
4 Jul 2006 18:0 AR ANRV282-NU26-17.tex XMLPublishSM(2004/02/24) P1: OKZ

10.1146/annurev.nutr.26.061505.111218

Annu. Rev. Nutr. 2006. 26:413–34
doi: 10.1146/annurev.nutr.26.061505.111218

Copyright c© 2006 by Annual Reviews. All rights reserved
First published online as a Review in Advance on April 18, 2006

GENETICS OF FOOD INTAKE AND EATING

BEHAVIOR PHENOTYPES IN HUMANS

Tuomo Rankinen and Claude Bouchard
Human Genomics Laboratory, Pennington Biomedical Research Center, Baton Rouge,
Louisiana 70808-4124; email: RankinT@pbrc.edu, Bouchac@pbrc.edu

Key Words genotype, heritability, quantitative trait locus, single nucleotide
polymorphism

■ Abstract This review summarizes the research advances of the past decade re-
garding the role of human genetic differences in energy and nutrient intake as well
as in eating behavior phenotypes and selected eating disorders. The evidence for fa-
milial aggregation and heritability based on twin and nuclear family study designs is
summarized. Genome-wide linkage scans and quantitative trait loci identified to date
are discussed. DNA sequence variants in candidate genes are reviewed. Single genes
associated with classical eating disorders are also incorporated. Epigenetic events will
need to be incorporated in future studies designed to investigate the effects of DNA
variants on dietary phenotypes. Understanding the relative contribution of global ge-
netic variation and of DNA sequence variants in specific genes is important in the effort
to influence dietary habits in a healthier direction.
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INTRODUCTION

This review summarizes the research advances of the past decade regarding the
role of human genetic differences in energy and nutrient intake as well as in eat-
ing behavior phenotypes and selected eating disorders. This topic is particularly
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important in the most affluent countries of the world, in which unhealthy nutri-
tional habits and hyperphagia are thought to be very common. Indeed, in these
countries, the profile of nutritionally related diseases has shifted from one driven
by specific nutrient deficiencies to one dominated by excessive caloric intake, es-
pecially fat and sugar consumption. Understanding the relative contribution to this
phenomenon of global genetic variation and of DNA sequence variants in specific
genes is a key step in the effort to influence dietary habits in a more favorable
direction.

The review is organized around two major sections. The first summarizes the
evidence for familial aggregation and heritability based on twin and nuclear family
study designs. The second part focuses on more direct evidence for genetic effects.
Genome-wide linkage scans and quantitative trait loci (QTLs) identified to date
are discussed. DNA sequence variants in candidate genes have begun to appear
regularly in the literature and are reviewed herein. Single genes associated with
classical eating disorders are also incorporated in the review.

The review covers only human studies. The phenotypes considered include daily
energy intake, macronutrient intake (g/day or percentage of energy intake), and
behavioral traits (restraint, disinhibition, and hunger) thought to underlie eating
behavior. Moreover, data available on the genetics of anorexia nervosa, bulimia
nervosa, and binge-eating disorder are also summarized. The review does not
include food selection studies, the ability to taste specific substances, or indicators
of aversion to specific foods.

GENETIC EPIDEMIOLOGY OF FOOD
INTAKE PHENOTYPES

Considerable individual differences exist in caloric and nutrient intake on any
given day and even when integrated over periods of days or weeks. However, as
has been recognized for many years, within-subject variation in caloric and nutrient
intake is just as large (2). The latter observation represents a major challenge in
the efforts to undertake the dissection of the sources of variance in dietary intake,
particularly when one wants to identify the potential contribution of human genetic
differences to variation in food intake. Nonetheless, a good number of studies have
been reported on this topic using not only classical genetic epidemiology designs
but also a number of innovative approaches adapted to the unique nature of dietary
intake behavior. These studies are reviewed herein for three families of dietary
phenotypes.

Energy and Macronutrient Intake

FAMILY STUDIES A number of studies have used dietary recalls, food frequency
questionnaires, three-day dietary food records, and other dietary assessment meth-
ods to investigate the resemblance among nuclear family members for daily caloric

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:4
13

-4
34

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



4 Jul 2006 18:0 AR ANRV282-NU26-17.tex XMLPublishSM(2004/02/24) P1: OKZ

GENETICS OF FOOD INTAKE IN HUMANS 415

intake and macronutrient consumption (60). Results from large studies, such as
the Quebec Family Study (58), the San Antonio Family Heart Study (11, 55), the
Stanislas Family Study (5, 76), and other family-based cohorts (37, 68) have re-
vealed that there is evidence for familial aggregation of the individual differences
observed in estimated age- and body mass–adjusted daily caloric intake as well
as protein, carbohydrate, and lipid intake expressed in g/day, with little difference
when reported as a percentage of energy intake. Correlations in the order of 0.2
to 0.3 are typically observed for spouses and sibling pairs, whereas slightly lower
values are seen for parent-offspring dietary phenotypes. Heritability coefficients
derived from a variety of quantitative procedures are generally low and rarely
exceed 20% of the age- and sex-adjusted variance.

In the Ireland-Boston Diet-Heart Study launched in the late 1950s, men in the
Boston area who still had a brother in Ireland were recruited (74). Dietary intake
data were available on 293 men living in Boston and 357 of their siblings living
in Ireland. Age- and country-adjusted sibling correlations reached 0.17 for daily
caloric intake, 0.18 for fat intake in g/day but only 0.05 as percent of energy, 0.24 for
protein intake in g/day and 0.08 as percent of energy, 0.13 for carbohydrate in g/day
and 0.16 as percent of energy, and 0.09 for alcohol intake (68). These results are
interesting because the siblings were all adults who were living apart. The sibling
resemblance was consistently significant, with little difference in comparison with
correlations reported for siblings living together in the nuclear family studies cited
above.

