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REVIEW / SYNTHESE

Genotype-specific weight loss treatment advice:

how close are we?

Kristi B. Adamo and Frédérique Tesson

Abstract: Obesity, whose prevalence is continually rising, is one of the world's greatest health care burdens. This multi-
factorial condition is associated with many obesity-related conditions, such as type 2 diabetes, dyslipidemia, and cardiovas-
cular disease. Weight loss is a significant challenge facing those wishing to reduce their disease risk. Of course, like
obesity itself, weight loss is a complex phenomenon dependent on many environmental and genetic influences, and thus
individual responses to weight loss interventions are incredibly variable. Currently, there are 3 major interventions used to
reduce weight: diet, exercise, and pharmacotherapy. The findings from studies examining gene-diet (nutrigenetic), gene—
exercise (actigenetic), and gene—pharmaceutical (pharmacogenetic) interactions, although not clinically applicable at this
time, are gaining awareness. This review article summarizes the current evidence to support the contribution of DNA se-
guence variation in genes related to energy balance (expenditure and intake) in the response to weight loss intervention.
There is no doubt that replication using more rigorous study designs that include the study of interactions between multiple
genes and interventions is required to move towards the development of genotype-specific weight loss treatment strategies.
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Résume : L’accroissement de la prévalence de I’ obésité représente un des problemes de santé majeurs a travers le monde.
On associe cet état qui depend de nombreux facteurs a des problemes de santé dont le diabéte de type 2, la dydlipidemie
et la maladie cardiovasculaire. Perdre du poids constitue tout un défi pour ces personnes qui désirent réduire le risque de
probléme de santé. Tout comme |’ obesité, la perte de poids dépend de nombreux facteurs environnementaux et héréditaires
conditionnés par |es traits personnels ; les réponses individuelles a la problématique de la perte de poids sont immensé-
ment variables. A I’heure actuelle, il y atrois principaux types d intervention en matiére de perte de poids : la diéte,
I’exercice physique et la pharmacothérapie. Les observations rapportées dans les études nutrigénétiques (diéte-géne), acti-
génétiques (activité physique-gene) et pharmacogénétiques (médicament-gene) présentent beaucoup d’intérét quoiqu’ elles
ne soient pas applicables pour le moment. Cet article-synthese présente le bilan des études scientifiques portant sur la va
riation de la sequence des genes dans I’ ADN en relation avec I’ équilibre énergétique (dépense et apport) observée au cours
des programmes de perte de poids. Il est impératif de faire d' autres études comportant de meilleurs schemes expérimen-
taux qui analyseront les interactions entre les multiples genes et les programmes de perte de poids afin d’en arriver a déve-
lopper des programmes de perte de poids présentant des stratégies qui soient ajustées aux genotypes.

Mots-clés : obésité, interaction généticoenvironnementale, perte de poids, activité physique, diete, pharmacogénétiques,

nutrigénétiques.
[Traduit par la Rédaction]

Introduction

According to the Centers for Disease Control and Preven-
tion, obesity is estimated to cost US consumers over $100
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billion dollars per year in health care costs and money spent
on weight loss products and services. In Canada the burden
is about $4.3 hillion (Katzmarzyk and Janssen 2004). This
figure only includes direct costs and is much higher when
workplace absenteeism and money spent on weight loss are
included. There is no doubt that both genetic and environ-
mental factors are jointly responsible for the obesity epi-
demic that has generated a North American health care
crisis. Given this fact, it is hypothesized that we do not in-
herit a disease state per se hut, rather, we inherit a set of
susceptibility genes that interact with environmental factors
and therefore result in an increased risk of certain conditions
(Cooper 2003; Loos and Bouchard 2003). The term for differ-
ing response to environmental exposure is gene—environment
interaction (GEI). A GEIl implies a change in the direction
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or magnitude of the effect of a genetic variant when the
environment changes. This has also been described as con-
text dependency or the conditional nature of the interrela
tion between genes and environments (Kardia 2000).

As with susceptibility to disease, response to weight loss
intervention is multifactorial. Twin studies have demon-
strated that there is considerably more variability in change
in body composition between pairs of monozygous (i.e.,
identical) twins exposed to conditions of diet restriction,
overfeeding, or exercise-induced negative energy balance
than within identical twin pairs (Bouchard et al. 1990; Bou-
chard et al. 1994; Hainer et al. 2000). These studies strongly
suggest that predisposition to lose or gain body fat in re-
sponse to standardized energy balance paradigms is influ-
enced by genetics. The most recent publication of the
human obesity gene map has shown more than 258 putative
guantitative trait loci (QTLs) on al 21 autosomal chromo-
somes as well as the X chromosome. Overall, >600 genes,
markers, and chromosomal regions have been associated
with or linked to human obesity phenotypes (Rankinen et
al. 2006).

The current management of obesity is primarily to reduce
energy intake and increase energy expenditure, athough
many people are resistant to weight loss or rapidly regain
lost weight after cessation of treatment. Identifying individu-
als responsive to lifestyle modification to control body mass
would be extremely advantageous.

Although GEls are commonly reported to result in in-
creased or decreased susceptibility to obesity or its comor-
bidities, work in both anima models and humans indicates
that individual genotypic variations alter not only suscepti-
bility to disease but nutrient metabolism and response to ex-
ercise as well. The effectiveness of weight loss interventions
is widely variable. Studies using identical twin pairs have
shown that there was 12.8 times more variability in weight
loss response to diet between than within twin pairs (Hainer
et al. 2000). Similarly, in an exercise-based study of nega-
tive energy balance in twin pairs there were large individual
differences in response, but subjects with the same genotype
were more dike in their response than subjects with differ-
ent genotypes, particularly for body fat and abdomina vis-
ceral fat changes (Bouchard et a. 1994). Furthermore,
identical dietary conditions have shown significant between-
individual differences, with weight loss ranging from 4.8 kg
to 13.5 kg (Hellstrom et a. 1997) and large interindividual
variability in the reduction in basal metabolic rate during
food restriction, with coefficients of variation ranging from
25% to 65% (Dulloo and Jacquet 1998). Our genetic unique-
ness accounts for the considerable heterogeneity in weight
loss response, and thus the focus of this review will be the
effect of obesity treatment *“conditional on”, or in the con-
text of, genetic make-up. This includes the study of pharma-
cogenetics, or the role of genotype on drug metabolism and
outcome, nutrigenetics, the field of study combining nutri-
tion and genetics, and actigenetics, the study of gene-exercise
interactions or the notion that individuals respond differ-
ently when exposed to the same exercise environment.

A full genome scan is the only unbiased strategy for iden-
tifying genes related to weight loss in response to treatment
intervention. The cost and complexity of performing such
studies has resulted in only 1 relevant genome scan, the
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HERITAGE Family Cohort Study (Chagnon et al. 2001).
This study, which included 364 sibling pairs from 99 Cauca-
sian families, was conducted for body-composition pheno-
types in response to exercise training. Evidence of
significant linkage was observed for changes in fat-free
mass with the calcium-binding protein A1 (S100A) and the
insulin-like growth factor | genes. Suggestive evidence was
also found for the linkage of changes in fat mass and per-
centage fat with chromosomal regions 1931 and 1892123,
in percentage fat with the uncoupling protein 2 and 3 genes,
and in body mass index (BMI) with 5q14—q21.

Thus, the majority of data described in this review were
generated from small-scale candidate gene association stud-
ies, and we recognize that common criticisms related to lack
of replication and statistical thoroughness (adjustment for
multiple comparisons) do apply.

The purpose of this article is to provide a synthesis of the
current evidence, through a literature review, on the role of
nutrigenetic, actigenetic, or pharmacogenetic effects on
weight loss, weight maintenance, or weight gain. It was not
the authors' intention, however, to conduct a systematic re-
view because of time and resource limitations. The most
plausible candidate genes accounting for the body composi-
tion changes in response to dietary or exercise interventions
are those encoding proteins that are key regulators of energy
balance pathways, such as those implicated in controlling
the efficiency of caloric expenditure or those involved in
feeding and fat deposition. Relevant studies of variants in
candidate genes related to energy balance, lipid metabolism,
and body fat regulation were identified mainly through
(i) electronic searches in MEDLINE (1966 to July 2006,
Ovid interface) and PubMed (1990 to July 2006, NCBI in-
terface) limited to human studies and the English language
and (ii) searches of the reference lists of all included articles
to ensure that all relevant material was obtained.

Nutrigenetics

Leptin (LEP) and its receptor

Leptin links fat mass (size of energy stores) to food intake
and energy expenditure through a negative feedback loop
that is under hypothalamic control (Magni 2003; Gale et al.
2004). Leptin was initialy touted as a major suppressor of
appetite because of the findings that total deficiency of lep-
tin or its receptor leads to hyperphagia and obesity in mice
and humans (Campfield et al. 1995; Montague et al. 1997)
and that exogenous administration decreases body mass,
body fat, and food intake and increases energy expenditure
in animals and some humans (Pelleymounter et al. 1995;
Halaas et al. 1995). However, as body fat determines the cir-
culating leptin concentration, obese individuals generally
have increased levels (Haffner et al. 1996; Considine et al.
1996; Adami et al. 1998), prompting the hypothesis that |ep-
tin resistance, rather than deficiency, may play an important
role in the development of obesity in humans. Only 1 group
has explored the relation between the leptin gene and re-
sponse to a weight loss intervention. These authors found a
C-2549A LEP promoter single nucleotide polymorphism
(SNP) to be associated with differing BMI response to a
low-calorie diet in obese women (Mammes et al. 1998).
The A dlele of the promoter SNP was associated with a
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lower BMI reduction than that seen in C/C homozygotes.
This polymorphism does not modify or create a docu-
mented regulatory site, hence it may be located in a yet
unknown regulatory site, or it may be in linkage disequili-
brium (see Appendix) with a mutation, creating a regula
tory site in part of the gene not explored yet.

Leptin acts through the leptin receptor (LEPR), which is
expressed in the nervous system and peripheral tissues such
as adipose tissue, skeletal muscles, pancreatic p-cells, and
liver. Genetic mutations in the LEPR have been found to
cause early-onset morbid obesity with related phenotypes in
animals (Chua et al. 1996a; Chua et al. 1996b) and humans
(Clement et a. 1996). Linkage and association studies have
shown this gene to be a plausible candidate for the obesity
phenotype (Chagnon et a. 1999; Chagnon et a. 2000).
With regard to the effects of polymorphisms in the LEPR in
relation to weight loss response, Mammes et a. (2001) iden-
tified that overweight women carrying the C alele of the
Ser3483Ser (T/C) polymorphism in exon 9 lost more weight
in response to a low-calorie diet than noncarriers and that
this persisted after adjustment for baseline BMI. These re-
sults indicate that variations at the LEPR locus, associated
with common obesity phenotypes, may be a part of the poly-
genic influences on the response to nutritional environment.

