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Genetic contributors to obesity
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Obesity results from a combination of environmental and
genetic factors (Figure 1). The most convincing evidence

for a genetic component to obesity comes from twin and adop-
tion studies (1-4). In studies (1) in which body fat content was
measured (either as body mass index [BMI] or skinfold thick-
ness), the comparison of obesity in monozygotic twins with
obesity in dizygotic twins indicated heritability quotients rang-
ing from 0.4 to 0.98 (where 0 = no inheritance and 1.0 = com-
plete inheritance of the trait). Although the environment
shared by monozygotic twins is more similar than the environ-
ment shared by dizygotic twins, the heritability of BMI is not
different in identical twins reared together or apart. A genetic
component to obesity has also been confirmed in adoption
studies (3). These comparisons indicate that the genetic trans-
mission of obesity is at least as large as the nongenetic trans-
mission. Finally, genetic segregation analyses (5) in extended
families suggest that approximately 30% to 50% of the obesity
phenotype is inherited, and there is evidence for a major reces-
sive gene or genes with an allele frequency of 0.3. A number of
candidate genes for obesity have been identified (5,6), and the
importance of some of these has been confirmed in genetically
engineered mice.

Overall, the genetic origins of obesity can be considered in
three broad areas (Figure 2). First, genes coding for proteins that
regulate food intake at the level of the hypothalamus (eg, cen-
trally produced molecules, such as proopiomelanocortin
[POMC]-derived alpha-melanocyte-stimulating hormone,
which signals via the melanocortin-4 receptor [MC4R] [7,8], or
peripheral molecules, such as leptin [9], ghrelin and peptide YY
[PYY]3-36) appear to have an effect on obesity. Defects at this
level are likely to predominate in obesity phenotypes associated
with relative hyperphagia. Such patients may lose weight
readily in response to energy restriction and may benefit most

from pharmacological agents that suppress appetite. Second, at
the level of the adipocyte, genetic variation in several genes that
regulate preadipocyte differentation (eg, peroxisome proliferator-
activated receptor-gamma [PPARγ]), triglyceride synthesis
(eg, diacylglycerol acyltransferase [DGAT]-1) and lipolytic
potential (eg, beta-adrenergic receptors and perilipin) have
been associated with a propensity to obesity in animals and
humans, and may affect susceptibility to weight gain in the
absence of significant hyperphagia. Third, genes that regulate
mitochondrial biogenesis and/or adaptive thermogenesis (10)
may alter the propensity to gain or lose weight, and may be
therapeutic targets in obese subjects resistant to weight loss.

REGULATION OF FOOD INTAKE
The arcuate nucleus of the hypothalamus comprises two sets of
neurons with opposing effects on food intake and energy bal-
ance. Activation of the agouti-related peptide (AgRP) and
neuropeptide Y neurons increases food intake, whereas activa-
tion of the POMC and cocaine- and amphetamine-related
transcript neurons results in the release of alpha-melanocyte-
stimulating hormone, which binds to the MC4R in the par-
aventricular nucleus (PVN) to inhibit food intake and increase
energy expenditure (11-13) (Figure 3). Mutations in the
MC4R gene are a well-described cause of monogenic obesity
(14-16). These neurons communicate with neurons in other
areas of the brain to transmit signals through the nucleus trac-
tus solitarius. Leptin is a key adipocyte-derived hormone that
signals through the POMC/MC4R pathway (6). Leptin is pro-
duced in adipose tissue in proportion to the size of fat stores.
An increase in body weight increases the production of leptin,
which binds to leptin receptors, leading to the inhibition of
AgRP/neuropeptide Y neurons and the activation of POMC and
cocaine- and amphetamine-related transcript neurons (11).
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Genetic and environmental factors interact to regulate body weight.

Overall, the heritability of obesity is estimated at 40% to 70%. More

than 244 genes have been found to strongly affect adiposity when

overexpressed or deleted in mice. These genes can be considered in

four broad categories: regulation of food intake by molecular signalling

in the hypothalamus and hindbrain by signals originating in adipose

tissue, gut and other organs; regulation of adipocyte differentiation

and fat storage; regulation of spontaneous exercise activity; and effect

on basal and postprandial thermogenesis. Rare variants in the coding

sequences of major candidate genes account for an obese phenotype in

5% to 10% of individuals.
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Les facteurs génétiques qui contribuent à
l’obésité

Les facteurs génétiques et environnementaux interagissent pour réguler le

poids corporel. Dans l’ensemble, on estime l’héritabilité de l’obésité à entre

40 % et 70 %. On a découvert que plus de 244 gènes ont un effet important

sur l’adiposité lorsqu’ils sont surexprimés et ou supprimés chez les souris.