Supportive evidence for the findings described above comes from two other
studies with innovative designs. Food intake and preference were assessed during
a home visit in 214 families that had 4- or 5-year-old same-sex twins (total of
428 twin children) and volunteered to participate (79). Among these families,
114 were classified as “lean families,” with both parents having body mass index
(BMI) values of less than 25. The remaining 100 families were defined as “obese
families,” with both parents exhibiting a BMI above 25. In practice, the mean
BMI of the latter families was 29 for the fathers (reported) and 36 for the mothers
(measured). Children from the obese families had a higher preference for fatty
foods in a taste test, a lower preference for vegetables, and higher scores on a
few indicators of response to food. In a recent study, 32 pairs of siblings aged 3
to 7 years consumed ad libitum lunches under two experimental conditions: one
preceded by a low-energy preload drink and the other by a high-energy preload
drink (30). Total energy intake across the two test situations exhibited a significant
sibling correlation (0.49) when adjusted for age, sex, ethnicity, and BMI. Likewise,
percentage of energy intake derived from lipids (0.53), carbohydrates (0.57), and
proteins (0.66) adjusted in the same manner were characterized by significant
familial aggregation.

TWIN STUDIES A large number of reports on energy and macronutrient intake
in monozygotic (MZ) and dizygotic (DZ) twins using a variety of designs and
analytical approaches have been published over the past 40 years. Although there
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are negative reports, most studies suggest that evidence exists for a genetic effect
on the number of calories consumed and on the preference for specific nutrients
and food items. Only a small number of the published studies are highlighted here.

An examination of data from food frequency questionnaires obtained in 232
pairs of male MZ twins and 223 pairs of male DZ twins of the National Heart and
Lung Institute Twin Study revealed significant genetic variance for total caloric
intake as well as for fat and carbohydrate intake (28). A significant genetic effect
was also seen for hot beverage consumption and for wine, beer, and other alcohol
intake. However, when stratified on the basis of how frequently twins see each
other, none of the dietary phenotypes showed consistent evidence for a genetic
effect. These results were taken as evidence that there are environmental covariance
differences among MZ and DZ twins that may have nontrivial effects on estimates
of genetic variance in twin studies. However, another study based on 109 MZ
and 86 DZ adult twin pairs could not replicate this finding using estimates of the
frequency with which the twins get together and ratings of the similarities of their
experiences during childhood and adolescence (15). Likewise, data from another
large twin study did not support the hypothesis that the more frequent contacts
among MZ brothers and sisters in comparison with DZ twins result in higher
genetic effects for dietary phenotypes (75).

The latter study is of particular interest and is summarized here. Male and
female twins were recruited through advertising that targeted retired persons
and they completed a mailed version of the National Cancer Institute food fre-
quency questionnaire (75). The final sample included all twins, 50 years of age
and older, who responded to the dietary questionnaire and for whom zygosity in-
formation was available: 210 male MZ pairs, 725 female MZ pairs, 92 male DZ
pairs, 376 female DZ pairs, and 245 opposite-sex DZ pairs. The data on 99 food
items of the questionnaire were subjected to factor analysis, which yielded two
common eating patterns: Factor 1 consisted of foods high in fat, salt, and sugar
(less healthy pattern); factor 2 included vegetable, fruit, rice, yogurt, skim milk,
and dark bread (healthy pattern). Information on use of food, consumption fre-
quency, and serving size was available. Correlations for the latter traits, adjusted
for age and sex, for factors 1 and 2 and for each of the five twin types are re-
produced in Figure 1. Eating patterns scores were subjected to structural equation
analysis and the results of the model-fitting procedures are depicted in Figure 2.
Sex-specific models explained the data better for eating pattern 1 than for eating
pattern 2. Overall, heritable factors account for about one third of the variance
in whether a person consumes a specific food item and in the serving size and
consumption frequency in both eating patterns. The common environmental in-
fluences are generally small; the specific environment component is the largest
influence.

A study of 66 MZ and 51 DZ twin pairs reared apart provides support for the
notion that the heritability of self-reported dietary characteristics is approximately
one third of the phenotypic variance (47). Results of a model-fitting procedure
revealed that the additive genetic estimate reached 40% for caloric intake per kg
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body weight, 16% for protein, 35% for lipid, and 25% for carbohydrate intake.
Meal and snack frequency generated genetic effects ranging from 30% to 33%,
while consumption of a number of beverage types was characterized by additive
genetic effects ranging from 20% to 46%. In a large epidemiological study based
on the Finnish Twin Registry, data on breakfast eating frequency were collected by
questionnaire on 2625 twin pairs and 2443 and 2220 of their mothers and fathers,
respectively (48). The genetic effect was quite high, reaching at least 60% of
the variance in frequency, with a substantial common environment effect as well.
Approximately 19% of MZ pairs and 34% of DZ pairs were discordant for the
frequency of breakfast eating. In an observational study conducted with 106 MZ
and 94 like-sex DZ twin pairs, it was shown using four-day food diaries that the
within-MZ pair resemblance was higher than was the DZ pair correlation for 12
of 13 nutrients examined, including total energy intake (42). However, the genetic
variance was significant only for the intake of complex carbohydrates.

