in the 
children LEP wt/- vs wt/wt group were not significant 
(p > 0.05). In the homozygous LEP group, mean leptin 
was significantly lower (p < 0.05) than in LEP wt/- and wt/
wt adults, with a mean of 0.9 ng/ml in 12 adults (range 
0.5–1.6 ng/ml). Mean leptin in LEP -/- children (0.9 ng/
ml in 19 children (range: not detectable leptin -3.6  ng/
ml)) was significantly lower than in LEP wt/- children 
(p < 0.05). We could not analyze leptin levels in relation 
to body fat percentage, but only in relation to BMI z score 
(Fig. 4A). In LEP wt/-, higher leptin levels than in LEP -/- 
are detected, although they show lower BMI z score than 
homozygous subjects. In two studies describing LEP wt/-
with severe obesity not reporting wt/wt subjects, very low 
leptin levels in relation to high BMI (4.6  ng/ml, 3.3  ng/
ml) [38] or non-detectable leptin [89] were observed.

Metabolic parameters in LEP heterozygotes vs. WT: 
Three studies reported the metabolic phenotype in 
LEP wt/- as well as in wt/wt related subjects. We found 
a higher frequency of metabolic abnormalities in LEP 
wt/- than in wt/wt subjects, including hypercholester-
inemia, hyperinsulinemia, and hypertriglyceridemia in 
two studies [22, 82]. However, since these abnormalities 
were not always present in LEP -/- subjects, this finding 
may not be related to a pathogenic effect of LEP variants. 
One study comparing LEP wt/- to non-related wt/wt sub-
jects did show abnormalities neither in LEP wt/- nor in 
wt/wt [88]. One further study indicating the relationship 
of leptin secretion and TSH circadian secretion pattern 
observed a weaker correlation between leptin and TSH 
secretion pattern in LEP wt/- than in wt/wt subjects [80]. 
Furthermore, metabolic changes were observed in one 
severely obese subject with the LEP wt/- variant p.H118L, 
who showed hypertension, metabolic syndrome, and 
hepatic steatosis. Here, no WT relatives were described 
[89]. Thus, in several studies among the few ones provid-
ing metabolic parameters, metabolic abnormalities were 
found in LEP wt/- subjects, but causal association to lep-
tin variant status is unclear, since metabolic abnormali-
ties were not always present in LEP -/- subjects.

Metabolic parameters in LEP heterozygotes vs. con-
trol group: In two studies, LEP wt/- were compared to 
the control groups without known genotype. In the first 
one, we observed no metabolic abnormalities in LEP het-
erozygotes in comparison to controls [87]. In the second 
one, hyperinsulinemia was found in one out of three LEP 
wt/-, but not in the control group [86].

Eating behavior in LEP heterozygotes: In the reviewed 
studies, no standardized assessment of hyperphagia in 
LEP heterozygotes has been performed. Two studies 
reported the absence of hyperphagia in LEP wt/- [35, 86]. 
In the case study of Murray et  al. reporting the p.P23R 

variant with supposedly increased activity, two heterozy-
gous subjects with either underweight or low weight 
showed low appetite, while one heterozygous subject 
showed normal appetite [81].

Immunological phenotype in LEP heterozygotes: We 
only found two studies commenting on immunological 
aspects of LEP wt/-. One study investigated the activity 
of antioxidant enzymes and plasma levels of selenium, 
zinc, and manganese and found them decreased both 
in wt/- and -/- LEP subjects in comparison to control 
subjects [87], wherefore the authors suggested a role of 
leptin signaling in regulation of antioxidant defense sys-
tem. Furthermore, a prolonged recovery after viral ill-
ness was observed in the case of the subject showing the 
p.P23R variant with underweight and delayed puberty 
[81].

Puberty and reproductive function in LEP heterozygotes: 
In most studies, no information about pubertal develop-
ment in LEP heterozygous subjects was provided. In one 
study, normal pubertal development [82] was reported 
in LEP heterozygotes. In a subject showing the LEP wt/- 
variant p.P23R and a reduced body mass index, delayed 
puberty was observed. His mother and half-brother, car-
rying the same variant, showed delayed menarche and 
normal pubertal development, respectively [81]. In a fur-
ther study, normal reproductive function was reported 
in LEP wt/-, while LEP -/- variant carrier in the same 
family never entered puberty [85]. We assume that fer-
tility was not severely impaired in LEP wt/-parents with 
-/- children.