Serotonin receptor

The serotonin (5-hydroxytryptamine (HT)) system plays a
role in the control of food intake and body mass gain
(Wurtman and Wurtman 1984; Sargent et a. 1997; Halford
et a. 1998). Indeed, previously marketed appetite suppres-
sants such as d-fenfluramine have targeted receptors in this
system to inhibit the reuptake of 5-HT into nerve terminals
(Garattini et al. 1986). Of the 14 serotonin receptor subtypes
described (Boess and Martin 1994; Martin and Humphrey
1994), the 5-HT,c receptor in particular has been implicated,
since knockout of this receptor in mice can result in obesity
and increased feeding (Tecott et al. 1995). Thus the relation
between SNPs in the 5-HT,¢ receptor and weight loss has
been explored. A Cys?3Ser substitution in the 5-HT,c recep-
tor subtype was found to be present at higher frequency in
teenage girls reporting rapid weight loss as a result of re-
duced food intake (Westberg et al. 2002). While it has been
suggested that the Ser?3 allele is associated with higher re-
ceptor expression (Sodhi et al. 1999) and altered eating be-
haviour (Holmes et a. 1998; Quested et a. 1999), the
functional role of this SNP has not been established.

Uncoupling protein-1 (UCP1)

The UCPs are a family of carrier proteins located in the
inner mitochondrial membrane and thought to play a role in
the regulation of energy metabolism by uncoupling respira-
tion from phosphorylation, leading to the generation of heat
instead of ATP and thus increasing energy expenditure. In
humans, UCPL1 is considered a key moderator of the thermo-
genic function of brown adipose tissue (BAT) (Nedergaard
et al. 2001). The thermogenic activity of BAT depends on
its quantity, its UCP1 content, and the extent of stimulation
by the sympathetic nervous system (Nedergaard et al. 1999).
An A to G transition in the 5YUTR (untranslated region) of
the UCP1 gene (A-3826G) has been shown to be related to
weight change in response to alterations in energy intake.
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Although this SNP was not associated with weight gain in
the monozygous twin pairs from the Quebec overfeeding
study (Ukkola et al. 2001c), Fumeron et a. (1996) did find
the UCP1 genotype to be associated with weight loss in a
group of 163 overweight individuals exposed to alow-calorie
diet for 10 weeks. This group found that the G/G homozy-
gotes lost less weight than the heterozygotes, who in turn
lost less than A/A homozygotes. While the G dlele of this
UCP1 promoter polymorphism is strongly associated with
lower UCP1 mRNA abundance in intraperitoneal adipose
tissue of obese study subjects, it is likely only a marker
for expressional differences and not the causative mutation
(Esterbauer et a. 1998). In the context of dietary thermo-
genesis, G/G allele carriers have a significantly lower ther-
mogenic capacity in response to fat intake (Nagai et al.
2003). The association of this G/G genotype with lower
UCP1 mRNA expression and impaired UCP1-linked ther-
mogenesis suggests that this SNP may adversely affect the
regulation of body mass. Identification of the specific func-
tional UCPlgene mutation(s) will be essential to quantify
the actual contribution of gene structure to its expression
level and to evauate its possible role in dietary response.

Apolipoprotein A5 (APOADS)

This member of the apolipoprotein family, which plays a
role in triglyceride (TG) metabolism, accelerates lipoprotein
catabolism by enhancing the clearance of very low density
lipoprotein from plasma and activating lipoprotein lipase
(Fruchart-Ngjib et al. 2004). A -1131 T/C polymorphism
was found to be associated with reduction in BMI in re-
sponse to short-term dietary restriction in hyperlipaemic,
overweight men (Aberle et al. 2005). Carriers of the C a-
lele, which is believed to impair ribosomal trandation effi-
ciency (Martin et al. 2003), lost significantly more weight
than T/T homozygotes.

Perilipin (PLIN)

Perilipins are phosphorylated proteins in adipocytes that
are localized at the surface of the lipid droplet (Greenberg
et al. 1993; Blanchette-Mackie et a. 1995). These proteins
have been shown to be essentia in the regulation of TG
deposition and mobilization (Souza et a. 1998; Brasaemle
et a. 2000; Mottagui-Tabar et a. 2003), and variations at
the PLIN locus are associated with obesity (Qi et al. 2004).
A genediet interaction was found between the PLIN
11482G>A intronic polymorphism and weight loss in pa-
tients undergoing 1 year dietary treatment. The dietary inter-
vention resulted in significant decreases in body mass in GG
patients. Conversely, carriers of the minor A allele did not
show significant changes in body mass. While the molecular
mechanism for this finding remains unknown, this gene—diet
interaction was consistently observed at 3, 6, and 12 months,
even after adjustment for differences in body mass at base-
line and for other potential confounders (Corella et al.
2005). Thus, it is unlikely that this finding is a chance oc-
currence, and consequently the PLIN locus may predict out-
come of body mass regulation strategies based on low-
energy diets.

Adipsin
Although generally thought of as a storage depot for fat,
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adipose tissue aso functions in an endocrine manner, secret-
ing a large number of proteins, including adipsin (Ahima
and Flier 2000). This protein, also called complement factor
D, is a component of the alternative pathway of complement
activation important in the natural defense against infectious
agents (Muller-Eberhard 1988). Adipsin/complement factor
D is present in high amounts in adipose tissue and may
play a role in the regulation of systemic energy balance
(Choy et al. 1992). In humans, the concentrations of adipsin
tend to be elevated in the obese state or in increased adipos-
ity (Napolitano et al. 1994). Genes encoding proteins that
are regulators of energy balance are likely involved in the
modulation of the response to environmental pressures caus-
ing weight gain. Hence, the role of a restriction fragment
length polymorphism (RFLP) adipsin Hinc Il in the meta-
bolic and body composition changes in response to over-
feeding was studied in the context of the Quebec
overfeeding study (Ukkola et a. 2003). The absence of the
adipsin Hinc Il RFLP, whose functional significance and ex-
act site are yet unknown, induced greater increases in body
mass and fat mass (abdominal, total, and subcutaneous) in
response to the caloric surplus.

Glucocorticoid receptor (GRL)

The GRL is a ligand-activated transcription factor that, in
the hormone-bound state, modulates the expression of gluco-
corticoid-responsive genes by binding to a specific glucocor-
ticoid response element DNA sequence. This gene thus plays
an important role in the metabolism of adipose tissue and in
the regulation of abdominal fat distribution (Bjorntorp 1996).

An intronic C to G variation creating a Bcl | restriction
site 646 nucleotides downstream of exon 2 has been associ-
ated with an elevated BMI and a greater amount of visceral
fat (Buemann et al. 1997; Rosmond et al. 2000). A study
was recently completed that explored the possible genetic
contributors to weight loss maintenance over 1 year follow-
ing a 6-week dietary weight loss intervention (Modifast, No-
vartis Nutrition). Interestingly, using the 3-factor eating
guestionnaire, which measures cognitive dietary restraint,
disinhibition of dietary restraint, and emotional eating, as
well as hunger, Vogels et a. (2005) found that carriers of
the GRL G/G genotype had significant decreases over time
in their disinhibition of dietary restraint or emotional eating
scores and significantly fewer feelings of hunger during
weight loss. While this may have resulted in decreased food
intake, the G/G genotype was a strong independent predictor
of successful weight maintenance (i.e., 5-fold greater chance
of success).

Similarly, this GRL Bcl | RFLP polymorphism was
strongly associated with the change in body mass in re-
sponse to overfeeding in monozygous twins, accounting for
about 4% of the change (Ukkola et al. 2001a). The GRL C/
C carriers (n = 12) experienced greater increases in body
mass and abdominal visceral fat than heterozygous carriers
(n = 12). It was speculated that individuals carrying both C
alleles could be sensitized to glucocorticoids caused either
by increased peripheral sensitivity or by diminished feed-
back inhibition through glucocorticoid receptors in the cen-
tral nervous system. Taken together these results suggest
that those with the C/C genotype are more prone to issues
of weight regulation, whereas G/G carriers have a greater
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ability to maintain weight loss. Given that this SNP is found
in an intronic region, its effects are likely caused by another
variant with which it is in linkage disequilibrium.

Acyl CoA synthetase 5 (ACSL5)

The acyl CoA synthetase (ACSL) genes catalyze the pro-
duction of fatty acyl-CoAs for synthesis or degradative path-
ways. The ACSL5 isoform maps to 10g25.1-2, an obesity
locus identified in independent populations (van der Kallen
et a. 2000; Dong et a. 2003). Since the ability to maintain
or increase fatty acid transport capacity may be a determin-
ing factor in the success of a weight reduction program
(Blaak et a. 2001) and ACSL5 has been shown to increase
with food deprivation in rats (Nicklas et al. 2001), it was hy-
pothesized that ACSL5 genotype may influence the rate of
weight loss in response to energy restriction in women. A
common C to T change (rs2419621) in the 5UTR region of
the gene ACSL5 was found to be associated with positive
diet response in obese women (Adamo et al. 2007). Further-
more, carriers of the variant alele (T) were aso found to
have greater skeletal muscle ACSL5 gene expression. From
these results it was speculated that rs2419621 ACSL5 SNP
acts as a cis-acting regulatory variant affecting ACSL5 ex-
pression levels or is in linkage disequilibrium with the caus-
ative regulatory variant. Follow-up work has identified that
the T allele creates a consensus E-box motif sequence
(CANNTG) recognized by the muscle-specific myogenic
regulatory factors (Adamo et al., personal communication).
Given that the ACSL enzymes are responsible for activating
free fatty acids, thereby permitting them to undergo further
processing through storage or oxidation, and skeletal muscle
has very little capacity for storage, the presence of the var-
iant T alele may influence the rate of weight loss by in-
creasing ACSL5 levels and promoting the fatty acid B-
oxidation pathway.

Actigenetics

Adrenergic receptors (ADRf,)

The ADRp,, a mgjor lipolytic adrenergic receptor isoform
in human fat cells, is known to be downregulated in subcu-
taneous adipose of obese subjects (Schiffelers et al. 2001).
Severa coding SNPs that result in significantly changed re-
ceptor function have been described (Green et al. 1993;
Green et a. 1994; Green et a. 1995). Specificaly, the
GIn2’Glu polymorphism was markedly associated with obe-
sity, and homozygotes for Glu2” had excessive fat mass and
fat cells that were approximately 50% larger than those of
controls (Large et a. 1997). In a large representative sample
of the French population, Meirhaeghe et al. (1999) explored
the relation between the GIn2’Glu polymorphism and anthro-
pometric response to physical activity. The risk of obesity
associated with the GIn2’GIn genotype was significantly in-
creased in men who did not regularly participate in physical
activity, while the risk was not significant in active men.
This study was the first to identify that physical activity
may counterbalance the effect of a genetic predisposition to
increased body mass, fat mass, and obesity.

CYP19
This gene encodes aromatase, an enzyme that converts
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androstenedione and testosterone to estrone and estradiol, re-
spectively. Genetic variability in this gene can affect estro-
gen and androgen concentration (Tworoger et al. 2004a),
both of which are involved in body fat regulation and there-
fore could be important modifiers of exercise on fat loss
(Bjorntorp 1996; Marin et a. 1996; Hautanen 2000; De
2000).