Consumption of 11 foods typical of the Swedish diet was examined in a sample
of 98 MZ and 176 DZ twin pairs from the Swedish Twin Registry (41). There was
weak evidence for a greater similarity in consumption among MZ twins than DZ
twins for certain foods. In a study of MZ twins discordant for body weight, 23
overweight twins reported consuming currently and in the past more fatty foods
than their normal-weight cotwins (66). Such results support the hypothesis that
preference for fatty foods may be acquired independent of a genetic background
favoring other types of foods.

One of the few experimental studies in this field was based on 36 MZ and 18 DZ
adult twin pairs who spent two half-day sessions in a laboratory designed to in-
vestigate the magnitude of the genetic influences on total caloric intake as well as
macronutrient consumption (31). Each twin person was served a buffet-style lunch
(ad libitum) on each occasion and did not eat in the presence of his/her cotwin. The
genetic variance for age- and sex-adjusted total caloric intake ranged from 24%
to 33%. Although there was evidence of familial aggregation for macronutrient
intake in this sample, genetic and common environmental effects could not be
separated.

One of the most active laboratories in the study of food, nutrient, and beverage
intake based mostly on seven-day food intake records using adult MZ and DZ twins
has been that of J.M. de Castro (14, 15, 17–19, 21, 22, 24). In a recent review of
his work (22), he summarized that heredity accounts for 42% of the variance in
daily energy intake even after taking into account body size, 28% of the variance
in meal size, and 34% in meal frequencies after adjustment for overall daily energy
intake. Although in some of de Castro’s early studies macronutrient intake was
characterized by low heritability coefficients (8% for carbohydrate intake, 10% for
fat intake, 7% for protein intake), higher genetic effects (from 35% to 63%) were
reported in more recent work (15). Significant genetic influences were also reported
by the same laboratory for daily intake of water and other beverages, particularly
in males (14). A common finding is that the genetic effects are of a different
magnitude between males and females for caloric and nutrient intake as well as
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fluid consumption, and that there is a stronger common familial environmental
effect in females (16). Assuming that we do not often eat unpalatable meals and
that palatability has a large effect on intake, twin data indicated that the response
of people in terms of total intake to the preferred level of palatability (in terms of
caloric intake or meal size) is influenced by a genetic variance component (20).

SUMMARY FOR ENERGY AND MACRONUTRIENT INTAKE The main goal of this part
of the review is to ascertain whether reliable evidence exists for the presence of
a significant genetic component to human variation in estimates of energy intake
and macronutrient intake or preference. Overall, family and twin studies indicate
that there is a strong familial aggregation and that a genetic variance is present for
all these eating behaviors. The magnitude of the genetic effects is heterogeneous
among studies, but they typically range from about 20% to 40% of the age- and sex-
adjusted variance. This is by no means a trivial genetic component. For instance,
it is of about the same magnitude as that observed for a number of metabolic
phenotypes, such as resting blood pressure and plasma triglyceride level.

It is, however, important to recognize that the genetic architecture of food in-
take phenotypes is complex and undoubtedly heterogeneous. This is suggested
by a 1988 report (58) of the correlation patterns for various types of relatives by
descent or adoption, which is summarized in Table 1. These correlations suggest
that there is a common familial environmental effect for total energy intake ad-
justed for age, sex, and body weight or percentage of energy derived from the three
major macronutrients. A strong spousal correlation is also indicated, which sug-
gests assortative mating and possibly common familial environmental effects. The
correlation patterns for relatives by descent indicate that the higher correlations

TABLE 1 Correlations for various pairs of relatives by descent or adoption for energy and

macronutrient intake

Variable

Siblings by
adoption
(115)a

Foster parent–
adopted child
(314)

Spouses
(339)

Parent–
offspring
(1212)

Siblings
(361)

DZ
twins
(59)

MZ
twins
(59)

Energy intake

(kcal/kg day)

0.21 0.29b 0.31b 0.26b 0.30b 0.58b 0.69b

Carbohydrate

(% energy)

0.21c 0.08 0.50b 0.29b 0.37b 0.49b 0.70b

Fat (%

energy)

0.04 0.18b 0.45b 0.31b 0.36b 0.59b 0.61b

Protein

(% energy)

0.22c 0.22b 0.28b 0.27b 0.38b 0.55b 0.71b

aNumber of pairs in parentheses.

bp < 0.01.

cp < 0.05.

DZ, dizygotic; MZ, monozygotic. From Reference (58).
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in DZ twins as compared with regular siblings are the result of both genetic and
common environmental effects. Finally, the correlations are highest in MZ twins,
confirming that the genetic component for all four phenotypes is quite substantial.

This should not be a surprising observation, as a number of experimental and
molecular genetic studies in animal models and in humans have revealed that
several peripheral and central pathways, hormones, and receptors are involved
in the regulation of caloric and macronutrient intake. In addition, human genetic
studies have shown that genes encoding molecules participating in these pathways
harbor considerable sequence variation, some of which have a dramatic impact on
food intake.

Eating Behavior Traits

One of the most commonly used instruments to assess behavioral traits underlying
eating behavior is the Three-Factor Eating Questionnaire (TFEQ) developed by
Stunkard and Messick (72). The traits are labeled restraint, disinhibition, and
hunger. In brief, restraint is defined as a cognitive avoidance of eating, disinhibition
as a loss of restraint resulting in overeating, and hunger refers to the perceived need
for food. Deficiencies in the original instrument have been identified, and revised
questionnaire and factor structures have been proposed (73). Genetic studies of
these traits are still rare but the results available thus far are of interest.