The following indications for phenotypic effects of LEP 
heterozygosity in humans were found:

– Qualitative and quantitative reporting of weight sta-
tus in reviewed studies suggests higher frequency of 
overweight and obesity in adult LEP wt/- vs wt/wt

– Two out of three studies comparing BF percentage 
showed a higher BF percentage in LEP wt/- than in 
wt/wt

– No strong evidence for lower leptin levels in LEP wt/- 
compared to wt/wt was found

– A higher frequency of metabolic changes including 
hyperinsulinemia and dyslipidemia was observed in 
LEP wt/- than in wt/wt, but causality of LEP variant 
status for these conditions remains unclear

– LEP heterozygosity does not seem to strongly impair 
eating behavior, pubertal development, or reproduc-
tive and immunological function, since these condi-
tions are not considered in most reports
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Phenotype in human carriers of LEPR wt/‑ variants
We found 14 studies reporting in total 108 carriers of 
LEPR heterozygous variants 90 adults, 11 children, and 7 
subjects with no reported age, describing in total 35 dif-
ferent LEPR variants. Among the 108 carriers, 41 were 
male subjects and 53 female subjects, whereas in further 
14 individuals, sex category was not reported. Out of 90 
adults exhibiting LEPR heterozygous variants, 26 were 
reported as normal weight, 26 as overweight, and 21 as 
obese, and in 17, information was missing. Among eleven 
LEPR wt/- children, three showed normal weight and six 
obesity (double reporting cannot be excluded in the cases 
with obesity). In two LEPR wt/- children, weight status 
was not reported. In further seven LEPR wt/- subjects 
with no reported age normal weight was reported in one 
individual, whereas in the other six individuals, informa-
tion was missing.

Weight status in LEPR heterozygotes vs WT relatives: 
In seven studies, weight status in LEPR wt/- subjects as 
well as in wt/wt relatives was provided, at least for some 
of the reported families [20, 36, 37, 91–94] (Table S3). 
In these seven studies, no overall increased frequency 
of overweight or obesity in in LEPR wt/- vs wt/wt rela-
tives was found. In the heterozygous carriers of two 
specific variants, p.R612H and p.M585Dfs*2, obesity 
was reported, whereas normal weight or overweight 
was found in wt/wt relatives [91, 92].

BMI z score in LEPR heterozygous vs WT or LEPR 
homozygous subjects: We plotted the calculated BMI z 
score values to show the distribution within LEPR wt/-, 
wt/wt, and -/- groups in association with variant posi-
tion (Fig. 5A–C). Here, no significant difference in BMI 
z score was observed between LEPR wt/- and wt/wt sub-
jects. It should be considered that 8 out of the 10 wt/wt 
adults were described within French Reunion Island fam-
ilies, which were reported to be “prone to obesity” [93]. 
We did not find significant differences between BMI z 
scores of male and female adults (data not shown). Com-
parison between male and female children was not pos-
sible, because only one female child was reported.

Body fat percentage in LEPR heterozygotes vs. WT: 
Four studies compared body fat (BF) percentage in LEPR 
wt/- and wt/wt subjects [20, 36, 91, 93]. BF percentage 
was measured via biphotonic absorptiometry [20, 37] 
or X-ray absorptiometry [91, 93]. In three of these four 
studies, no differences in BF between LEPR wt/- and wt/
wt relatives were found. In one study by Farooqi et al., the 
absolute difference in measured vs. predicted percentage 
of BF was reported to be significantly higher in LEPR wt/- 
than in wt/wt relatives (8.2% vs 2.1%) [91].

Body fat percentage in LEPR heterozygotes vs. WT vs 
homozygous subjects: We plotted BF values in LEPR wt/- 
versus wt/wt and -/- group (Fig. 3C, D). BF in LEPR wt/- did 

not differ significantly from BF in adult wt/wt subjects. In 
children, the sample size was too small to prove significance.

Leptin serum concentrations in LEPR heterozygotes vs. 
WT: Information on leptin values in LEPR wt/- as well as 
in wt/wt controls was provided in three studies describ-
ing the LEPR variant G > A in exon 16 [20, 36, 37]. The 
first study [20] described very high leptin levels in carri-
ers of the LEPR variant, which was later shown to lead to 
a truncated LEPR protein binding to leptin in the blood 
and thus rising measured leptin values. The following 
two studies [36, 37] reporting the same variant addition-
ally measured free leptin values. We considered therefore 
only the free leptin values for our calculations [36, 37]. In 
these two studies, free leptin in LEP wt/- were not higher 
than in related wt/wt children.