CYP19 contains a tetranucleotide repeat polymorphism
(TTTA), in intron 4, the most common repeats being the 7,
8, and 11 repeats (Haiman et al. 2000). Women carrying the
8-repeat (8r) allele have been shown to have higher estrone
and estradial concentrations compared with women with no
8r alleles (Haiman et al. 2000; Tworoger et a. 2004a). The
role of this gene polymorphism in body composition change
was examined in postmenopausal women randomly assigned
to undergo either a 1-year aerobic exercise intervention
(moderate exercise 45 min/d, 5 d/week) or stretching control
(60 min stretching and relaxation class 1d/week), all of
whom were asked to maintain their regular eating habits
(Tworoger et a. 2004b). The 11r allele was associated with
differing intervention effect. Among exercisers, those with 2
vs. no 11r alleles had a significantly larger reduction in
BMI, total fat, and percentage body fat. The heterozygotes
showed an intermediate response. The CYP19 tetranucleo-
tide repeat occurs around the exon border and therefore
may affect tissue/physiological condition-specific splicing.
Therefore, it has been suggested that the CYP19 11r allele
effect may be confined to fat tissue, or it may be involved
in the regulation of aromatase only under conditions of fat
loss (Tworoger et a. 2004b). Moreover, since aromatase ac-
tivity is 6 to 30 times higher in fat taken from the upper
thigh, buttocks, and flank than the abdomen (Killinger et al.
1987; Killinger et al. 1990), it is possible that the effect of
the CYP19 polymorphisms on fat loss may differ across
body fat zones, accounting for the difference in total body
fat measures but not subcutaneous vs. intra-abdominal fat.

Catechol-O-methyl-transferase (COMT)

The product of the COMT gene converts catechol estro-
gens such as 2-hydroxyestradiol into less active metabolites.
A valine/methionine substitution (Val108/158Met) results in a
protein 2- to 3-fold less active in vitro (Lotta et al. 1995;
Dawling et al. 2001). The Met allele is associated with in-
creasing concentrations of 2- and 16-a-hydroxyestrone, sug-
gesting that it is aso less active in vivo (Tworoger et a.
2004a). The role of the Vall%/158Met polymorphism in
body composition response to the exercise intervention was
evaluated as described above for CYP19 (Tworoger et al.
2004b). Among exercisers, those carrying the Met/Met vs.
Val/Va genotype had a smaler decrease in percentage
body fat and a smaller, albeit not significant, decrease in
BMI and total fat. Heterozygotes in the exercise intervention
group were intermediate between the homozygote geno-
types.

It has been previoudly reported that women who are ho-
mozygous for the Met allele have increased urinary 2- and
16-a-hydroxyestrone concentrations (Tworoger et al.
2004a). In combination with in vitro results (Lotta et al.
1995; Dawling et a. 2001), the current data suggest that the
Met allele leads to a variant protein that is less active at me-
tabolizing hydroxyestrogens (catechol estrogens) to methox-
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yestrogens (O-methylated catechols). COMT activity may be
important in fat regulation because 2-methylestradiol (less
active metabolite of 2-hydroxyestradiol) inhibits preadipo-
cyte proliferation and differentiation in vitro (Pico et al.
1998; Anderson et al. 2001).

Epistasis between CYP19 and COMT

Exercisers who had the COMT Val/Va genotype and had
at least 1 copy of the CYP19 11r allele had significantly
greater percentage and total fat loss and a larger reduction
in BMI than exercisers without this combination of geno-
type/alele (Tworoger et al. 2004b). This suggests that hav-
ing multiple “positive” genotypes can act synergistically
and that future studies should consider multiple genes in a
pathway.

Nutrigenetics and (or) actigenetics

Peroxisome proliferator activated receptor v, (PPARY,)

The PPARs are ligand-dependent nuclear transcription
factors. The v, isoform is primarily expressed in adipose tis-
sue, where it modulates the expression of target genes in-
volved in adipocyte differentiation. The most widely studied
SNP in this gene is a Pro to Ala substitution at codon 12 of
PPARYy,-specific exon B. Studies have demonstrated that the
Ala variant is associated with reduced transcriptional activ-
ity (Deeb et al. 1998; Masugi et al. 2000), as well as re-
duced binding affinity to the cognate promoter element
(Deeb et al. 1998).

In a recently completed study comparing extreme tails in
the distribution of weight loss among highly compliant
obese women undergoing strict dietary intervention (Optifast
900, Novartis), the PPARy, Alal? allele was shown to be
significantly more frequent in diet-resistant individuals even
after correction for baseline mass and BMI (Adamo et al.
2007). Although in disagreement with the findings of Lindi
et a. (2001), the association between the Ala alele and re-
sistance to diet-induced weight loss corroborates the findings
of Nicklas and colleagues, who found that postmenopausal
women carrying the Ala alele experienced a reduction in
the amount of resting energy derived from fat after a 6-
month hypocaloric diet (Nicklas et al. 2001). Furthermore,
the Ala allele was found to be the best predictor of weight
regain in this weight loss population, supporting the fact
that reduced fat oxidation is predictive of long-term weight
gain and regain (Nicklas et al. 2001).

It is interesting to note that diet and exercise have oppos-
ing effects on weight loss in Ala carriers. Carriers appear to
be more resistant to diet-induced weight loss but show en-
hanced weight loss brought on by a standard exercise train-
ing intervention (Ostergard et al. 2005). In response to an
exercise program, offspring of T2D patients carrying the
Ala2 polymorphism had a more pronounced weight loss
compared with carriers of the Pro alele, suggesting that the
PPARy genotype effect is dependent on the intervention
used to bring about weight loss (Ostergard et al. 2005).

Adrenergic receptors

The adrenergic system plays a key role in regulating en-
ergy balance through stimulating both thermogenesis and
lipid metabolism in adipose tissue. Knockout mouse studies
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have conclusively shown that the beta-adrenergic receptors
are necessary for diet-induced thermogenesis and that this
efferent pathway plays a critical role in the body’s defense
against diet-induced obesity (Bachman et a. 2002).
Although variants in the adrenergic receptor genes have
been studied extensively for their association with body
composition, fewer studies have looked at them in the con-
text of response to treatment intervention. The Bs-adrenergic
receptor (ADRP3), located mainly in adipose tissue, medi-
ates lipolysis in response to catecholamines (Schiffelers et
al. 2001). The Trp%Arg ADRpB3; gene polymorphism alters
the conformation of the first intracellular loop and the
movement of the receptor to the cell surface (Walston et al.
1995; Clement et al. 1995), resulting in decreased receptor
sensitivity (Hoffstedt et al. 1999). This SNP reduces thermo-
genesis in brown adipocytes and has been linked to lower
lipolytic activity and lipid accumulation in white adipocytes
(Arner and Hoffstedt 1999; Umekawa et al. 1999). Obese
Japanese women who carried this particular SNP lost less
weight than their Trp84Trp counterparts (Yoshida et al.
1995) during a combined low-calorie diet and exercise inter-
vention. Similarly, heathy perimenopausal (Shiwaku et al.
2003) women as well as women with type 2 diabetes
(Sakane et al. 1997) who carried the Arg5 allele were shown
to have smaller decreases in body mass and waist-to-hip ratio
after a 12-week weight-loss program (low calorie diet and
exercise regime) compared with noncarriers, even though
food intake, exercise, and serum thyroid hormone levels
were similar in both groups. These studies reported that car-
riers of the Arg allele had a lower metabolic rate and hy-
pothesized that their relative resistance to weight loss might
be due to this unfortunate circumstance. On the other hand,
others have not confirmed this relation with weight loss spe-
cifically (Fumeron et al. 1996; Tchernof et al. 2000; Kim et
al. 2003) but have reported that carriers of the Argé4 variant
have an impaired capacity to lose visceral fat in response to
a 3-month weight reduction period (Tchernof et al. 2000;
Kim et al. 2003), in keeping with the lower ADRB3-induced
lipolysis noted in Arg® carriers (Umekawa et al. 1999).

The relation between the p-adrenergic receptor (ADRf,)
variants (ArglGly and GIn2’Glu) and successful weight loss
was studied in overweight men undergoing a 24-month
weight loss program consisting of a low-calorie diet
(1600 kcal/d) and daily aerobic exercise training (>1 h/d).
Individuals were categorized as weight loss resistant (failed
to lose weight during intervention), maintenance of weight
loss (>10% reduction in weight at 6 months and mainte-
nance for an additiona 18 months), rebound weight gain
(defined as significant weight loss at 6 months but subse-
quent regain during the following 18 months), and finally
slow weight loss (no weight loss at 6 months but success by
24 months; Masuo et al. 2005b). The Glyl¢ variant was
found to be significantly more frequent in the weight loss
resistant, rebound weight gain, and slow weight loss groups
than the weight loss maintenance group. The weight loss re-
sistant and slow weight loss groups had higher frequencies
of the Glu?” allele compared with a combined group includ-
ing weight loss maintenance and rebound weight gain
(Masuo et a. 2005b). While there was a mean loss in fat
mass in Glu?’ carriers from entry to 6 and 24 months it was
significantly lower than that seen in the Gln homozygotes.
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Since exercise may also counterbalance a genetic predis-
position to obesity, a Spanish group tested the hypothesis of
a potential different metabolic response among ADRf,
GIn?’GlIn versus Glu2’Glu obese women tested for peak oxy-
gen consumption on a treadmill (Macho-Azcarate et al.
2003). In this study, 10 obese women with the GInZ’GIn
genotype were compared with 9 matched obese women
bearing the Glu2’Glu genotype. There was a significantly
lower fat oxidation in the Glu¥’Glu obese women during
the recovery than in GInZ’Gln obese individuals. These data
suggest that exercise would not be equally beneficial for the
2 ADR, polymorphism homozygous groups, since both lip-
olysis and fat oxidation promoted by a pesk oxygen con-
sumption test appeared to be blunted in the obese group
carrying both Glu alleles. Therefore this ADRB, SNP not
only modifies the response to dietary intervention but may
also alter the response to exercise as a weight-lowering strat-
egy (Macho-Azcarate et a. 2002).

The Quebec overfeeding study, which involved a group of
12 pairs of male monozygotic twins who ate a 4.2 MJd en-
ergy surplus, 6 d a week for over 100 days (Ukkola et al.
2003), found the B, GIn?’Glu SNP to be associated with dif-
fering gains in body mass. In response to the overfeeding
paradigm the GIn?’GIn genotype showed the strongest asso-
ciation with the gains in body mass and subcutaneous fat
(Ukkola et al. 2001b), accounting for about 7%. However, a
study performed in Japan found that over a 5-year period,
nonobese male carriers of the Glu?’ allele actually saw a
greater increase in BMI, waist-to-hip ratio, and total fat
mass (Masuo et al. 2005a) than GIn2” homozygotes. While
this was not an “overfeeding” paradigm but, rather, a longi-
tudinal observational study, the GInZ’GIn genotype was re-
lated to lower weight gain over time. Hence these findings
are inconsistent with those reported by Ukkola et d.
(2001b) and Masuo et a. (2005a, 2005b).

The Gly%Arg and GInZ’Glu are in strong linkage disequi-
librium. Functional studies have shown that these amino-ter-
minus SNPs alter cellular trafficking of the receptor protein,
resulting in variation in agonist-promoted receptor downre-
gulation (Green et al. 1994). Thus, if Glu carriers are more
resistant to downregulation, and 3 receptors normally stimu-
late lipolysis, the finding that GIn/GIn individuals are more
prone to weight gain makes theoretical sense but does not
explain why carriers of the Glu alele were found to be
more resistant to weight-loss intervention (Masuo et al.
2005b). Although the GIN?’Glu specific results appear con-
flicting, genetic variation at the ADRf, locus could be 1 of
the factors responsible for interindividual response to posi-
tive or negative energy balance

Epistasis between UCP1 and ADRf3

Two groups have examined the possible synergistic effect
of the A-3826G UCP1 and the Trp%Arg ADRp3 variants on
body mass changes. Kogure et al. (1998) investigated these
SNPs in relation to response to a 3-month combined low-
calorie diet and exercise—-weight loss treatment in obese Jap-
anese women. Obese women with the UCP1 GG homozy-
gote genotype lost less weight than A carriers, but the
weight loss was even less pronounced in those with both G
alleles in UCP1 and the Trp%Arg polymorphism in the
ADRB3 gene. Those carrying this combination lost less
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weight than either those with the ADRBs; gene polymor-
phism alone (including Arg homo or heterozygotes) or
UCP1 GG homozygotes alone. Similarly, Fogelholm et al.
(1998) examined the synergist effect of this UCP1 SNP and
the previously reported ADRP; variant on body mass
changes in obese, clinically healthy, premenopausal women.
Subjects with both mutations had a lower weight reduction
during the 12-week very low calorie diet than the controls.
During the 40-week maintenance phase, weight in subjects
with both mutations increased significantly but remained un-
changed in the others. In summary these studies indicate that
the effects of the GG genotype of the UCP1 SNP, in combi-
nation with the 8Arg alele of ADRp3, are additive and re-
sult in poorer weight loss response to intervention.