FAMILY STUDIES Using the TFEQ, 624 adults from 28 families participating in
the Amish Family Diabetes Study were used to provide estimates of the heritabil-
ity levels of the three eating behavior traits (70). The heritability coefficient for
restraint reached 28%; for disinhibition, 40%; and for hunger, 23% (p < 0.001 for
all). In the Quebec Family Study, the same eating behavior traits were evaluated
with the same instrument (59). The heritability level was comparable for hunger,
i.e., 28%, but the estimates were lower for disinhibition (18%) and restraint (6%).
Overall, these studies suggest that there is a significant genetic component for
hunger and disinhibition, but the data are equivocal for restraint.

TWIN STUDIES In a study based on 129 MZ and 81 DZ pairs from the Virginia
Twin Registry, heritability levels of 45% for disinhibition and 8% for hunger were
observed (57). On the other hand, restraint was not characterized by a significant
genetic variance but rather by a substantial common environmental effect. In con-
trast, the restraint scale was characterized by a large genetic component (58%)
in another twin study based on 39 MZ, 60 same-sex DZ, and 50 opposite-sex
DZ pairs (23). In the latter, the heritability coefficients reached 24% for hunger
whereas 40% of the variance in disinhibition was accounted for by shared familial
environment. In a large study of 326 DZ and 456 MZ male twin pairs from the
Swedish Young Male Twin Registry, which used a modification of the original
questionnaire, the best model yielded heritability estimates of 59% for cognitive
restraint, 60% for emotional eating, and 45% for uncontrolled eating (73).
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SUMMARY FOR EATING BEHAVIOR TRAITS The studies summarized above have
provided rather heterogeneous results. One firm conclusion can be drawn, and
it has to do with the fact that no matter how the traits are defined and assessed, they
are characterized by significant familial aggregation. Both family and twin studies
suggest that there may be significant genetic components to these traits, but that
the true magnitude of the genetic variance remains to be properly quantified.

Eating Disorders

A brief review of the genetic epidemiology of anorexia nervosa, bulimia nervosa,
and binge-eating disorders is undertaken in this section. This is motivated by the
fact that there are now a growing number of candidate gene studies and a few
genome-wide scans that have been reported for these eating disorder phenotypes
(44). Thus, it is important to assess the strength of the evidence for genetic con-
tributions to these disorders since the cost of finding the genes and mutations is
likely to be high.

ANOREXIA NERVOSA Anorexia nervosa is a severe, disabling condition. It is char-
acterized by restricted eating, the pursuit of thinness, and the obsessive fear of
being fat. The population prevalence of anorexia nervosa is about 1/1000 (45).
Almost 90% of affected cases are adolescent girls.

Family Studies In a review of ten controlled family studies in which the frequency
of affected relatives of affected probands was compared with the frequency of
affected relatives of nonaffected probands, it was concluded that the frequency of
anorexia nervosa in the relatives of a proband with the same disease was 2.69%
compared with 0.18% in the relatives of healthy controls (39). This translates into
a relative risk of 15.8, with 95% confidence intervals ranging from 5.66 to 44.02.
Familial aggregation for the disease is quite high, and heritability estimates based
on nuclear families reach about 70% (3, 39).

Twin Studies The vast majority of twin studies have observed a higher concor-
dance rate for anorexia nervosa among pairs of MZ twins in comparison with DZ
twins (10, 39, 44), although one large study did not (78). Heritability estimates
based on twin data range from a low of about 35% to a high of about 85% (10, 39,
44). Although the evidence for an additive genetic effect is strong, there is little
support for a role of shared environment.

BULIMIA NERVOSA Bulimia nervosa will affect 1% to 3% of women during their
lifetime. The disorder is much less prevalent in males. Bulimia nervosa is quite
rare before puberty (67).

Family Studies There is evidence for a significant familial aggregation for bulimia
nervosa. In a study of 177 first-degree relatives of 47 probands with bulimia nervosa
and of 190 relatives of 44 healthy control probands, 43% of sisters and 26%
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of mothers with bulimia nervosa had a lifetime diagnosis of eating disorders.
Rates among sisters and mothers of controls were only 5% (69). Some studies
have suggested that anorexia nervosa and bulimia nervosa coaggregate in families,
perhaps as a result of shared alleles or environment (71).

Twin Studies Twin studies of bulimia nervosa consistently support the hypothe-
sis that there is a significant genetic component to the disorder. Pairs of MZ twins
are more concordant than are pairs of DZ twins for the manifestation of bulimia
nervosa. Heritability estimates range from a low of about 30% to a high of approx-
imately 80% (8, 29, 67, 71, 77). In general, model-fitting procedures suggest that
there is a strong additive genetic component (67).

BINGE EATING Binge eating is defined as eating an unusually large amount of food
followed by inappropriate compensatory behaviors such as vomiting. Whether
binge eating is a diagnostic entity distinct from other eating disorders remains a
controversial issue. However, despite the concerns about the validity of the clinical
phenotype, useful genetic information has accumulated on binge eating as defined
above.

In a family-based study, a higher prevalence of binge eating was observed among
subjects who reported having at least one first-degree relative with binge-eating
disorders (60%) compared with binge eaters who did not have any affected first-
degree relatives (5%) (35). However, most of the evidence comes from twin studies.
In one study based on 1897 female twins, the reliability of binge-eating phenotypes
assessed twice five years apart was judged to be low (8). The prevalence of lifetime
history of binge eating was 23% at baseline and 19% at the second examination.
Only 10% reported a positive history of binge eating at both examinations. The
sample included 854 twin pairs and allowed for a model fitting on the full structural
equation model and a number of restricted models. The predisposition to binge
eating was best accounted for by additive genetic effects (about 50%) and specific
environmental effects.