Leptin serum concentration in LEPR heterozygotes vs 
WT vs homozygous subjects: We compared leptin val-
ues between the LEPR wt/-, wt/wt, and -/- group. Adult 
LEPR wt/- carriers had mean leptin levels of 28.8  ng/
ml (range 2.2–52  ng/ml, 12 subjects). No leptin values 
were reported for wt/wt adults and for LEPR wt/- chil-
dren in reviewed studies. In one obese wt/wt child, cir-
culating leptin was 72.2  ng/ml [36], while in a group of 
normal weight wt/wt children (n = 11), mean leptin val-
ues of < 10  ng/ml had been reported [95]. In subjects 
homozygous for LEPR variants, leptin levels were higher 
than in heterozygous subjects. Eleven LEPR -/- adults 
showed a mean leptin level of 92.4  ng/ml (range 4.4–
180  ng/ml) and 21 children showed a mean leptin level 
of 105.1 ng/ml (range 14–365 ng/ml). Since body fat was 
only provided in a few cases, we plotted leptin levels of 
the LEPR wt/-, -/-, and wt/wt group in association to BMI 
z score (Fig. 4B). Comparison to wt/wt within the same 
age group was not possible due to limited data.

Metabolic abnormalities in LEPR heterozygotes vs WT 
or LEPR homozygous subjects: Information on metabolic 
parameters or on comorbidities in heterozygotes was 
provided in four studies [20, 93, 94, 96]. In two of them 
[20, 93], LEPR wt/- with a G- > A exchange in donor site 
of exon 16 or deletion of exon 6–8 could be compared to 
wt/wt relatives. Here, we found a slightly higher rate of 
dyslipidemia in LEPR wt/- than in wt/wt subjects (Table 
S3). These findings were not always present in related 
LEPR -/-. In two further studies metabolic parameters 
were reported in LEPR wt/- without being compared to 
parameters in related wt/wt subjects. In the case of the 
patient with severe obesity showing heterozygous LEPR 
variant p.F393S [96] diabetes type 2, hypertension and 
metabolic syndrome were reported. In the carrier of the 
p.799-1G > T LEPR heterozygous variant, no metabolic 
abnormalities were reported [94]. Thus, in most stud-
ies providing information on metabolic parameters, 
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abnormalities were found in LEP wt/-, but causality of 
LEPR wt/- is questionable.

Eating behavior in LEPR heterozygotes: Hyperphagia in 
LEPR wt/- was not described in the evaluated studies.

Immunological phenotype in LEPR heterozygotes: One 
study reported no increased susceptibility for infections 

[97]. The other 12 reviewed studies reported no informa-
tion about immunological status of LEPR wt/-.

Puberty and reproductive function in LEPR heterozy-
gotes: Two studies provided information on pubertal 
development in LEPR wt/-. In one study, normal sexual 
maturation or normal reproductive function in four 

Fig. 5 A, B Illustration of individual BMI z scores in children (A) and adults (B) depending on LEPR genotype (wt/wt vs. wt/- vs. wt/-; *p ≤ 0.05). A 
Children: LEPR wt/wt (n = 13): mean 0.5 (range 0.4–0.6); LEPR wt/- (n = 7): mean 0.9 (range − 1.6–2.4); LEPR‑/‑ (n = 17): mean 5.7 (range 3.3–10.6); 
B Adults: LEPR wt/wt (n = 10): mean 2.5 (range 0.4–5.0); LEPR wt/‑ (n = 60): mean 1.2 (range − 1.0–3.8); LEPR‑/‑ (n = 30): mean 4.5 (range 0.4–6.1); 
C BMI z scores in association with LEPR variant (green circle: wt/wt subject; blue square: wt/- subject; red triangle: -/- subject; unfilled red triangle: 
compound wt/- subject) (Only variants reported to be carried by wt/- are shown). However, not always a BMI z score for the wt/- carrier could be 
calculated. It is not distinguished between children and adults. Subjects reported in different studies, but showing the same variant are grouped 
together. If wt/wt subjects in one family with two different wt/- variants were described, they BMI z scores were plotted for both variants)
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LEPR wt/- were reported. In one case, a female subject 
had menarche with 15 years [20]. In the study on fami-
lies from French Reunion Island, information about one 
family with the p.(P166Cfs*) variant was provided [93]. 
No hypogonadism was observed in five LEPR wt/- from 
this family, while in three out of five related subjects who 
were -/- for this variant, hypogonadism was observed. As 
for LEP wt/- parents, not severely impaired reproductive 
function can be assumed for LEPR wt/- parents.