Pharmacogenetics

LEPR

A second LEPR polymorphism found to be associated
with a weight loss phenotype is the 3UTR pentanuclectide
CTTTA insertion/deletion (I/D). The STOP-NIDDM study,
which was a longitudinal, double-blind, placebo-controlled
trial randomly assigned individuals from 8 countries, the
majority of whom were overweight or obese, to treatment
with placebo or acarbose to improve glucose homeostasis
(Chiasson et al. 1998). All participants were also provided
with counseling on weight-reducing or weight-maintaining
diet and advised to adopt a regular exercise routine. Over
the 3-year follow-up, carriers of the | alele in both the acar-
bose and placebo groups improved their body composition
to a greater extent than D/D homozygotes (Zacharova et al.
2005); however, carriers in the acarbose group saw more
significant improvement in weight and BMI. Assuming both
genotypes were equally likely to have followed the dietary
and exercise advice, the association of this polymorphism
with greater weight loss in the long-term suggests that it
may modulate the response to diet and (or) exercise. The
mechanism through which the LEPR SNPs might act to
modify weight loss response is unknown.

Serotonin receptor

As previously discussed in the nutrigenetics section, the
serotonin pathway has a role to play in control of body
weight. A second polymorphism in the 5-HT,¢ subtype spe-
cifically in the promoter region (—759C/T), associated with
obesity and weight gain in response to antipsychotic (neuro-
leptic) drugs (Reynolds et al. 2002), was studied in obese
women participating in a randomized trial of psychological
treatments for weight loss. Among these women, heterozy-
gotes (C/T) lost less weight during the trial than did homo-
zygotes (CC or TT) and weighed more 6 and 12 months
later (Pooley et al. 2004), suggesting that this polymorphism
may be a risk factor for obesity and, through heterosis (see
Appendix), influences weight loss. The occurrence of het-
erosis for the C-759T polymorphism would imply that there
must be sex differences in some aspects of appetite and
weight regulation, since 5-HT,¢ is located on chromosome
X (Milatovich et al. 1992).

Phenylethanolamine N-methytransferase (PNMT)
The PNMT gene product mediates the conversion of nor-
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epinephring(NE) to epinephrine and is a rate-limiting en-
zyme in the catecholamine biosynthesis pathway. As
epinephrine is involved in regulating lipolysis, this enzyme
may participate in body mass regulation. In humans, the
agent sibutramine, whose primary and secondary metabolites
are pharmacologically active, is thought to induce the natu-
ral processes leading to enhancement of satiety and thermo-
genesis by inhibiting serotonin (5-HT) and noradrenaline
(NE) reuptake (Lean 1997). The putative role of epinephrine
in sibutramine-related weight loss justifies PNMT as a can-
didate gene in pharmacogenetic response. Thus, the response
to the weight loss agent sibutramine was explored in obese
women carrying a G-148A variant in the promoter region of
the PNMT gene. In the population of women participating
there was a significant genotype-dependent variation in the
effective weight loss. Compared with heterozygotes (G/A),
the presence of the homozygote genotype of the PNMT var-
iant (A/A or G/G) was associated with a statistically signifi-
cant weight loss during the first 3 months of treatment,
which remained following 6 months of sibutramine treat-
ment (Peters et a. 2003), suggesting molecular heterosis.

G-protein B3 subunit gene (GNfs)

As mentioned earlier, the weight loss agent sibutramine is
a centrally acting NE and serotonin reuptake inhibitor (Lean
1997; Wirth and Krause 2001). Since these neurotransmit-
ters (NE and serotonin) activate G protein-coupled receptors,
variants in this family of genes are potential candidate genes
for pharmacogenetics exploration. A polymorphism in the
GNp3 subunit, C825T, located in exon 10 is associated with
alternative splicing of the gene resulting in expression of a
truncated yet functionally active variant form of the protein
(Siffert et a. 1998). The association between the GNfs
C825T variant and weight loss outcome was tested in obese
patients enrolled in a randomized, placebo-controlled clini-
cal trial (Hauner et al. 2003). Depending on randomization,
patients underwent a 54-week structured weight loss pro-
gram with or without 15 mg of sibutramine. Carriers of the
T dlele in the placebo group experienced a significantly
greater weight loss than CC homozygotes. However, it was
reported that in the sibutramine-treated group, individuals
with the CC genotype benefited to a greater extent from the
adjunct pharmacological therapy. Thus Hauner et a. con-
clude that the C825T polymorphism identifies obese individ-
uals who will benefit most from sibutramine treatment
(Hauner et al. 2003). This finding was surprising considering
that the “T” allele is associated with enhanced intracel lular
signaling through activation of G protein-coupled receptors,
including the G protein B3 subunit. Generally, pharmacolog-
ica studies have illustrated that carriers of the 825T alele
show greater response to drug treatment aimed at G protein-
coupled receptors (Baumgart et al. 1999; Zill et al. 2000).
The reasons for this discrepancy are not known, but it has
been suggested that those with the CC genotype may defend
their body weight more aggressively and thus require ad-
junct treatment to lose weight. While additional studies are
certainly warranted to confirm these results, this variant has
potential to identify those individuals who will respond to
nonpharmacological treatment and those who need an extra
push.
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Norepinephrine transporter protein 1 (NET1) and
glutamate receptor, ionotropic N-methyl-p-aspartate
subunitl (GRIN1)

The norepinephrine transporter (NET) mediates reuptake
of released catecholamines, thus playing a role in the limita-
tion of signaling strength in the central and peripheral nerv-
ous systems. This protein is the pharmacological target of a
highly selective neuronal NE reuptake inhibitor GW320659,
and serotonin, norepinephrine, and dopamine reuptake inhib-
itors have been shown to decrease food intake and induce
weight loss in obese patients (Lean 1997; Glazer 2001). A
recent 24 week randomized, double-blind, placebo-con-
trolled, parallel group study evaluated GW320659 as a treat-
ment for obesity (GlaxoSmithKline study OBS20001)
(Spraggs et al. 2005). This study found that common poly-
morphisms in the pharmacological target NET1 and in
GRIN1, another candidate gene in the pathway hypothesized
to be involved in the neuronal pathway of appetite suppres-
sion, correlated with weight loss response (Spraggs et al.
2005). Recursive partitioning analysis identified 3 genetic
markers (2 in NET1 T66C and G1287A and 1 in GRIN1 G-
38A) that have a substantial effect on weight loss response
to the reuptake inhibitor in obese subjects. Other than dose
level, these 3 genetic polymorphisms were the strongest de-
terminants of GW320659 response. The functional signifi-
cance of the NET1 and the GRIN1 polymorphisms, which
do not result in amino acid substitutions, has not yet been
established. The NET1 SNPs may be in linkage disequili-
brium with functional SNPs not explored in this study, and
the GRIN1 A-38G SNP, located in the 5'-flanking region of
the gene, might influence receptor expression and N-methyl-
D-aspartate neurotransmission, resulting in enhanced weight
loss.

Conclusion

The significance of GElsin the realm of exercise and nu-
trition is by no means a new concept. As a matter of fact,
discussion of such ideas can be traced back to the writings
of Hippocrates, dated as early as 400 BC. Since then we
have gained considerable insight regarding the contribution
of genetic make-up to amost every aspect of human health,
both in function and dysfunction. However, researchers are
only beginning to correlate DNA variants with individual re-
sponses to medical treatments, identify particular subgroups
of patients, and develop treatment interventions customized
for those populations. While the pharmaceutical field has
made considerable in-roads vis-a-vis the exploration of ge-
netic contributors to treatment response, the complexity of
nutrient interactions, variation in dietary practices, and the
infinite combinations and (or) permutations of exercise re-
gimes, genotype-specific diet, and exercise, recommenda-
tions remain a somewhat futuristic prospect.

In spite of available information on both genetic and envi-
ronmental contributors to response to treatment intervention,
there are relatively few examples of robust, replicated gene—
environment interactions in the literature. The main reason
is that many individual studies have been designed to exam-
ine the main effects of the intervention itself on weight loss
and do not have adequate power to examine interactions
with genetic variants and consequently may lead to high lev-
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els of false-positive findings. Unfortunately, the cost associ-
ated with performing large-scale, well-controlled diet or
exercise intervention trials frequently prohibits the concomi-
tant collection and analyses of sample sizes large enough to
identify strong gene—environment interactions. Thus the re-
sults summarized in this review are from small studies,
showing moderate to weak association, and until replicated
with consistent results must be interpreted with caution.

Nevertheless several examples have been provided as to
how lifestyle intervention and genetic factors interact to pro-
duce differing body composition response (see Table 1). For
instance, nutrigenetics is likely an important contributor to
interindividual response to dietary intervention, as illustrated
by common variants in LEP, LEPR, ADRB3, UCP1, GRL,
Adipsin, PPARy,, ACSL5, APOAS5, and PLIN modifying
treatment-related weight loss. The data previously described
indicate that actigenetics is also a key factor in body fat reg-
ulation, and, in particular, polymorphisms in ADRp,,
PPARy,, CYP19, and COMT may modify the effect of
moderate-intensity exercise on fat loss in women. The phar-
macogenetic data reinforce the view that variations in epi-
nephrine metabolism may contribute significantly to the
efficacy of sibutramine and other related weight loss agents,
and such variations may be linked to GNB3, PNMT, NET1,
and GRIN1 genotype. Furthermore, the observation that het-
erozygosity at the 5-HT,c — 759C/T locus may impair the
ability of obese women to lose a clinically meaningful
amount of weight over a 6-12 month period (Pooley et al.
2004) indicates the potential value of pharmacogenetic test-
ing for 5-HT,c polymorphisms when evaluating antiobesity
drugs that act directly or indirectly upon the receptor.