In a large study based on the Norwegian Twin Panel, binge-eating features
over the preceding six months were assessed in 526 male MZ, 777 female MZ,
397 male DZ, 655 female DZ, and 979 opposite-sex DZ twin pairs (61). The
heritability of binge eating reached 41%, with 95% confidence intervals ranging
from 31% to 50%. Individual environmental effects accounted for the rest of the
variance. Similar results were reported in a reanalysis of a large sample of the
Virginia Twin Registry, with the heritability level attaining 49%, with confidence
intervals from 38% to 61% (9). Several other studies have been published on this
topic, and findings are generally consistent with the results summarized above.

SUMMARY FOR EATING DISORDERS While the debate continues on the true unique-
ness of each of the three clinical disorders reviewed above, genetic epidemiology
studies have accumulated in the past decade. It is evident that biological relatives
of affected probands are at a much higher risk for these eating disorders than are
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relatives of healthy controls. Twin studies have strongly suggested that additive
genetic effects account for about half of the variance in any of these clinical phe-
notypes. Surprisingly, there is almost no support for the hypothesis that shared
environmental factors play a role. Whether anorexia nervosa, bulimia, and binge
eating are distinct clinical entities, and whether they are distinct from other com-
pulsive behaviors, remains to be fully understood. Nonetheless, the evidence for a
genetic contribution to these eating disorders as commonly defined is quite con-
sistent. Thus, these data support the notion that it should be possible to identify
the genes and mutations contributing to the observed familial risk for these eating
disorders.

MOLECULAR GENETIC STUDIES

Genome-Wide Linkage Scans and Food Intake

The majority of the nutritionally related genomic scans have dealt so far with
“physiological” traits, such as nutrient absorption defects. However, genome scans
on eating behavior–related phenotypes have been published recently. Steinle and
coworkers reported a genome-wide linkage scan for three eating behavior traits in a
cohort of 624 Old Order Amish subjects from 28 families (70). Five chromosomal
regions with suggestive linkage were identified: 3p26 and 6p22 for restraint, 7p21
and 16q22 for disinhibition, and 3q13.3 for hunger (70).

Promising linkage signals for disinhibition and susceptibility to hunger were
detected on chromosome 15q24-q25 in the Quebec Family Study (6). The peak
linkage coincided with a region containing a gene encoding neuromedin B (NMB).
A C/A transversion in exon 2, which changes codon 73 from proline to threo-
nine, showed suggestive associations with both eating-behavior phenotypes: The
homozygotes for the threonine allele showed higher levels of disinhibition and
susceptibility to hunger than did the proline allele carriers (6).

In the Health, Risk Factors, Exercise Training, and Genetics (HERITAGE)
Family Study, an autosomal chromosome linkage scan was performed for energy
and energy nutrient intakes in sedentary white and black families (12). Dietary
intake traits were derived from a food-frequency questionnaire and were adjusted
for age, sex, and body size. The strongest evidence for linkage was found in region
20q13.1 for total energy and carbohydrate, fat, and protein intakes. However, as
depicted in Figure 3, after adjusting for total energy intake, the linkage evidence

→
Figure 3 Results of linkage analyses for total macronutrient intakes on chromosome

20 in the white families from the Health, Risk Factors, Exercise Training, and Genetics

(HERITAGE) Family Study. Total energy (panel A), fat (panel B), and carbohydrate

(panel C). In panels B and C, the solid lines represent daily nutrient intakes in grams,

and the dotted lines represent nutrient intakes expressed as percentage of total energy

intake. LDB, location database.
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for macronutrient intakes disappeared, suggesting that the QTL influences total
food or energy intake rather than specific macronutrients (12). The linkage region
on chromosome 20 coincides with that previously reported in multiple studies for
obesity and diabetes-related phenotypes (50, 51, 54).

In the San Antonio Family Heart Study (SAFHS), a genome-wide linkage scan
for dietary intake phenotypes derived from food-frequency questionnaires was per-
formed on 816 participants (11). A QTL for saturated fat intake was detected on
chromosome 2p22 [logarithm of odds (LOD) = 2.62]. In addition, total energy,
fat, protein, and monounsaturated fat intakes showed suggestive evidence of link-
age with the same marker (LODs from 2.0 to 2.22). The QTL on 2p22 coincided
with the linkage region previously observed for plasma leptin levels and fat mass
in the SAFHS families. Adjustment for plasma leptin levels reduced considerably
the linkage for saturated fat intake (LOD = 1.27), which suggests that the chro-
mosome 2p22 region contributes to both saturated fat intake and body adiposity.
A strong positional and functional candidate gene on the region is the proopiome-
lanocortin (POMC) gene. However, two single nucleotide polymorphisms (SNPs)
in exon 3 of the POMC gene were not associated with saturated fat intake in the
SAFHS subjects (11).