The following indications on effects of LEPR heterozy-
gosity in humans were found:

-  There were some indications for higher frequency 
of overweight or obesity in LEPR wt/- compared to 
wt/wt relatives
- One study reported significantly higher than pre-
dicted BF measured by X-ray absorptiometry in 
LEPR heterozygotes [91]. In three articles reporting 
BF measured by biphotonic absorptiometry or X-ray 
absorptiometry, this finding was not confirmed [20, 
36, 93]
- Leptin levels in LEPR wt/- could not be compared 
to leptin levels in wt/wt in the same age group, and 
information on associated BF was scarce
- Based on two studies [20, 93], dyslipidemia seemed 
to be more frequent in LEPR wt/- than in wt/wt sub-
jects
- No report on hyperphagia, immunological disease, 
or impaired pubertal development was found in 
LEPR heterozygotes

Discussion
This systematic review summed up the phenotype in LEP 
and LEPR heterozygosity, considering animal and human 
studies. We aimed to identify a specific phenotype in 
regard to weight status, body fat percentage, leptin levels, 
and metabolic parameters by comparing reported data 
in carriers of highly penetrant LEP/LEPR variants vs wt/
wt. In our review, we show that the published literature 
provides evidence for intermediate phenotypic effects 
in LEP/LEPR heterozygosity both in animal and human 
studies: (1) Evidence for different weight status in LEP/
LEPR heterozygosity vs wt/wt was found in both animals 
and humans. (2) Animal studies and a few human stud-
ies suggest higher body fat percentage in LEP and LEPR 
heterozygotes compared to wt/wt. (3) Lower leptin lev-
els in LEP heterozygous animals, and higher leptin lev-
els in LEPR heterozygous animals vs wt/wt were found. 
In humans, there was no consistent evidence for differ-
ent levels in heterozygotes vs wt/wt, but only limited data 
was available. (4) We noticed metabolic abnormalities in 
a fraction of reports on animal and human LEP and LEPR 

heterozygotes compared to wt/wt, but causal association 
with LEP or LEPR heterozygosity remains unclear.

Weight status in LEP and LEPR heterozygosity vs WT
We found hints supporting the assumption of increased 
weight status in heterozygosity for LEP/LEPR vs wt/
wt both in animal and human studies. In animal mod-
els, only a part of the studies investigating weight sta-
tus found differences between heterozygous and wt/wt 
animals, whereas others did not observe significant dif-
ferences. Conflicting results may be depending on differ-
ent genetic backgrounds of animal models, age, sex, and 
different experimental settings used, including patho-
gen-free rearing. Moreover, it needs to be further inves-
tigated, if parental origin of LEP or LEPR heterozygosity 
may lead to different phenotype in offspring. In offspring 
of LEPR wt/- animals, higher weight than in offspring 
of wt/wt was observed in two studies [59, 63], whereas 
in one study, offspring of LEPR wt/- showed decreased 
weight if compared to offspring of wt/wt [61]. 28% of the 
adult human subjects carrying LEP heterozygous vari-
ants were overweight and 16% were obese. 43% of the 
adult human subjects carrying LEPR heterozygous vari-
ants were overweight and 20% were obese. Heterozygous 
variants were often reported without comparison to wt/
wt subjects, so that causality of the association of LEP/
LEPR heterozygous variants with higher weight status 
often remained uncertain. We compared the phenotype 
in LEP and LEPR wt/- vs wt/wt relatives within described 
families but did not find conclusive evidence for signif-
icant differences (Table S2, 3, Figs.  2C and 5C). Higher 
BMI z scores than in wt/wt relatives were found in car-
riers of LEP variants p.G133Vfs*15 and p.C117F and 
of LEPR variants p.R612H and p.M585Dfs*2. The LEP 
p.P23R variant with a putatively increased leptin activity 
was reported in two underweight heterozygous subjects 
[81]. This may indicate an influence of LEP/LEPR hete-
rozygosity on weight status, similarly to reported gain-of 
function MC4R variants which are associated with lower 
BMI in humans [98, 99].