The aforementioned studies had significant design limita-
tions. The credibility of underpowered genetic association
studies has been questioned, and it is possible that the re-
sults may not be consistent upon replication (Lohmueller et
a. 2003). A meta-analysis of 379 studies exploring 36 ge-
netic associations with diseases or phenotypes found consid-
erable inconsistency in results, the effect identified in the
initial study being stronger than in subsequent studies (loan-
nidis et a. 2001). Few studies discussed have explored epis-
tatic interactions that have an important role in phenotypic
variability and are believed to be of paramount importance
in the pathogenesis of most common human diseases. The
effect at 1 locus can increase (synergistic epistasis) or de-
crease (antagonistic epistasis) the effect at another locus.
However, the genetic dissection of such phenomena remains
challenging. Improved understanding of the relation between
the polymorphisms independently involved in a given com-
plex of disorders is critical for improving the ability of gen-
otypic information to predict the phenotype. Thus, if several
polymorphisms in a gene contribute to altered function,
measuring a subset of known variants will result in misclas-
sification and so will increase the sample size that is re-
quired to detect interactions (Deitz et al. 2004). To
complicate matters, if the functional gene variant is un-
known and researchers are trying to detect genetic associa-
tion through linkage disequilibrium (see Appendix), there
will likely be substantial misclassification of the genetic var-
iable, leading to dilution of the relative risk for the interac-
tion (Hunter 2005). Furthermore, another phenomenon,
known as epigenetics, has a significant impact on genetic
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expression. This class of potentially heritable change in
DNA is not associated with alterations in the primary nu-
cleotide sequence or copy number but, rather, is modul ated
by 2 major mechanisms: methylations of cytosine at cytosine—
guanine dinucleotides and covalent modifications of DNA-
bound histones, notably acetylations and methylations
(Martin 2005). Cytosine methylations at regions of gene
promoters rich in CpG idands are generally associated
with the silencing of genes, whereas histone acetylations
are generally associated with the activation of genes.
Global and locus-specific differences in DNA methylation
and histone acetylation have been reported in identical
twins of various ages showing that whereas young identical
twin pairs are essentially indistinguishable in their epige-
netic markings, older identical twin pairs show substantial
variations (Fraga et al. 2005). The reported epigenetic
shifts associated with aging could have arisen through en-
dogenous, stochastic epigenetic events in the cell, inde-
pendent of environmental perturbations, but could aso
have resulted from such environmental perturbations. Epi-
genetic modifications of energy balance gene structure
through nutritional and physiological stress provide mecha-
nisms for inducing obesity that are independent of new
mutations to the genome. It has been suggested that me-
thionine supplementation can induce hypermethylation of
DNA in specific genomic regions (Waterland 2006). So
far, this mechanism has barely been studied in the case of
obesity.

As genetic testing becomes more economical and we gain
a deeper understanding of knowledge generated from the
Human Genome Project, more comprehensive gene variant
studies will be made possible. The development and utiliza-
tion of highly paralel genome-wide methodologies for gen-
otyping, epigenetic profiling, mapping of DNA binding
sites, and sequencing will inevitably revolutionize scientific
discovery (Fan et a. 2006). These high-throughput assays
are sensitive, accurate, and rapid and should enable whole-
genome association studies to identify multiple polymor-
phisms that each weakly predicts risk of disease or response
to treatment. Copy number variations (CNV) also have con-
siderable potential to influence gene expression, phenotypic
variation, and adaptation by disrupting genes and atering
gene dosage (Buckland 2003; McCarroll et al. 2006; Nguyen
et a. 2006). CNV assessment should become standard prac-
tice in the design of studies exploring the genetic basis of
phenotypic variation, including susceptibility to disease and
response to treatment (Redon et al. 2006). The combination
of al these potential risk variants into arisk score will more
effectively predict disease and (or) response. In this way, ge-
netic-based treatment recommendations creep ever closer.

We may discover that some individuals require more
stringent and stronger treatment intervention than others ac-
cording to their genetic predisposition. This is, however, a
double-edged sword, as knowing that one is less likely to re-
spond to a treatment intervention may result in feelings of
futility, and individuals may surrender, believing they are
bound by genetics and doomed to failure. Further insight re-
garding the interaction between genetics and environmental
factors will ultimately lead to the discovery of pathways in-
volved in disease pathogenesis and response to treatment in-
terventions. Such knowledge will have a profound impact on
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the way disorders are diagnosed, treated, and prevented and
will bring about revolutionary changes in clinical and public
health practice.

References

Aberle, J,, Evans, D., Beil, F.U., and Seedorf, U. 2005. A poly-
morphism in the apolipoprotein A5 gene is associated with
weight loss after short-term diet. Clin. Genet. 68: 152—-154.
doi:10.1111/j.1399-0004.2005.00463.x. PM1D:15996212.

Adami, G.F., Cordera, R., Campostano, A., Bressani, A., Cella, F.,
and Scopinaro, N. 1998. Serum leptin and weight loss in se-
verely obese patients undergoing biliopancreatic diversion. Int.
J. Obes. Relat. Metab. Disord. 22: 822-824. doi:10.1038/5.ijo.
0800665. PM1D:9725645.

Adamo, K.B., Dent, R., Langefeld, C.D., Cox, M., Williams, K.,
Carrick, K.M., et al. 2007. Peroxisome proliferatory activated
receptor y2 and acyl CoA synthetase 5 polymorphisms influence
diet response. Obesity, in press.

Ahima, R.S,, and Flier, J.S. 2000. Adipose tissue as an endocrine
organ. Trends Endocrinol. Metab. 11: 327-332. PM1D:10996528.

Anderson, L.A., McTernan, P.G., Barnett, A.H., and Kumar, S.
2001. The effects of androgens and estrogens on preadipocyte
proliferation in human adipose tissue: influence of gender and
site. J. Clin. Endocrinol. Metab. 86: 5045-5051. doi:10.1210/jc.
86.10.5045. PM1D:11600583.

Arner, P., and Hoffstedt, J. 1999. Adrenoceptor genes in human
obesity. J. Intern. Med. 245: 667—672. doi:10.1046/j.1365-2796.
1999.00495.x. PM1D:10395196.

Bachman, E.S,, Dhillon, H., Zhang, C.Y., Cinti, S, Bianco, A.C,,
Kobilka, B.K., et a. 2002. Beta-adrenergic receptor signaling re-
quired for diet-induced thermogenesis and obesity resistance.
Science (Washington, D.C.), 297: 843-845. doi:10.1126/science.
1073160. PMID:12161655.

Baumgart, D., Naber, C., Haude, M., Oldenburg, O., Erbel, R,
Heusch, G., et al. 1999. G protein beta3 subunit 825T alele and
enhanced coronary vasoconstriction on alpha(2)-adrenoceptor
activation. Circ. Res. 85: 965-969. PMID:10559144.

Bjorntorp, P. 1996. The regulation of adipose tissue distribution in
humans. Int. J. Obes. Relat. Metab. Disord. 20: 291-302.
PMID:8680455.

Blaak, E.E., Wolffenbuttel, B.H., Saris, W.H., Pelsers, M.M., and
Wagenmakers, A.J. 2001. Weight reduction and the impaired
plasma-derived free fatty acid oxidation in type 2 diabetic sub-
jects. J. Clin. Endocrinol. Metab. 86: 1638-1644. doi:10.1210/
jc.86.4.1638. PMI1D:11297597.

Blanchette-Mackie, E.J., Dwyer, N.K., Barber, T., Coxey, RA,,
Takeda, T., Rondinone, C.M., et a. 1995. Perilipin is located
on the surface layer of intracellular lipid droplets in adipocytes.
J. Lipid Res. 36: 1211-1226. PMID:7665999.

Boess, F.G., and Martin, I.L. 1994. Molecular biology of 5-HT re-
ceptors. Neuropharmacology, 33: 275-317. doi:10.1016/0028-
3908(94)90059-0. PM|D:7984267.

Bouchard, C., Tremblay, A., Despres, J.P., Nadeau, A., Lupien,
P.J., Theriault, G., et a. 1990. The response to long-term over-
feeding in identical twins. N. Engl. J. Med. 322: 1477-1482.
PMID:2336074.

Bouchard, C., Tremblay, A., Despres, J.P., Theriault, G., Nadeau,
A., Lupien, P.J, et a. 1994. The response to exercise with con-
stant energy intake in identical twins. Obes. Res. 2: 400-410.
PMID:16358397.

Brasaemle, D.L., Rubin, B., Harten, I.A., Gruia-Gray, J., Kimmel,
A.R., and Londos, C. 2000. Perilipin A increases triacylglycerol
storage by decreasing the rate of triacylglycerol hydrolysis. J.

© 2007 NRC Canada



362

Biol. Chem. 275: 38486-38493. doi:10.1074/jbc.M007322200.
PMI1D:10948207.

Buckland, P.R. 2003. Polymorphically duplicated genes: their rele-
vance to phenotypic variation in humans. Ann. Med. 35: 308—
315. PMID:12952017.

Buemann, B., Vohl, M.C., Chagnon, M., Chagnon, Y.C., Gagnon,
J., Perussg, L., et a. 1997. Abdominal viscera fat is associated
with a Bcll restriction fragment length polymorphism at the glu-
cocorticoid receptor gene locus. Obes. Res. 5 186-192.
PMID:9192392.

Campfield, L.A., Smith, F.J., Guisez, Y., Devos, R., and Burn, P.
1995. Recombinant mouse OB protein: evidence for a peripheral
signa linking adiposity and central neural networks. Science
(Washington, D.C.), 269: 546-549. doi:10.1126/science.
7624778. PMID:7624778.

Chagnon, Y.C., Chung, W.K., Perusse, L., Chagnon, M., Leibdl,
R.L., and Bouchard, C. 1999. Linkages and associations between
the leptin receptor (LEPR) gene and human body composition in
the Quebec Family Study. Int. J. Obes. Relat. Metab. Disord. 23:
278-286. doi:10.1038/5.ij0.0800809. PM|D:10193873.

Chagnon, Y.C., Rice, T., Perusse, L., Borecki, |.B., Ho-Kim, M.A.,
Lacaille, M., et a. 2001. Genomic scan for genes affecting body
composition before and after training in Caucasians from
HERITAGE. J. Appl. Physiol. 90: 1777-1787. PMID:11299268.

Chagnon, Y.C., Wilmore, J.H., Borecki, 1.B., Gagnon, J., Perusse,
L., Chagnon, M., et a. 2000. Associations between the leptin re-
ceptor gene and adiposity in middie-aged Caucasian males from
the HERITAGE family study. J. Clin. Endocrinol. Metab. 85:
29-34. doi:10.1210/jc.85.1.29. PMID:10634359.

Chiasson, JL., Gomis, R., Hanefeld, M., Josse, R.G., Karasik, A.,
and Laakso, M. 1998. The STOP-NIDDM Tria: an international
study on the efficacy of an alpha-glucosidase inhibitor to pre-
vent type 2 diabetes in a population with impaired glucose toler-
ance: rationale, design, and preliminary screening data. Study to
Prevent Non-Insulin-Dependent Diabetes Mellitus. Diabetes
Care, 21: 1720-1725. PMID:9773737.

Choy, L.N., Rosen, B.S,, and Spiegelman, B.M. 1992. Adipsin and
an endogenous pathway of complement from adipose cells. J.
Biol. Chem. 267: 12736-12741. PMID:1618777.

Chua, S.C., J., Chung, W.K., Wu-Peng, X.S., Zhang, Y., Liu,
SM., Tartaglia, L., et a. 1996a. Phenotypes of mouse diabetes
and rat fatty due to mutations in the OB (leptin) receptor.
Science (Washington, D.C.), 271: 994-996. doi:10.1126/science.
271.5251.994. PM1D:8584938.

Chua, S.C., Jr., White, D.W., Wu-Peng, X.S,, Liu, SM., Okada, N.,
Kershaw, E.E., et a. 1996b. Phenotype of fatty due to
GIn269Pro mutation in the leptin receptor (Lepr). Diabetes, 45:
1141-1143. PMID:8690163.