Ces gènes peuvent être divisés entre quatre grandes catégories : la

régulation de l’apport alimentaire par la signalisation moléculaire dans

l’hypothalamus et le rhombencéphale au moyen de signaux en provenance

des tissus adipeux, de l’estomac et d’autres organes, la régulation de la

différenciation adipeuse et du stockage de gras, la régulation de l’activité

physique spontanée et l’effet de la thermogenèse basale et postprandiale.

De rares variantes des séquences de codage des principaux gènes candidats

représentent un phénotype d’obésité chez 5 % à 10 % des individus.
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Human subjects who are homozygous for mutations in the lep-
tin gene display severe early-onset obesity, which responds to
leptin replacement (6). This pathway, which regulates an
important feedback loop to integrate feeding behaviour with
body energy stores, is apparently downregulated in chronic
obesity. The etiology of leptin resistance is not clear but may
be due to alterations in the transport of leptin into the brain,
or to an altered number and affinity of leptin receptors (17).
Members of the suppressor of cytokine signalling family of pro-
teins are now believed to play a role in the development of lep-
tin resistance because of their ability to inhibit leptin and
insulin signalling pathways (18). The targeted disruption of a
number of genes in this pathway in mouse models (Lep, Lepr,
Pomc, Mc4r and Mc3r) resulted in an alteration in obesity sus-
ceptibility (5), and there is evidence for a role of each of these
genes in human obesity (19).

Several additional genes have been associated with mono-
genic obesity in mice. Single-minded homologue-1 (SIM1) is a
transcription factor required for development of the PVN. Sim1
heterozygous mice show a reduction in cellularity of the PVN,
hyperphagia and early-onset obesity (20). Unlike in MC4R
mutant mice, energy expenditure is not decreased. In humans,
profound obesity has been associated with a balanced transloca-
tion that disrupts the SIM1 gene (21). Decreased expression of
the brain-derived neurotropic factor (BDNF) was reported to
affect eating behaviour (22). BDNF and the neurotropic tyro-
sine kinase receptor B are expressed in the ventromedial hypo-
thalamus and may be downstream effectors of MC4R signalling.
Severe obesity was described in a child with a chromosomal
inversion in a region encompassing the BDNF gene (23).

A number of gut peptides also signal through hypothalamic
pathways to regulate food intake (5,24). Ghrelin is released
by the stomach and duodenum, and stimulates AgRP neurons
in the arcuate nucleus to increase food intake (25). In con-
trast, functional studies (26) both in humans and in rodents
indicate a potentially important role for PYY in decreasing
food intake. Following food intake and in proportion to meal
size, PYY is secreted into the bloodstream from L cells in the
gastrointestinal tract in two forms, PYY1-36 and PYY3-36, and
binds preferentially to neuropeptide Y2 receptors in the arcu-
ate nucleus of the hypothalamus. In both obese and lean
human subjects, PYY3-36 infusion markedly decreases food
intake (26). The potential genetic contribution of this gene
to human body weight through DNA resequencing in
extremely lean and obese populations was recently explored,
and a novel PYY Q62P variant was identified (27). This
gene’s segregation with severe obesity was shown in a small
kindred, and its functional significance was demonstrated in
feeding studies in mice (27).

ROLE OF THE ADIPOCYTE IN 

SUSCEPTIBILITY TO OBESITY
The ability to enhance preadipocyte differentiation and
increase adipocyte number to cope with fat storage require-
ments may also be important in the development of obesity.
PPARγ upregulates expression of several important adipocyte
genes regulating triglyceride synthesis and storage. In contrast,
PPARγ decreases expression of the leptin gene. Polymorphic
variation in PPARγ has been related to both obesity and
insulin sensitivity. The common Pro12Ala polymorphism in
PPARγ has lower transcriptional activity and, hence, reduced

Figure 3) Hypothalamic regulation of food intake. The arcuate nucleus
of the hypothalamus comprises two sets of neurons with opposing effects
on food intake and energy balance. Activation of the agouti-related pep-
tide (AgRP) and neuropeptide Y (NPY) neurons increases food intake,
whereas activation of the proopiomelanocortin (POMC) and cocaine-
and amphetamine-related transcript neurons results in the release of
alpha-melanocyte-stimulating hormone (αMSH), which binds to the
melanocortin-4 receptor (MC4R) in the paraventricular nucleus to
both inhibit food intake and increase energy expenditure. Leptin pro-
duction by fat cells is proportional to fat cell mass. Leptin signals in the
arcuate nucleus of the hypothalamus to downregulate (–) the orexigenic
NPY and AgRP neurons, and to upregulate (+) the appetite-suppressing
POMC neurons
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Figure 1) Early insights into the genetic etiology of obesity. Reproduced
from reference 56