Importantly, the majority of individuals who showed 
LEP or LEPR wt/- variants and increased weight status 
were adults. Onset of overweight or of obesity in LEP 
and LEPR wt/- was reported to occur during adulthood 
in previous studies [92, 93, 96, 100]. This observation 
may be unspecific, since prevalence of obesity in general 
population is higher in adults than in children. Moreover, 
a bias in identification of heterozygotes should be taken 
into account, because mainly parents of LEP or LEPR -/- 
children and thus preferentially adult individuals with 
LEP or LEPR wt/- have been reported. Nevertheless, 
as proposed in animal studies, diet, sex, and other fac-
tors [101, 102], such as age may influence development 
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of obesity in LEP and LEPR heterozygotes. It is plausi-
ble that in an obesogenic environment, individuals het-
erozygous for LEP or LEPR variants may preferentially 
develop obesity with increasing age if compared to wt/wt 
subjects.

Evidence suggesting higher body fat percentage in LEP 
and LEPR heterozygotes compared to WT
We found evidence suggesting higher body fat (BF) per-
centage in LEP and LEPR heterozygous animal models 
vs wt/wt. In humans with heterozygous LEP or LEPR 
variants, there was only limited data on BF percentage. 
Extensive studies by Farooqi et  al. investigating differ-
ences in human heterozygous subjects for LEP and LEPR 
had shown higher than predicted BF in heterozygotes 
than in wt/wt subjects [32, 91].

It was proposed that low leptin levels lead to an 
increase in body fat, in an attempt of the body to restore 
a certain set point in stored energy [32]. In that sense, 
low leptin values provide a signal of energy deficit to the 
CNS, representing a “starvation signal” [103, 104]”. Body 
fat reduction after therapeutic leptin substitution in indi-
viduals heterozygous for LEP may be expected [105].

Difference in leptin levels in LEP heterozygotes versus WT 
and possible implications
Animal studies showed evidence for lower leptin levels 
in LEP wt/- compared to wt/wt animals, especially in 
relation to fat mass, whereas in humans, we did not find 
conclusive data. It is plausible that both LEP alleles are 
expressed equally in heterozygotes. Thus, 50% reduced 
levels of leptin could be expected in LEP wt/-compared to 
wt/wt subjects with corresponding body mass, fat mass, 
and age would be expected. This assumption is supported 
by the finding of bioactive and inactive leptin in a ratio 
of 0.5 in carriers of heterozygous variant p.D100Y and 
p.N103K [35]. However, we did not find strong evidence 
confirming the assumption of reduced leptin in LEP wt/- 
vs wt/wt in other studies. We want to point out though 
that very limited data were accessible on wt/wt relatives 
and missing data on associated body and fat mass must 
be considered. It has been speculated that low leptin in 
LEP heterozygotes may lead to increased fat mass, as 
an attempt of the body to increase leptin production, in 
a sort of feedback regulation mechanism [32]. In Pima 
Indians, low leptin precedes weight gain [106]. It seems 
plausible that the homeostatic system shows higher sen-
sitivity for falling leptin levels than for high leptin levels, 
to prevent the condition of starvation. Partial leptin defi-
ciency may thus lead to increased body fat storage and 
high BMI. If leptin levels in LEP wt/- are confirmed to be 
low in relation to their body fat, LEP heterozygosity may 

represent a condition of relative leptin deficiency, imply-
ing possible therapeutic options in LEP heterozygotes 
showing overweight or obesity.

Difference in leptin levels in LEPR heterozygotes versus WT 
and possible implications
We found evidence for higher leptin levels in LEPR wt/- 
animals. Here, binding of leptin to circulating truncated 
leptin receptor cannot be excluded, since free leptin val-
ues were not provided. However, hyperleptinemia was 
directly proportional to leptin mRNA in fat tissue in one 
study [78]. Assessment of leptin levels in humans carry-
ing LEPR variants was limited, due to small sample size in 
wt/wt and no possibility of comparison within the same 
age groups. Since binding of leptin to truncated recep-
tor was excluded in the considered human variants, high 
leptin levels may be due to a compensatory overproduc-
tion of leptin to overcome receptor impairment. The 
homeostatic system seems to respond more sensitively 
to falling leptin than to increased leptin levels. Increased 
leptin levels in LEPR heterozygosity thus seem to be the 
consequence of defective feedback regulation and have 
the aim of achieving adequate post-receptor signaling, 
as proposed by Chung et  al. [41]. However, high leptin 
may also be due to higher body fat percentage, which was 
described in the study of Farooqi et al. [91]. Melanocor-
tin-4 receptor agonism has been shown to reduce weight 
in leptin receptor deficiency in individuals carrying LEPR 
-/- variants [107]. If, as we suspect, leptin receptor sign-
aling is impaired in LEPR heterozygosity, treatment of 
pathways downstream of leptin receptor may represent 
possible therapeutic approaches in the future.