Lactose intolerance is a common autosomal recessive trait due to reduced ac-
tivity of the lactase-phlorizin hydrolase enzyme [encoded by the lactase (LCT)
gene] in the intestinal cells. The condition has a major effect on food intake be-
cause it limits the quality and quantity of dairy products the patients can consume.
Although the decline in the enzyme activity has been well documented, mutation
screenings of the coding and promoter regions of the LCT gene have failed to
identify causal DNA sequence variations. However, in 2002, a Finnish group re-
ported two mutations that were strongly associated with a lactose intolerance
phenotype (26). First, a linkage with the LCT locus on chromosome 2q21 was
confirmed with seven microsatellite markers, and the lactose intolerance locus
was defined within a 3.4 Mb region. Fine mapping with additional polymorphic
markers revealed a 200 kb region containing six markers, which showed significant
linkage disequilibrium with the lactose intolerance trait. Haplotype analysis further
restricted the critical region to a 47 kb interval. Mutation screening of the criti-
cal region revealed 43 SNPs and 9 insertion/deletion variants. Two of the SNPs
showed complete cosegregation with the lactose intolerance trait: C/T and G/A
transitions located approximately 14 kb (C/T−13,910) and 22 kb (G/A−22,018) up-
stream of the LCT locus, respectively (26). The C/T−13,910 variant was completely
associated with a biochemically verified lactase deficiency, and it was predicted
to affect a binding site of transcription factor AP-2 (26). However, the functional
properties of these two mutations remain to be confirmed in more direct in vitro
experiments.

SUMMARY OF GENOMIC LINKAGE SCANS FOR FOOD-INTAKE PHENOTYPES Four
genome-wide linkage scans pertaining to food intake and eating behavior pheno-
types have been published to date. These studies have reported eight chromosomal
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regions showing some evidence of linkage with relevant dietary traits. None of
these regions have been fine mapped as of yet. Two positional candidate genes
have been explored in more detail: One of them showed some associations with
the target phenotype (NMB on chromosome 15q24-q25), whereas the other one
(POMC on 2p22) provided no such evidence.

Genome-Wide Linkage Scans and Eating Disorders

Genome-wide linkage scans have also been used to identify QTLs for eating dis-
orders. A genomic linkage scan was performed with 196 multiplex families ascer-
tained through a proband with anorexia nervosa (25). A multipoint affected sib-pair
linkage analysis performed in a subgroup characterized by extreme concordance
for drive-for-thinness and/or obsessionality traits revealed three chromosomal re-
gions with suggestive evidence of linkage: 1q31.3, 2p11.2, and 13q13 (25). In a
subset of 37 families with at least two affected relatives with anorexia nervosa,
a LOD score of 3.45 was reported on chromosome 1p36-p34 (40). A follow-up
study of this region suggested that DNA sequence variation in the serotonin 1D
(HTR1D) and delta opioid receptor (OPRD1) loci are associated with anorexia
nervosa (4). In a cohort of 308 families identified through a proband with bulimia
nervosa, a genomic scan using 360 microsatellite markers was executed (7). The
strongest evidence of linkage (LOD = 2.92) in the entire sample was observed on
chromosome 10p13-p14. The linkage analysis was repeated in a subgroup of fam-
ilies with at least two affected relatives reporting a symptom pattern that included
self-induced vomiting. In this subset of families, the linkage evidence further
increased on chromosome 10p13-p14, with a maximum LOD score reaching
3.39 (7).

SUMMARY OF GENOME-WIDE LINKAGE SCANS FOR EATING DISORDERS Five chro-
mosomal regions have been reported to be linked with eating-disorder phenotypes.
Two candidate genes (HTR1D and OPRD1) on chromosome 1p34-p36 have been
investigated in some detail, and DNA sequence variations in both genes have been
associated with anorexia nervosa.

Single-Gene Obesity Disorders Featuring Hyperphagia

The results from twin and family studies strongly suggest that genetic factors affect
food and nutrient intake behavior in humans. The next logical questions are (a)
which genes are involved, and (b) what are the changes in DNA sequence that
contribute to the genetic effects? Some of the single-gene disorders associated
with severe obesity are also characterized by drastic changes in eating behavior.
Obese patients with mutations in leptin (LEP), melanocortin 4 receptor (MC4R),
and neurotrophic tyrosine kinase receptor type 2 (NTRK2) genes have been also
diagnosed with severe hyperphagia.

In 1997, two severely obese children with leptin deficiency caused by frameshift
mutations in the LEP gene were reported (56). These patients, together with a third,
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unrelated obese child with the same LEP mutation, were later on treated with leptin
(32, 34). Despite severe obesity, basal metabolic rate and total energy expenditure
were normal before the treatment. However, food intake of the children was con-
siderably increased; they ate the food quickly and reported feeling hungry shortly
after each meal. Leptin therapy induced a drastic reduction in energy intake in all
children (34). A four-year leptin therapy of a fourth obese and hyperphagic child
homozygous for the same frameshift mutation confirmed these findings (38). In
addition, three adults who were leptin-deficient due to a nonconservative missense
mutation (Cys-to-Thr) in codon 105 of the leptin gene showed similar beneficial
responses to 18 months of leptin replacement therapy (52).

More than 500 probands with severe early-onset obesity were screened for
mutations in the MC4R gene (33). Twenty-nine of the probands had mutations,
23 being heterozygotes and 6 homozygotes. In addition to severe obesity, the
mutation carriers had increased lean mass and linear growth and were hyperphagic.
The severity of the symptoms correlated with the functional consequences of the
mutations. Patients carrying mutations that resulted in inactive receptors exhibited
more severe phenotypes than did patients with mutations causing only partial
inactivation of the receptors (33).