Clement, K., Ruiz, J., Cassard-Doulcier, A.M., Bouillaud, F., Ric-
quier, D., Basdevant, A., et a. 1996. Additive effect of A—>G
(-3826) variant of the uncoupling protein gene and the
Trp64Arg mutation of the beta 3-adrenergic receptor gene on
weight gain in morbid obesity. Int. J. Obes. Relat. Metab. Dis-
ord. 20: 1062-1066. PMID:8968850.

Clement, K., Vaisse, C., Manning, B.S., Basdevant, A., Guy-Grand,
B., Ruiz, J, et a. 1995. Genetic variation in the beta 3-adrener-
gic receptor and an increased capacity to gain weight in patients
with morbid obesity. N. Engl. J. Med. 333: 352-354. doi:10.
1056/NEJM 199508103330605. PMID:7609752.

Considing, R.V., Sinha, M.K., Heiman, M.L., Kriauciunas, A., Ste-
phens, T.W., Nyce, M.R., et a. 1996. Serum immunoreactive-lep-
tin concentrations in normal-weight and obese humans. N. Engl.
J. Med. 334: 292-295. doi:10.1056/NEJM199602013340503.
PMID:8532024.

Appl. Physiol. Nutr. Metab. Vol. 32, 2007

Cooper, R.S. 2003. Gene-environment interactions and the etiology
of common complex disease. Ann. Intern. Med. 139: 437-440.
PMID:12965972.

Corellg, D., Qi, L., Sorli, J.V., Godoy, D., Portoles, O., Coltell, O.,
et a. 2005. Obese subjects carrying the 11482G > A polymorph-
ism at the perilipin locus are resistant to weight loss after dietary
energy restriction. J. Clin. Endocrinol. Metab. 90: 5121-5126.
doi:10.1210/j¢.2005-0576. PMID:15985482.

Dawling, S., Roodi, N., Mernaugh, R.L., Wang, X., and Parl, F.F.
2001. Catechol-O-methyltransferase (COMT)-mediated metabo-
lism of catechol estrogens: comparison of wild-type and variant
COMT isoforms. Cancer Res. 61: 6716-6722. PMID:11559542.

De Pergola, G. 2000. The adipose tissue metabolism: role of testos-
terone and dehydroepiandrosterone. Int. J. Obes. Relat. Metab.
Disord. 24(Suppl. 2): S59-S63. PMID:10997611.

Deeb, S.S., Fagjas, L., Nemoto, M., Pihlajamaki, J., Mykkanen, L.,
Kuusisto, J., et a. 1998. A Prol2Ala substitution in PPAR-
gamma2 associated with decreased receptor activity, lower body
mass index and improved insulin sensitivity. Nat. Genet. 20:
284-287. doi:10.1038/3099. PM1D:9806549.

Deitz, A.C., Rothman, N., Rebbeck, T.R., Hayes, R.B., Chow,
W.H., Zheng, W., et al. 2004. Impact of misclassification in
genotype-exposure interaction studies: example of N-acetyltrans-
ferase 2 (NAT2), smoking, and bladder cancer. Cancer Epide-
miol. Biomarkers Prev. 13: 1543-1546. PM1D:15342459.

Dong, C., Wang, S., Li, W.D,, Li, D., Zhao, H., and Price, RA.
2003. Interacting genetic loci on chromosomes 20 and 10 influ-
ence extreme human obesity. Am. J. Hum. Genet. 72: 115-124.
doi:10.1086/345648. PMID:12478478.

Dulloo, A.G., and Jacquet, J. 1998. Adaptive reduction in basal me-
tabolic rate in response to food deprivation in humans: arole for
feedback signals from fat stores. Am. J. Clin. Nutr. 68: 599-606.
PM1D:9734736.

Esterbauer, H., Oberkofler, H., Liu, Y.M., Breban, D., Hell, E.,
Krempler, F., et a. 1998. Uncoupling protein-1 mRNA expres-
sion in obese human subjects: the role of sequence variations at
the uncoupling protein-1 gene locus. J. Lipid Res. 39: 834-844.
PMID:9555947.

Fan, J.B., Chee, M.S,, and Gunderson, K.L. 2006. Highly parallel
genomic assays. Nat. Rev. Genet. 7. 632—644. doi:10.1038/
nrg1901. PMID:16847463.

Fogelholm, M., Vave, R., Kukkonen-Harjula, K., Nenonen, A.,
Hakkarainen, V., Laakso, M., et a. 1998. Additive effects of
the mutations in the beta3-adrenergic receptor and uncoupling
protein-1 genes on weight loss and weight maintenance in Fin-
nish women. J. Clin. Endocrinol. Metab. 83: 4246-4250. doi:10.
1210/j¢.83.12.4246. PMID:9851758.

Fraga, M.F., Balestar, E., Paz, M.F., Ropero, S., Setien, F., Balles-
tar, M.L., et al. 2005. Epigenetic differences arise during the
lifetime of monozygotic twins. Proc. Natl. Acad. Sci. U.SA.
102:  10604-10609. doi:10.1073/pnas.0500398102. PMID:
16009939.

Fruchart-Ngjib, J., Bauge, E., Niculescu, L.S., Pham, T., Thomas,
B., Rommens, C., et a. 2004. Mechanism of triglyceride lower-
ing in mice expressing human apolipoprotein A5. Biochem. Bio-
phys. Res. Commun. 319: 397-404. PMID:15178420.

Fumeron, F., Durack-Bown, |., Betoulle, D., Cassard-Doulcier,
A.M., Tuzet, S, Bouillaud, F., et a. 1996. Polymorphisms of
uncoupling protein (UCP) and beta 3 adrenoreceptor genes in
obese people submitted to a low calorie diet. Int. J. Obes. Relat.
Metab. Disord. 20: 1051-1054. PMID:8968848.

Gae, SM., Castracane, V.D., and Mantzoros, C.S. 2004. Energy
homeostasis, obesity and eating disorders: recent advances in en-
docrinology. J. Nutr. 134: 295-298. PM|D:14747663.

© 2007 NRC Canada



Adamo and Tesson

Garattini, S., Mennini, T., Bendotti, C., Invernizzi, R., and Sama-
nin, R. 1986. Neurochemical mechanism of action of drugs
which modify feeding via the serotoninergic system. Appetite,
7(Suppl.): S15-S38.

Glazer, G. 2001. Long-term pharmacotherapy of obesity 2000: a re-
view of efficacy and safety. Arch. Intern. Med. 161: 1814-1824.
doi:10.1001/archinte.161.15.1814. PM1D:11493122.

Green, SA., Cale, G., Jacinto, M., Innis, M., and Liggett, S.B.
1993. A polymorphism of the human beta 2-adrenergic receptor
within the fourth transmembrane domain alters ligand binding
and functional properties of the receptor. J. Biol. Chem. 268:
23116-23121. PMID:7901205.

Green, SA., Turki, J, Innis, M., and Liggett, S.B. 1994. Amino-
terminal polymorphisms of the human beta 2-adrenergic receptor
impart distinct agonist-promoted regulatory properties. Biochem-
istry, 33: 9414-9419. doi:10.1021/bi00198a006. PMID:7915137.

Green, SA., Turki, J, Hall, I.P., and Liggett, S.B. 1995. Implica-
tions of genetic variability of human beta 2-adrenergic receptor
structure. Pulm. Pharmacol. 8: 1-10. PM1D:8535093.

Greenberg, A.S., Egan, J.J., Wek, SA., Moos, M.C., J., Londos,
C., and Kimmel, A.R. 1993. Isolation of cDNAs for perilipins
A and B: sequence and expression of lipid droplet-associated
proteins of adipocytes. Proc. Natl. Acad. Sci. U.SA. 90:
12035-12039. doi:10.1073/pnas.90.24.12035. PMID:7505452.

Haffner, SM., Gingerich, R.L., Miettinen, H., and Stern, M.P.
1996. Leptin concentrations in relation to overal adiposity and
regional body fat distribution in Mexican Americans. Int. J.
Obes. Relat. Metab. Disord. 20: 904-908. PMID:8910093.

Haiman, C.A., Hankinson, S.E., Spiegelman, D., De, V.l., Colditz,
G.A., Willett, W.C., et a. 2000. A tetranucleotide repeat poly-
morphism in CYP19 and breast cancer risk. Int. J. Cancer, 87:
204-210. doi:10.1002/1097-0215(20000715)87:2<204:: Al D-
1JC8>3.0.CO;2-3. PMID:10861475.

Hainer, V., Stunkard, A.J., Kunesova, M., Parizkova, J., Stich, V.,
and Allison, D.B. 2000. Intrapair resemblance in very low cal-
orie diet-induced weight loss in female obese identical twins.
Int. J. Obes. Relat. Metab. Disord. 24: 1051-1057. doi:10.1038/
§.ij0.0801358. PMID:10951545.

Halaas, JL., Ggiwala, K.S., Maffei, M., Cohen, S.L., Chait, B.T.,
Rabinowitz, D., et a. 1995. Weight-reducing effects of the
plasma protein encoded by the obese gene. Science (Wa
shington, D.C.), 269: 543-546. doi:10.1126/science.7624777.
PMID:7624777.

Haford, J.C., Wanninayake, S.C., and Blundell, JE. 1998. Beha-
vioral satiety sequence (BSS) for the diagnosis of drug action
on food intake. Pharmacol. Biochem. Behav. 61: 159-168.
doi:10.1016/S0091-3057(98)00032-X. PM1D:9738531.

Hauner, H., Meier, M., Jockel, K.H., Frey, U.H., and Siffert, W.
2003. Prediction of successful weight reduction under sibutra-
mine therapy through genotyping of the G-protein beta3 subunit
gene (GNB3) C825T polymorphism. Pharmacogenetics, 13:
453-459.  doi:10.1097/00008571-200308000-00003. ~ PMID:
12893983.

Hautanen, A. 2000. Synthesis and regulation of sex hormone-bind-
ing globulin in obesity. Int. J. Obes. Relat. Metab. Disord. 24
(Suppl. 2): S64-S70. PMID:10997612.

Hellstrom, L., Rossner, S., Hagstrom-Toft, E., and Reynisdottir, S.
1997. Lipolytic catecholamine resistance linked to alpha 2-adre-
noceptor sensitivity — a metabolic predictor of weight loss in ob-
ese subjects. Int. J. Obes. Relat. Metab. Disord. 21: 314-320.
doi:10.1038/5).ij0.0800407. PM1D:9130030.

Hoffstedt, J., Poirier, O., Thorne, A., Lonnqvist, F., Herrmann,
SM., Cambien, F., et a. 1999. Polymorphism of the human
beta3-adrenoceptor gene forms a well-conserved haplotype that

363

is associated with moderate obesity and altered receptor func-
tion. Diabetes, 48: 203—205. PM1D:9892244.

Holmes, C., Arranz, M.J., Powell, J.F., Collier, D.A., and Love-
stone, S. 1998. 5-HT2A and 5-HT2C receptor polymorphisms
and psychopathology in late onset Alzheimer's disease. Hum.
Mol. Genet. 7: 1507-1509. doi:10.1093/hmg/7.9.1507.
PMID:9700207.

Hunter, D.J. 2005. Gene-environment interactions in human dis-
eases. Nat. Rev. Genet. 6: 287-298. doi:10.1038/nrg1578.
PMID:15803198.

loannidis, J.P., Ntzani, E.E., Trikalinos, T.A., and Contopoulos-
loannidis, D.G. 2001. Replication validity of genetic association
studies. Nat. Genet. 29: 306-309. doi:10.1038/ng749.
PMI1D:11600885.