Association of LEP and LEPR heterozygosity with metabolic 
abnormalities remains unclear
If present, both partial leptin deficiency in LEP heterozy-
gotes and impaired receptor signaling in LEPR heterozy-
gotes should result in insufficient activation of pathway 
downstream of leptin. Since leptin insufficiency is asso-
ciated with metabolic disease and insulin resistance, we 
would expect metabolic abnormalities in LEP/LEPR 
wt/-. However, we found conflicting results on meta-
bolic abnormalities in wt/- vs wt/wt animals. Differences 
may be due to different experimental settings as well as 
to varying sex and age of the animal model used. Impor-
tantly, several studies on heterozygous LEP mice showed 
increased metabolic impairment than in wt/wt under 
high-fat diets, so that increased disposition to metabolic 
disease can be assumed under adipogenic conditions [40, 
49, 51]. One study observed that LEPR wt/- mice, unlike 
LEPR -/- mice, did not develop diabetes due to a com-
pensatory mechanism leading to suppression of beta-cell 
apoptosis [57]. This finding suggests that compensatory 
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mechanisms supporting healthy metabolism may be acti-
vated in LEP/LEPR heterozygosity. On the other side, 
fatty liver was observed in LEPR wt/- rats even in the 
absence of obesity. The authors proposed that peripheral 
disruption of leptin action, even in case of heterozygosity 
may lead to triglyceride accumulation in the liver [69]. 
Moreover, a gene-dosage effect in lipogenic activity in 
adipocytes [68] and in pancreatic release of insulin dur-
ing glucose perfusion [66] was reported in animal stud-
ies, which would support intermediate effects of LEP/
LEPR heterozygosity on metabolism.

In humans heterozygous for LEP and LEPR, we 
observed a slightly increased frequency of metabolic 
abnormalities in comparison to WT relatives. Associa-
tion of the metabolic abnormalities with heterozygous 
LEP or LEPR status remains unclear, since abnormali-
ties were not always found in related homozygotes. It is 
conceivable that metabolic abnormalities in LEP/LEPR 
heterozygosity may be secondary to overweight or obe-
sity, irrespective of the genetic status, is conceivable. To 
clarify causality of metabolic abnormalities, metabolic 
features in LEP and LEPR heterozygotes prior to and 
after loss of body fat should be investigated, as already 
proposed [108].

No evidence for effects of LEP and LEPR heterozygosity 
on eating behavior, immunological phenotype, 
and puberty
Hyperphagia was reported in pregnant Lepr wt/- mice 
[65], but several other studies did not confirm abnor-
mal eating behavior in these animals [69, 72]. Only few 
reports on human subjects commented on eating behav-
ior of LEP heterozygotes, reporting either no hyperpha-
gia [35, 81, 86] or reduced appetite, as observed in two 
subjects with the LEP variant p.P23R leading to puta-
tively increased activity [81]. In one study on binge-eating 
in severe obesity associated with MC4R and LEPR vari-
ants, it was observed that prevalence of binge-eating in 
LEPR heterozygous variant carriers, including p.R612H 
variant, was higher than in controls, but no individual 
cases were reported [109]. We did not find evidence for 
an impairment of the immune system in LEP or LEPR 
wt/-. Furthermore, reviewed animal and human studies 
did not provide evidence for impaired puberty or repro-
ductive dysfunction in LEP/LEPR heterozygosity. Even if 
Lepr wt/- mice were used as a model for gestational dia-
betes over many years [61, 65], a recent study could not 
confirm gestational diabetes phenotype in Lepr wt/- mice 
[60]. The fact that a major fraction of reported LEP and 
LEPR heterozygotes were parents of -/- children speaks 
against severe reproductive dysfunction in heterozygotes.