The case of an eight-year-old male with severe early-onset obesity, hyperpha-
gia, developmental delay, and other defects in higher neurological functions was
described (80). Karyotypic abnormalities, as well as mutations in leptin, leptin
receptor, POMC, and MC4R genes, and PC1 deficiency were excluded. Sequenc-
ing of the exons encoding the ligand-binding and catalytic domains of the NTRK2
gene revealed a heterozygous A-to-G de novo mutation in codon 722. The muta-
tion resulted in a substitution of a highly conserved tyrosine residue by cysteine in
the activation loop of the catalytic domain. Functional in vitro studies confirmed
that the mutant NTRK2 had markedly impaired ligand-induced phosphorylation
(80).

SUMMARY OF THE SINGLE-GENE DISORDERS Mutations in three genes causing
obesity have been also associated with hyperphagia. Leptin therapy has been shown
to correct excessive food intake in patients with genetic hypoleptinemia.

Candidate Gene Association Studies for Food
Intake Phenotypes

Genetic association studies for dietary intake phenotypes have focused on can-
didate genes related to neuropeptides, neurotransmitters, and their receptors and
transporters. The association between energy and energy-nutrient intakes and DNA
sequence variation in the 5-hydroxytryptamine (serotonin) receptor 2A (HRT2A)
gene was investigated in two groups of overweight and obese subjects from France
(1). The A/A homozygotes of the -1438 G/A variant located in the promoter
of the gene had about 10% (1 MJ/day) lower energy intake than the homozy-
gotes for the common G allele (1). The same HTR2A variant was associated with
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energy and fat intakes in children and adolescents from the Stanislas Family
Study cohort. The A/A homozygotes reported about 8% (0.75 MJ/day) and 12.5%
(11.4 g/day) lower energy and fat intakes, respectively, than did the G/G homozy-
gotes (43).

The associations between food intake phenotypes and dopamine transporter
(SLC6A3) and dopamine D2 receptor (DRD2) genotypes were investigated in a
cohort of 88 Caucasian smokers (27). Neither SLC6A3 nor DRD2 markers showed
significant main effects for energy and energy-nutrient intakes. However, signif-
icant genotype-by-food reinforcement interaction effects on energy intake were
detected. Both gene markers were associated with total energy intake in a sub-
group of subjects with high food reinforcement, but not among those with low
reinforcement (27).

Agouti-related protein (AGRP) is a potent appetite modulator, and increased
levels of AGRP have been reported to induce hyperphagia in mice. The associ-
ations between energy and energy-nutrient intakes and ethnic-specific DNA se-
quence variants of the AGRP locus were investigated in the HERITAGE Family
Study (53). A G-to-A transition in the third exon of the AGRP gene induces a
nonconservative alanine-to-threonine substitution in residue 67. This variant is
found predominantly in Caucasians and is rare in African Americans. In whites,
the Ala67Thr heterozygotes reported lower fat and higher carbohydrate intakes
than did the Ala67Ala homozygotes, whereas total energy intake did not differ
between the genotypes. In blacks, a C > T polymorphism located 38 nucleotides
upstream of the AGRP start codon (−38C > T) was associated with protein intake
but not with total energy or other energy nutrient intakes (53).

In the San Luis Valley Diabetes Study cohort, associations between UCP2 and
UCP3 polymorphisms and dietary intake phenotypes were considered (13). A C/T
variant in codon 210 of exon 5 and a C/T transition in the promoter region (−55
from the start codon) of the UCP3 gene were associated with total energy and fat
intakes. In a multivariant analysis, the two UCP3 markers together with age and
ethnicity explained about 12% and 10.7% of the variance in energy and fat intakes,
respectively (13).

Promising linkages for eating disinhibition and susceptibility to hunger on chro-
mosome 15q24-q25 were identified in the Quebec Family Study (6). The peak link-
age was detected with markers flanking the gene encoding neuromedin B (NMB).
Association analyses with a P73T mutation located in exon 2 of the NMB gene
revealed statistically significant associations with disinhibition and susceptibility
to hunger: The homozygotes for the less-frequent T allele showed higher values for
both traits than did the heterozygotes and the P/P homozygotes. Energy nutrient
intakes did not differ between the genotypes (6).

The genetic basis of eating disorders has also been investigated. Bergen and
coworkers (4) followed up on their linkage findings for anorexia nervosa on chro-
mosome 1p33-36 by investigating two positional and functional candidate genes,
HTR1D and OPRD1. Resequencing both genes revealed several new sequence
variants. Linkage analysis with the new markers increased the evidence of linkage
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for restrictive anorexia nervosa in the region. Association studies in a case-control
cohort and in families with anorexia nervosa probands provided support for the
contribution of both HTR1D and OPRD1 genes in the etiology of anorexia nervosa
(4).

Candidate gene studies on eating disorders have mainly concentrated on genes
involved in serotonergic and dopaminergic systems. However, as is often the case
with complex multifactorial traits, the results have been inconclusive, with some
studies reporting significant associations whereas others found no such evidence.
For example, initial case-control studies reported strong associations between a
promoter polymorphism (−1438A/G) in the HTR2A gene and anorexia nervosa,
but subsequent studies have provided mixed results. A meta-analysis of nine stud-
ies supported the association of the −1438A allele with increased risk of anorexia
nervosa, although the role of HTR2A was suggested to be modifying rather than
directly causal (39, 49). Also, the serotonin 2C receptor (HTR2C) gene has been
reported to be associated with susceptibility to anorexia nervosa (46). A noncon-
servative Cys23Ser mutation was more frequent in anorectic cases than in healthy
controls. Furthermore, the Ser23 allele was associated with a lower minimum body
mass index in anorexia nervosa cases, and it was transmitted more frequently from
parents to affected cases than was the Cys23 allele (46).