Kardia, S.L. 2000. Context-dependent genetic effects in hyperten-
sion. Curr. Hypertens. Rep. 2: 32—-38. PM1D:10981124.

Katzmarzyk, P.T., and Janssen, |. 2004. The economic costs asso-
ciated with physical inactivity and obesity in Canada: an update.
Can. J. Appl. Physiol. 29: 90-115. PMID:15001807.

Killinger, D.W., Perel, E., Daniilescu, D., Kharlip, L., and Lindsay,
W.R. 1987. The relationship between aromatase activity and
body fat distribution. Steroids, 50: 61-72. doi:10.1016/0039-
128X (83)90062-4. PM1D:3504068.

Killinger, D.W., Perel, E., Danilescu, D., Kharlip, L., and Lindsay,
W.R. 1990. Influence of adipose tissue distribution on the biolo-
gical activity of androgens. Ann. N.Y. Acad. Sci. 595: 199-211.

Kim, O.Y., Lee, Y.A., Ryu, H.J, Park, H.Y., Jang, Y., and Lee,
JH. 2003. Effect of Trp64Arg mutation in the B3-adrenorecep-
tor gene on body fat distribution, glycemic control and lipids in
response to hypocaloric diets in men with coronary artery dis-
ease. Nutr. Res. 23: 1013-1025. doi:10.1016/S0271-5317(03)
00099-X.

Kogure, A., Yoshida, T., Sakane, N., Umekawa, T., Takakura, Y.,
and Kondo, M. 1998. Synergic effect of polymorphisms in un-
coupling protein 1 and beta3-adrenergic receptor genes on
weight loss in obese Japanese. Diabetologia, 41: 1399. PMID:
9833952.

Large, V., Hellstrom, L., Reynisdottir, S., Lonngvist, F., Eriksson,
P., Lannfelt, L., et a. 1997. Human beta-2 adrenoceptor gene
polymorphisms are highly frequent in obesity and associate
with altered adipocyte beta-2 adrenoceptor function. J. Clin. In-
vest. 100: 3005-3013. PMI1D:9399946.

Lean, M.E. 1997. Sibutramine—a review of clinical efficacy. Int. J.
Obes. Relat. Metab. Disord. 21(Suppl. 1): S30-S36. PMID:
9130039.

Lindi, V., Sivenius, K., Niskanen, L., Lagkso, M., and Uusitupa,
M.I. 2001. Effect of the Prol2Ala polymorphism of the PPAR-
gamma2 gene on long-term weight change in Finnish non-dia-
betic subjects. Diabetologia, 44: 925-926. PMID:11508283.

Lohmueller, K.E., Pearce, C.L., Pike, M., Lander, E.S., and Hirsch-
horn, JN. 2003. Meta-anadlysis of genetic association studies
supports a contribution of common variants to susceptibility to
common disease. Nat. Genet. 33: 177-182. doi:10.1038/ng1071.
PMID:12524541.

Loos, R.J.,, and Bouchard, C. 2003. Obesity—Is it a genetic disor-
der? J. Intern. Med. 254: 401-425. doi:10.1046/j.1365-2796.
2003.01242.x. PMID:14535962.

Lotta, T., Vidgren, J., Tilgmann, C., Ulmanen, |., Melen, K., Julk-
unen, |., et a. 1995. Kinetics of human soluble and membrane-
bound catechol O-methyltransferase: a revised mechanism and
description of the thermolabile variant of the enzyme. Biochem-
istry, 34: 4202—4210. doi:10.1021/bi00013a008. PMID:7703232.

Macho-Azcarate, T., Marti, A., Gonzalez, A., Martinez, JA., and
Ibanez, J. 2002. GIn27Glu polymorphism in the beta2 adrenergic

© 2007 NRC Canada



364

receptor gene and lipid metabolism during exercise in obese wo-
men. Int. J. Obes. Relat. Metab. Disord. 26: 1434-1441. doi:10.
1038/5.ij0.0802129. PM1D:12439644.

Macho-Azcarate, T., Marti, A., Calabuig, J., and Martinez, JA.
2003. Basal fat oxidation and after a peak oxygen consumption
test in obese women with a beta2 adrenoceptor gene polymorph-
ism. J. Nutr. Biochem. 14: 275-279. PM|1D:12832031.

Magni, P. 2003. Hormonal control of the neuropeptide Y system.
Curr.  Protein  Pept. Sci. 4. 4557. doi:10.2174/
1389203033380296. PM1D:12570784.

Mammes, O., Betoulle, D., Aubert, R., Giraud, V., Tuzet, S., Petiet,
A., et a. 1998. Novel polymorphisms in the 5 region of the
LEP gene: association with leptin levels and response to low-
caorie diet in human obesity. Diabetes, 47. 487-489.
PMID:9519759.

Mammes, O., Aubert, R., Betoulle, D., Pean, F., Herbeth, B., Vis-
vikis, S, et a. 2001. LEPR gene polymorphisms: associations
with overweight, fat mass and response to diet in women. Eur.
J. Clin. Invest. 31: 398-404. doi:10.1046/j.1365-2362.2001.
00843.x. PM1D:11380591.

Marin, P., Lonn, L., Andersson, B., Oden, B., Olbe, L., Bengtsson,
B.A., et a. 1996. Assimilation of triglycerides in subcutaneous
and intraabdominal adipose tissues in vivo in men: effects of
testosterone. J. Clin. Endocrinol. Metab. 81: 1018-1022. doi:10.
1210/jc.81.3.1018. PMID:8772568.

Martin, G.M. 2005. Epigenetic drift in aging identical twins. Proc.
Natl. Acad. Sci. U.SAA. 102: 10413-10414. doi:10.1073/pnas.
0504743102. PMID:16027353.

Martin, G.R., and Humphrey, P.P. 1994. Receptors for 5-hydroxy-
tryptamine: current perspectives on classification and nomencla-
ture. Neuropharmacology, 33: 261-273. doi:10.1016/0028-
3908(94)90058-2. PMID:7984266.

Martin, S., Nicaud, V., Humphries, SE., and Tamud, P.J. 2003.
Contribution of APOAS5 gene variants to plasma triglyceride de-
termination and to the response to both fat and glucose tolerance
challenges. Biochim. Biophys. Acta, 1637: 217-225.
PMID:12697303.

Masugi, J., Tamori, Y., Mori, H., Koike, T., and Kasuga, M. 2000.
Inhibitory effect of a proline-to-alanine substitution at codon 12
of peroxisome proliferator-activated receptor-gamma 2 on thia-
zolidinedione-induced adipogenesis. Biochem. Biophys. Res.
Commun. 268: 178-182. doi:10.1006/bbrc.2000.2096. PMID:
10652233.

Masuo, K., Katsuya, T., Fu, Y., Rakugi, H., Ogihara, T., and Tuck,
M.L. 2005a. Beta2- and beta3-adrenergic receptor polymorph-
isms are related to the onset of weight gain and blood pressure
elevation over 5 years. Circulation, 111: 3429-3434. doi:10.
1161/CIRCULATIONAHA.104.519652. PMID:15956122.

Masuo, K., Katsuya, T., Kawaguchi, H., Fu, Y., Rakugi, H., Ogi-
hara, T., et a. 2005b. Rebound weight gain as associated with
high plasma norepinephrine levels that are mediated through
polymorphisms in the beta2-adrenoceptor. Am. J. Hypertens.
18: 1508-1516. doi:10.1016/j.amjhyper.2005.05.006. PMID:
16280290.

McCarroll, SA., Hadnott, T.N., Perry, G.H., Sabeti, P.C., Zody,
M.C., Barrett, J.C., et a. 2006. Common deletion polymorph-
isms in the human genome. Nat. Genet. 38: 86-92. doi:10.1038/
ngl696. PM1D:16468122.

Meirhaeghe, A., Helbecque, N., Cottel, D., and Amouyel, P. 1999.
Beta2-adrenoceptor gene polymorphism, body weight, and phy-
sical activity. Lancet, 353: 896. doi:10.1016/S0140-6736(99)
00251-2. PMID:10093985.

Milatovich, A., Hsieh, C.L., Bonamino, G., Tecott, L., Julius, D.,
and Francke, U. 1992. Serotonin receptor 1c gene assigned to X

Appl. Physiol. Nutr. Metab. Vol. 32, 2007

chromosome in human (band g24) and mouse (bands D—F4).
Hum. Mol. Genet., 9: 681-684.

Montague, C.T., Faroodqi, 1.S., Whitehead, J.P., Soos, M.A., Rau,
H., Wareham, N.J,, et a. 1997. Congenital leptin deficiency is
associated with severe early-onset obesity in humans. Nature,
387: 903-908. PMID:9202122.

Mottagui-Tabar, S., Ryden, M., Lofgren, P., Faulds, G., Hoffstedt,
J., Brookes, A.J, et a. 2003. Evidence for an important role of
perilipin in the regulation of human adipocyte lipolysis. Diabe-
tologia, 46: 789-797. PMID:12802495.

Muller-Eberhard, H.J. 1988. Molecular organization and function
of the complement system. Annu. Rev. Biochem. 57: 321-347.
doi:10.1146/annurev.bi.57.070188.001541. PMID:3052276.

Nagai, N., Sakane, N., Ueno, L.M., Hamada, T., and Moritani, T.
2003. The —3826 A—G variant of the uncoupling protein-1
gene diminishes postprandial thermogenesis after a high fat
meal in healthy boys. J. Clin. Endocrinol. Metab. 88: 5661—
5667. doi:10.1210/j¢.2003-030672. PMID:14671150.

Napolitano, A., Lowell, B.B., Damm, D., Leibel, R.L., Ravussin,
E., Jmerson, D.C.,, et a. 1994. Concentrations of adipsin in
blood and rates of adipsin secretion by adipose tissue in humans
with normal, elevated and diminished adipose tissue mass. Int. J.
Obes. Relat. Metab. Disord. 18: 213-218. PMID:8044195.

Nedergaard, J., Golozoubova, V., Matthias, A., Asadi, A., Jacobs-
son, A., and Cannon, B. 2001. UCP1: the only protein able to
mediate adaptive non-shivering thermogenesis and metabolic in-
efficiency. Biochim. Biophys. Acta, 1504: 82-106. PMID:
11239487.

Nedergaard, J., Matthias, A., Golozoubova, V., Jacobsson, A., and
Cannon, B. 1999. UCP1: the origina uncoupling protein — and
perhaps the only one? New perspectives on UCP1, UCP2, and
UCP3 in the light of the bioenergetics of the UCP1-ablated
mice. J. Bioenerg. Biomembr. 31: 475-491. doi:10.1023/
A:1005400507802. PMID:10653476.

Nguyen, D.Q., Webber, C., and Ponting, C.P. 2006. Bias of selec-
tion on human copy-number variants. PLOS Genet. 2: €20.
doi:10.1371/journal.pgen.0020020. PMID:16482228.

Nicklas, B.J.,, van Rossum, E.F., Berman, D.M., Ryan, A.S,, Den-
nis, K.E., and Shuldiner, A.R. 2001. Genetic variation in the
peroxisome proliferator-activated  receptor-gamma2  gene
(Pro12Ala) affects metabolic responses to weight loss and subse-
quent weight regain. Diabetes, 50: 2172-2176. PMID:11522688.