Comments on effects of mono‑allelic likely pathogenic 
variants in MC4R and in proteins structurally similar 
to LEP‑LEPR
In heterozygosity, alleles may behave as codominant, 
dominant negative, or haploinsufficient with regard 
to resulting phenotype. In codominance, both alleles 
are expressed with the consequence of an intermedi-
ate phenotype. Dominant negative effects consist in 
disruption of wt/wt protein or competition with wt/wt 
protein, while haploinsufficiency is found in mutations 
leading to reduced gene expression or reduced protein 
activity [110]. In a recent article on the effects of wt/- vs 
-/- MC4R variant p.E42*, severe early onset obesity was 
observed in homozygous individuals, but heterozygotes 
showed overweight or no difference in phenotype if 
compared to wt/wt family members [111]. The authors 
suggested that haploinsufficiency may be the underly-
ing cause, meaning that MC4R needs both alleles to 
fully express the wt/wt phenotype [111]. Growth hor-
mone (GH) and its receptor (GHR) show structural 
similarities to LEP-LEPR, and both GHR and LEPR 
both form homodimers after ligand binding [112]. In a 
recent study on a large pediatric cohort with GH defi-
ciency and short stature, the authors observed that a 
biallelic deletion was associated with the most severe 
end of phenotypic spectrum. However, the most com-
mon mutations found were heterozygous GH mutations 
resulting in GH deficiency [29]. Heterozygous GHR 
variants seem to cause growth impairment, and in the 
study of Porto et  al., authors proposed that wt/- vari-
ants may lead to only 25% of receptors interacting ade-
quately with GH [30]. If both LEPR alleles are expressed 
equally, it is well conceivable that similar to GHR wt/- 
variants, wt/- variants in LEPR associated with struc-
tural changes may affect 75% of receptors. Also G-CSF 
and its receptor belong to the same family as LEP-LEPR 
[112]. In the case of wt/- variants in G-CSF, dominant-
negative effects affecting wt/wt receptors have been 
proposed [113]. Colocalization of mutated and wt/wt 
receptor has been demonstrated [114]. Another study 
postulated that CSF-1 receptor mutations affect pheno-
type by haploinsufficiency [31]. Haploinsufficiency has 
also been postulated in heterozygous mutations in par-
tial prohormone convertase 1 (PCSK1) leading to obe-
sity [115]. Also, dominant-negative effects have been 
proposed in PCSK mutants which may influence WT 
PCSK by formation of heteroduplexes which are tar-
geted for proteosomal degradation [116]. Codominant 
effects in earliest days of life were proposed in LEPR 
wt/- rats showing an intermediate phenotype between 
wt/wt and fa homozygous rats with regard to body fat 
and body weight. The authors suggested that in het-
erozygotes, functional, and mutant LEPR may act in a 
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competitive manner or that LEPR production may be 
too low to ensure adequate LEPR functionality [102]. 
Later, Schwarzer et  al. stated that the effect of LEPR 
genotype on body fat changed from being codomi-
nant to partially recessive with age of the rats. Fat mass 
changed with age and differed between wt/- and wt/wt 
to a lesser extent than between wt/- and -/- [75].

Thus, similar to structurally related proteins, also 
wt/- variants in LEP and LEPR may lead to pheno-
typic changes. Hence, haploinsufficiency can pro-
vide a plausible explanation for the slight phenotypic 
effects observed in LEP and LEPR heterozygotes. If the 
assumption of phenotypic effects in LEP and LEPR het-
erozygosity will be confirmed, recessive inheritance of 
LEP and LEPR associated disease should be questioned.

Phenotype in LEP wt/‑ variants versus phenotype in LEPR 
wt/‑ variants
In this analysis, we did not find strong evidence for dif-
ferences in LEP vs LEPR wt/- phenotype. Differences may 
be expected (1) if leptin signaling is achieved other than 
through activating the leptin receptor, thus leading to a 
more impaired phenotype in (partial) leptin deficiency 
than in (partial) leptin receptor deficiency. On the other 
hand, differences may also be expected (2) if leptin recep-
tor function independent of the classic metabolic signal-
ing as described in [117] is considered, thus putatively 
leading to more severe impairment in (partial) leptin 
receptor deficiency than in (partial) leptin deficiency, 
regardless of leptin values. However, if the highly inter-
woven function of leptin and leptin receptor are con-
sidered, no consistent differences should be expected in 
the phenotype of LEP vs LEPR wt/- phenotype. To our 
knowledge, no studies have been performed investigat-
ing differences of phenotype in LEP vs LEPR -/- subjects. 
This topic should be a future subject of investigation.