Brain derived neurotrophic factor (BDNF) and its receptor neurotrophic tyro-
sine kinase receptor type 2 (NTRK2) have emerged recently as new candidate genes
for eating disorders. A strong association between restricting anorexia nervosa,
minimum BMI, and a Val66Met polymorphism in the BDNF gene was originally
reported in a Spanish case-control study (62). Association of the Met66 allele with
anorexia nervosa was subsequently replicated in a large case-control sample from
five European countries (64) as well as in a large cohort of European families with
anorexia nervosa proband (65). Furthermore, the same allele was found to be more
frequent in bulimia nervosa patients than in healthy controls (64). Finally, DNA
sequence variation in the NTRK2 gene was reported to be associated with both
binge-eating/purging anorexia nervosa and bulimia nervosa (63). Interestingly, a
de novo mutation in the NTRK2 gene was reported in a morbidly obese child who
was also featured hyperphagic (80).

SUMMARY OF CANDIDATE GENE STUDIES FOR FOOD INTAKE PHENOTYPES The
first wave of molecular genetic studies on food intake phenotypes have targeted
candidate genes related to neurotransmitters, neuropeptides and their transporters,
and receptors involved in the regulation of food intake. Some positive associa-
tions have been reported, but the findings are still inconclusive. Two studies have
reported associations between HTR2A polymorphisms and energy intake in pop-
ulations with no eating disorders, and there is some evidence that the gene may
increase the predisposition to anorexia nervosa. Recent findings support the role
of BDNF and its receptor NTRK2 in the etiology of anorexia nervosa and bulimia
nervosa, but additional studies are needed to confirm these reports.
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SUMMARY AND PERSPECTIVES

The observations from twin and family studies clearly support the notion that
genetic factors contribute to human variation in food intake and eating behavior
phenotypes in humans. However, characterizing the molecular basis of the genetic
components is a major challenge. Although genome-wide linkage scans and as-
sociation studies with candidate gene markers have been published recently, the
research on this area is still in its infancy. For example, none of the studies address-
ing the molecular genetics of food intake have been designed a priori to investigate
these questions. Research programs with state-of-the-art phenotyping methods to
minimize random variation in the primary traits as well as genetically informative
study designs with sufficient sample sizes to provide optimal statistical power are
needed to explore the molecular genetic basis of eating behavior in humans.

Although the genetic research of complex, multifactorial traits such as food
intake is challenging, the observations from single-gene disorders are encouraging
in the sense that they provide examples of how minor changes in the DNA sequence
at key genes may have a major impact on food intake. For example, hyperphagia
associated with genetic hypoleptinemia has been consistently reported in children
and in adults. Furthermore, normalization of food intake with leptin therapy in
these patients provides a good example of the clinical benefits of understanding
the molecular basis of such disorders.

Another potential source of human variation in dietary intake, eating behavior
traits, and eating disorders not captured by DNA sequence variation studies relates
to epigenetic events. Epigenetic mechanisms can profoundly alter gene expression
and in the process could potentially influence a variety of eating behaviors. There is
already compelling evidence to the effect that nutritional factors can entrain DNA
methylation and modifications in histone proteins. Such events are known to lead
to the silencing of a gene, particularly when they occur in the promoter region of
that gene. Cytosine residues (in CpG islands) methylation and histone (H3 and H4)
methylation or acetylation occurring during early fetal life provide a mechanism
for the programming of the developing organism beyond the blueprint specified in
the genomic and mitochondrial DNA. However, it is important to recognize that
these events are also taking place throughout life and may thus account for some
of the phenotypic variation observed among adults in physiology and behavior. In
this regard, the recent observation that the pattern of DNA methylation in MZ twins
diverges more as they become older is of great interest (36). It reinforces the view of
those who believe that considerable phenotypic differences can arise among people
having the same genotype. Such phenotypic variations in physiology and behavior
have been observed before among animals from inbred strains of rodents, but no
satisfactory explanations have been provided thus far for them. Future progress
in our understanding of the role of genetic factors in eating-behavior phenotypes
requires that attention be paid not only to the role of DNA sequence variation but
also to the potential influence of epigenetic events.
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Figure 1   Correlation of eating patterns in monozygotic and dizygotic twins. 

Eating patterns were derived from a factor analysis of 99 food items obtained from

a questionnaire. Eating pattern 1 consisted of foods high in fat, salt, and sugar. Eating

pattern 2 included more vegetables, fruit, rice, yogurt, skim milk, and dark bread.

Number of pairs is in parentheses. MZM, monozygotic male; DZM, dizygotic male;

MZF, monozygotic female; DZF, dizygotic female; DZ-OS, dizygotic opposite-sex.

From Reference 75.
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Eating Pattern 1

Food use

H2
C2
E2

H2
C2
E2

H2
C2
E2

H2 = heritable influence; C2 = common environmental 
influences; E2 = specific environmental influences

H2
C2
E2

Serving
Size

Consumption 
frequency

Women Men

Eating Pattern 2

Figure 2   Overview of genetic and environmental influences on eating patterns as

quantified from model-fitting procedures. Eating patterns were derived from a fac-

tor analysis of 99 food items obtained from a questionnaire. Eating pattern 1 con-

sisted of foods high in fat, salt, and sugar. Eating pattern 2 included more vegetables,

fruit, rice, yogurt, skim milk, and dark bread. (From Reference 75.)
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