Early Insights into the Genetic Etiology of Obesity

Wm Osler, Principles and Practice of Medicine, 4th edit 1901 

“Corpulence, an excessive development of body fat, is a condition for 
which we are consulted in three groups of cases.  First, there are persons 
of both sexes who have an hereditary tendency to obesity.  Secondly, in 
this country particularly, there is an increasing number of cases of obesity 
in children, associated with bad habits in eating and usually carelessness 
and lack of control on the part of the parents.  Thirdly, we are consulted 
by women in the middle period of life, who are troubled by an over-
growth of fat. Nor is obesity always associated with overeating. Many 
stout persons are light eaters.  Too much food and too little exercise are 
largely responsible in about half the cases but in the hereditary ones, 
these factors do not prevail, and this is a point to be borne in mind care-
fully in the question of treatment.”
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Figure 2) Regulation of energy balance. Overall, genes that may con-
tribute to obesity susceptibility can be considered in four broad areas.
These include genes that regulate food intake, participate in adipogene-
sis and triglyceride storage, affect spontaneous activity, and influence
basal and postprandial energy expenditure via effects on mitochondrial
proton leak and adaptive thermogenesis
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capacity to promote adipogenesis. Subjects bearing this poly-
morphism have a twofold decrease in the risk of obesity
(28,29). In contrast, a Pro155Gln mutation in PPARγ acceler-
ates the differentiation of adipocytes and has been associated
with obesity (30). The lipogenic capacity of the adipocyte is
under hormonal and substrate control. Tumour necrosis factor-
alpha and leptin decrease lipogenesis, whereas insulin pro-
motes triglyceride synthesis. Triglyceride synthesis in mammals
is catalyzed by DGAT1 and DGAT2. The DGAT1 knockout
mouse is lean and resistant to diet-induced obesity. Energy
expenditure and activity are increased. These animals exhibit
a specific reduction in white adipose tissue and their
adipocytes are smaller. DGAT1-deficient mice exhibit
enhanced insulin and leptin sensitivity, likely due to increased
thermogenesis (31-34).

The structural integrity of the lipid droplet and susceptibility
to lipolysis may also affect susceptibility to obesity or leanness
(35). Lipolysis of triglyceride stores is regulated by cate-
cholamines and sympathomimetic stimuli via beta-adrenergic
receptors, resulting in activation of the cyclic AMP/protein
kinase A (cAMP/PKA) cascade, phosphorylation and translo-
cation of hormone-sensitive lipase (HSL) from the cytoplasm
to the lipid droplet. Various polymorphisms in the beta2- and
beta3-adrenergic receptors have been reported in relationship
with obesity (36-39). The HSL knockout mouse exhibits male
sterility and adipocyte hypertrophy but not obesity, as well as
normal basal lipolysis but blunted response to catecholamines
(40). Polymorphic variation in HSL has not been consistently
related to body weight in humans. In contrast with HSL, genetic
inactivation of adipose tissue triglyceride lipase increases fat
stores in mice (41). Perilipin A is the major lipid droplet pro-
tein, and is required for maximal cAMP/PKA-stimulated lipol-
ysis. The perilipin null mouse is obesity resistant (42,43),
exhibiting an increased basal lipolysis and increased basal
metabolic rate, possibly due to a futile cycle of lipogenesis and
lipolysis.

ADAPTIVE THERMOGENESIS
In understanding obesity, it is important to note that most
overweight individuals gain an average of 1 kg per year over a
lifetime, equivalent to a very small per diem excess energy bal-
ance (approximately 20 kcal). On the other hand, individuals
who remain lean all their lives apparently avoid this small,
gradual accumulation of energy as fat. This suggests that the
ability to increase energy output in response to alterations in
food intake and exercise (adaptive thermogenesis) and/or the
ability to expand adipose tissue stores in response to caloric
excess may also be important factors in differentiating obesity-
susceptible and obesity-resistant individuals. In accordance
with this hypothesis, recent studies (5) in mouse models
demonstrate that disruption of genes coding for proteins
important in these processes markedly alters the susceptibility
to obesity, even in the absence of changes in food intake.
Adaptive thermogenesis is the process whereby energy is dissi-
pated in the form of heat in response to cold exposure or excess
energy intake, and occurs primarily in brown adipocytes and
skeletal muscle (44). A number of processes are involved,
including an increase in the number of mitochondria and in
the activity of the electron transport system. Members of the
PPARγ family of transcriptional coactivators play an important
role in the control of cellular energy pathways and mitochon-
drial biogenesis (45). Activation of the cAMP-dependent