Mono‑allelic likely pathogenic variants of LEP and LEPR 
may provide evolutionary advantages
Partial leptin and leptin receptor expression and activa-
tion of central and peripheral compensatory mechanisms 
in LEP/LEPR wt/- may explain (1) heterogenous findings 
regarding phenotype as observed in this review (2) lack 
of severe phenotype in LEP/LEPR wt/- in most cases. The 
question, why humans present LEP/LEPR wt/- variants 
and why heterozygosity does not seem to severely impair 
carriers is challenging. In general, effects of heterozygo-
sity for specific alleles may be described in an evolution-
ary perspective as disadvantageous or advantageous. It is 
conceivable that heterozygosity for LEP/LEPR may con-
fer phenotypic advantage in certain environments. Saeed 

et al. commented on the high prevalence of LEP variant 
p.G133Vfs*15 in Pakistan and discussed this variant as a 
“founder mutation,” suggesting a possible “heterozygote 
advantage” [86, 95]. Also for certain LEPR mutations 
detected in Reunion Island, France, a founder effect has 
been discussed [93]. It must be considered that there 
could also be a regional reason why these variants offer 
an advantage there.

LEP and LEPR heterozygosity seem to confer “thrifti-
ness” to their carriers, as observed in an animal study 
by Coleman et  al. LEP and LEPR heterozygosity lead to 
prolonged survival in starvation in mice, due to prob-
able increased metabolic efficiency in heterozygous mice 
if compared to wt/wt [42]. The thrifty gene hypothesis 
suggests that individuals more prone to store energy or 
to metabolic efficiency profit during famine times [118]. 
This hypothesis has been questioned later for being sim-
plistic, but may partly explain recent increase of obesity 
and diabetes [119]. Evolutionary pressure for efficient 
energy storage may be the underlying mechanism favor-
ing LEP/ LEPR wt/- in certain environments and ethnic 
groups. Evidence for metabolic differences arising under 
adipogenic conditions in LEP/ LEPR wt/- vs wt/wt was 
provided in several animal studies [40, 49, 51].

Limitations
Data were found mainly in reports focusing on clinical 
presentation of -/- subjects with LEP/LEPR variants, in 
which wt/- relatives were sparely mentioned. This led to a 
heterogeneous pool of data and scarce information spec-
trum on human heterozygotes. Moreover, a diagnostic and 
reporting bias may be underlying. Moreover, we did not 
compare phenotypes in different ethnic groups. The effect 
of variants in different genetic backgrounds may lead to a 
more or less pronounced influence on weight and energy 
homeostasis and also the effect of a different environ-
ment (more or less obesogenic) on the carriers of differ-
ent variants may lead to an influence on weight and energy 
homeostasis. Furthermore, the pathogenic degree may 
vary among variants reported, but no sufficient data on 
functional studies were available. Effects of LEP/LEPR het-
erozygosity on other organ systems should be investigated, 
since studies on homozygous phenotype observed leptin 
influence on lung development [45, 120], bone architec-
ture [47, 92], and cognitive performances [121, 122].

Conclusion
In this systematic review, we found indications for 
higher weight status in animals and humans heterozy-
gous for leptin and leptin receptor rare variants. Evi-
dence pointing to higher body fat and differences in 
leptin levels was found in animal studies only, which 
supports the assumption of intermediate effects in 
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LEP/LEPR heterozygosity. We suggest that LEP/LEPR 
heterozygosity may dispose to overweight and obesity 
particularly in adulthood, and together with obesogenic 
factors, it may contribute to the development of obesity. 
In the context of multifactorial and polygenic obesity, 
LEP/LEPR heterozygosity may represent an underdi-
agnosed factor. Based on this fresh look on LEP/LEPR 
heterozygosity, sophisticated clinical investigations in 
larger cohorts of LEP/LEPR heterozygote humans com-
pared to wt/wt relatives and to wt/wt population should 
be considered. Weight status, body fat percentage, lep-
tin levels, metabolic screening for dyslipidemia, glu-
cose intolerance, and fatty liver should be investigated 
in these cohorts with standardized methods. Results 
of these studies will enable a deeper understanding of 
leptin physiology and possible therapeutic applications 
as well as prevention of obesity and metabolic disease 
associated with leptin and leptin receptor heterozygo-
sity or partial leptin deficiency.
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