PKA pathway increases energy expenditure via enhancement
of adaptive thermogenesis and insulin sensitivity (46). Genetic
variation in PKA isoforms has been shown to have a role in
regulating energy balance and adiposity (47). The winged
helix/forkhead transcription factor forkhead box C2 (FOXC2)
has been shown to increase the sensitivity of the cAMP/PKA
pathway through increased expression of beta3-adrenergic
receptors and lowered activation threshold due to an increased
level of the R1alpha subunit of PKA. FOXC2-overexpressing
mice are lean and show increased responsiveness to insulin due
to sensitization of this pathway. FOXC2 also increases the
expression of a number of genes associated with enhanced
mitochondrial biogenesis (48).

GENETIC APPROACHES TO OBESITY
Genetic approaches to obesity have included linkage analysis
and association studies (19). Genome scan technologies have
been valuable in the search for new genetic causes of a partic-
ular phenotype because no assumption is made regarding the
role of a particular gene. A variable number of markers across
the genome can be used to determine segregation with the
phenotype of interest, often in large, extended kindreds with
affected and unaffected members. However, if linkage to a par-
ticular locus is found, these regions may harbour many poten-
tially important genes. Linkage analysis has been most
successful for mapping genes responsible for single-gene disor-
ders. Thus far, single mutations in one of 11 genes have been
found to account for 2% to 4% of cases of severe early-onset
obesity. These include mutations in the leptin (LEP), leptin
receptor (LEPR) and MC4R genes (19,49).

Association studies are generally considered a more power-
ful approach to studying complex disease. The vast majority of
obesity cases are polygenic, due to the cumulative effects of
common variants in a large number of genes interacting with
environmental factors. Candidate genes, or variants in or near
candidate genes, are selected for study if they have a known
role in metabolism, or if they have been identified based on
naturally occurring mutations, linkage analysis, or gene dele-
tion or overexpression studies in animals. The candidate gene
approach is dependent on a priori knowledge about a gene or a
variant. The numbers can be staggering. There are 244 genes
that affect obesity when mutated or overexpressed in mice (5).
Two approaches are generally used. The first approach is to deter-
mine common single nucleotide polymorphisms (SNPs) (com-
mon variants present at approximately every 700 to 1000 base
pairs) and haplotypes (group of SNPs) for a particular gene. It
is feasible to include promoter SNPs as these are added to the
SNP database. Alternatively, if resources permit, the second
approach is to resequence entire coding regions of a particular
gene. This is useful for finding rare variants with potentially
important effects but less useful for determining common vari-
ants that affect complex disease. Sequencing is also expensive
and is usually limited to exons, such that promoter and intronic
variants, which may have a major effect on gene expression,
will be missed. To identify potential genetic contributors to
this phenotype, the coding exons and splice junctions of
58 genes were recently resequenced in 379 obese (mean BMI
49.0 kg/m2) and 378 lean (mean BMI 19.4 kg/m2) individuals
(54). This 96-megabase pair survey included 21 genes associated
with monogenic forms of obesity in humans or mice, as well as
37 genes with strong biological plausibility based on the role of
their gene products in key metabolic pathways. It was found
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that the monogenic obesity-associated gene group was
enriched for rare, nonsynonymous variants unique to the obese
versus lean population. Importantly, computational analysis
predicted a greater fraction of deleterious variants within the
obese cohort (54). These data support the premise that multiple
rare alleles contribute to variation in obesity susceptibility in the
general population.

Dense genome-wide SNP scans using 500,000 or 1,000,000
SNP chips will overcome many of the limitations of earlier scan
technology and will be useful in the search for obesity-related
genes in very large case-control association studies (50-52).
These require large sample sizes and iteration of positive findings

in multiple data sets because of the high false-discovery rates
inherent in multiple comparisons. The contribution of com-
mon variants in candidate genes is often modest and contin-
gent on environmental effects and other susceptibility genes.
In contrast with studies in genetically defined mouse strains,
the genetic and environmental diversity in human populations
has made replication of positive SNP-obesity associations diffi-
cult (53). Notably, in a recent resequencing study (54), none
of the 37 sequenced common variants that were previously
reported to associate with BMI, including an SNP near the
INSIG2 gene (55), showed a significant frequency difference
between the original obese and lean groups.
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