Ostergard, T., Ek, J., Hamid, Y., Sdltin, B., Pedersen, O.B., Hansen,
T., et a. 2005. Influence of the PPAR-gamma2 Prol2Ala and
ACE I/D polymorphisms on insulin sensitivity and training effects
in healthy offspring of type 2 diabetic subjects. Horm. Metab. Res.
37: 99-105. doi:10.1055/s-2005-861174. PM|D:15778927.

Pelleymounter, M.A., Cullen, M.J., Baker, M.B., Hecht, R., Win-
ters, D., Boone, T., et a. 1995. Effects of the obese gene pro-
duct on body weight regulation in ob/ob mice. Science
(Washington, D.C.), 269: 540-543. doi:10.1126/science.
7624776. PMID:7624776.

Peters, W.R., MacMurry, JP., Waker, J., Giese, RJ, J., and
Comings, D.E. 2003. Phenylethanolamine N-methyltransferase
G-148A genetic variant and weight loss in obese women. Obes.
Res. 11: 415-419. PMID:12634439.

Pico, C., Puigserver, P., Oliver, P., and Palou, A. 1998. 2-Methox-
yestradiol, an endogenous metabolite of 17beta-estradiol, inhi-
bits adipocyte proliferation. Mol. Cell. Biochem. 189: 1-7.
doi:10.1023/A:1006835124149. PM|D:9879647.

Pooley, E.C., Fairburn, C.G., Cooper, Z., Sodhi, M.S., Cowen, P.J.,
and Harrison, P.J. 2004. A 5-HT2C receptor promoter poly-
morphism HT. Am. J. Med. Genet. B. Neuropsychiatr. Genet.
126: 124-127. PMID:15048662.

© 2007 NRC Canada



Adamo and Tesson

Qi, L., Corélla, D., Sorli, V., Portales, O., Shen, H., Caltell, O., et
al. 2004. Genetic variation at the perilipin (PLIN) locus is asso-
ciated with obesity-related phenotypes in white women. Clin.
Genet. 66: 299-310. doi:10.1111/j.1399-0004.2004.00309.x.
PMID:15355432.

Quested, D.J., Whale, R., Sharpley, A.L., McGavin, C.L., Cross-
land, N., Harrison, P.J., et a. 1999. Allelic variation in the 5-
HT2C receptor (HTR2C) and functional responses to the 5-
HT2C receptor agonist, m-chlorophenylpiperazine. Psychophar-
macology (Berlin), 144: 306-307. PM1D:10435401.

Rankinen, T., Zuberi, A., Chagnon, Y.C., Weisnagel, S.J., Argyro-
poulos, G., Walts, B., et al. 2006. The human obesity gene map:
the 2005 update. Obesity, 14: 529-644. PM1D:16741264.

Redon, R., Ishikawa, S., Fitch, K.R., Feuk, L., Perry, G.H., An-
drews, T.D., et al. 2006. Global variation in copy number in the
human genome. Nature (London), 444: 444-454. doi:10.1038/
nature05329. PMID:17122850.

Reynolds, G.P., Zhang, Z.-J., and Zhang, X.-B. 2002. Association
of anti-psychotic drug induced weight gain with a 5-HT2C re-
ceptor gene polymorphism. Lancet, 359: 2086-2087.

Rosmond, R., Chagnon, Y.C., Holm, G., Chagnon, M., Perusse, L.,
Lindell, K., et a. 2000. A glucocorticoid receptor gene marker
is associated with abdominal obesity, leptin, and dysregulation
of the hypothalamic-pituitary-adrenal axis. Obes. Res. 8: 211-
218. PMID:10832763.

Sakane, N., Yoshida, T., Umekawa, T., Kogure, A., Takakura, Y.,
and Kondo, M. 1997. Effects of Trp64Arg mutation in the beta
3-adrenergic receptor gene on weight loss, body fat distribution,
glycemic control, and insulin resistance in obese type 2 diabetic
patients. Diabetes Care, 20: 1887-1890. PM1D:9405912.

Sargent, P.A., Sharpley, A.L., Williams, C., Goodall, E.M., and
Cowen, P.J. 1997. 5-HT2C receptor activation decreases appetite
and body weight in obese subjects. Psychopharmacology (Berl.),
133: 309-312. PMID:9361339.

Schiffelers, S.L., Saris, W.H., Boomsma, F., and van Baak, M.A.
2001. beta(1)- and beta(2)-adrenoceptor-mediated thermogenesis
and lipid utilization in obese and lean men. J. Clin. Endocrinol.
Metab. 86: 2191-2199. doi:10.1210/jc.86.5.2191. PMID:
11344226.

Shiwaku, K., Nogi, A., Anuurad, E., Kitaima, K., Enkhmaa, B.,
Shimono, K., et a. 2003. Difficulty in losing weight by beha-
viora intervention for women with Trp64Arg polymorphism of
the beta3-adrenergic receptor gene. Int. J. Obes. Relat. Metab.
Disord. 27: 1028-1036. doi:10.1038/5.ij0.0802375. PMID:
12917707.

Siffert, W., Rosskopf, D., Siffert, G., Busch, S., Moritz, A., Erbel,
R., et al. 1998. Association of a human G-protein beta3 subunit
variant with hypertension. Nat. Genet. 18: 45-48. doi:10.1038/
ng0198-45. PM1D:9425898.

Sodhi, M., Kerwin, R., Campbell, |., and Makoff, A. 1999. A phar-
macological study of variant 5-HT2C receptor proteins. Mol.
Psychiatry, 4(Suppl. 1): 94.

Souza, S.C., de Vargas, L.M., Yamamoto, M.T., Lien, P., Fran-
ciosa, M.D., Moss, L.G., et a. 1998. Overexpression of perilipin
A and B blocks the ability of tumor necrosis factor alpha to in-
crease lipolysis in 3T3-L1 adipocytes. J. Biol. Chem. 273:
24665-24669. doi:10.1074/jbc.273.38.24665. PMID:9733764.

Spraggs, C.F., Pillai, S.G., Dow, D., Douglas, C., McCarthy, L.,
Manasco, P.K., et a. 2005. Pharmacogenetics and obesity: com-
mon gene variants influence weight 10ss response of the norepi-
nephrine/dopamine transporter inhibitor GW320659 in obese
subjects. Pharmacogenet. Genomics, 15. 883-889. PMID:
16272960.

Tchernof, A., Starling, R.D., Turner, A., Shuldiner, A.R., Walston,

365

JD., Silver, K., et a. 2000. Impaired capacity to lose visceral
adipose tissue during weight reduction in obese postmenopausal
women with the Trp64Arg beta3-adrenoceptor gene variant.
Diabetes, 49: 1709-1713. PMID:11016455.

Tecott, L.H., Sun, L.M., Akana, S.F., Strack, A.M., Lowenstein,
D.H., Dalman, M.F., et a. 1995. Eating disorder and epilepsy
in mice lacking 5-HT2c serotonin receptors. Nature (London),
374: 542-546. doi:10.1038/37454280. PMID:7700379.

Tworoger, S.S., Chubak, J., Aiello, E.J., Ulrich, C.M., Atkinson,
C., Potter, JD., et a. 2004a. Association of CYP17, CYP19,
CYP1B1, and COMT polymorphisms with serum and urinary
sex hormone concentrations in postmenopausal women. Cancer
Epidemiol. Biomarkers Prev. 13: 94-101. doi:10.1158/1055-
9965.EPI-03-0026. PMID:14744739.

Tworoger, S.S., Chubak, J., Aiello, E.J., Yasui, Y., Ulrich, CM.,
Farin, F.M., et a. 2004b. The effect of CYP19 and COMT poly-
morphisms on exercise-induced fat loss in postmenopausal wo-
men. Obes. Res. 12: 972-981. PMID:15229337.

Ukkola, O., Rosmond, R., Tremblay, A., and Bouchard, C. 2001a.
Glucocorticoid receptor Bcl | variant is associated with an in-
creased atherogenic profile in response to long-term overfeed-
ing. Atherosclerosis, 157: 221-224. doi:10.1016/S0021-9150(00)
00712-7. PMID:11427224.

Ukkola, O., Tremblay, A., and Bouchard, C. 2001b. Beta-2 adre-
nergic receptor variants are associated with subcutaneous fat ac-
cumulation in response to long-term overfeeding. Int. J. Obes.
Relat. Metab. Disord. 25: 1604-1608. doi:10.1038/g.ijo.
0801810. PMID:11753578.

Ukkola, O., Tremblay, A., Sun, G., Chagnon, Y.C., and Bouchard,
C. 2001c. Genetic variation at the uncoupling protein 1, 2 and 3
loci and the response to long-term overfeeding. Eur. J. Clin. Nutr.
55: 1008-1015. doi:10.1038/5.€jcn.1601261. PM1D:11641751.

Ukkola, O., Chagnon, M., Tremblay, A., and Bouchard, C. 2003.
Genetic variation at the adipsin locus and response to long-term
overfeeding. Eur. J. Clin. Nutr. 57: 1073-1078. doi:10.1038/g.
€jcn.1601644. PMID:12947425.

Umekawa, T., Yoshida, T., Sakane, N., Kogure, A., Kondo, M.,
and Honjyo, H. 1999. Trp64Arg mutation of beta3-adrenoceptor
gene deteriorates lipolysis induced by beta3-adrenoceptor ago-
nist in human omental adipocytes. Diabetes, 48: 117-120.
PMI1D:9892231.

van der Kallen, C.J, Cantor, R.M., van Greevenbroek, M.M.,
Geurts, JM., Bouwman, F.G., Aouizerat, B.E., et al. 2000. Gen-
ome scan for adiposity in Dutch dydlipidemic families reveas
novel quantitative trait loci for leptin, body mass index and so-
luble tumor necrosis factor receptor superfamily 1A. Int. J.
Obes. Relat. Metab. Disord. 24: 1381-1391. doi:10.1038/g.ijo.
0801412. PMID:11126332.

Vogels, N., Mariman, E.C., Bouwman, F.G., Kester, A.D., Diep-
vens, K., and Westerterp-Plantenga, M.S. 2005. Relation of
weight maintenance and dietary restraint to peroxisome prolif-
erator-activated receptor gamma2, glucocorticoid receptor, and
ciliary neurotrophic factor polymorphisms. Am. J. Clin. Nutr.
82: 740-746. PMI1D:16210701.

Walston, J., Silver, K., Bogardus, C., Knowler, W.C., Cdli, F.S,
Ausgtin, S, et a. 1995. Time of onset of non-insulin-dependent
diabetes mellitus and genetic variation in the beta 3-adrenergic-
receptor gene. N. Engl. J. Med. 333: 343-347. doi:10.1056/
NEJIM199508103330603. PMID:7609750.

Waterland, R.A. 2006. Assessing the effects of high methionine in-
take on DNA methylation. J. Nutr. 136(Suppl. 6): 1706S-1710S.
PMID:16702343.

Westberg, L., Bah, J., Rastam, M., Gillberg, C., Wentz, E., Melke,
J., et a. 2002. Association between a polymorphism of the 5-

© 2007 NRC Canada



366

HT2C receptor and weight loss in teenage girls. Neuropsycho-
pharmacology, 26: 789-793. doi:10.1016/S0893-133X(01)
00417-1. PMID:12007749.

Wirth, A., and Krause, J. 2001. Long-term weight loss with sibutra-
mine: a randomized controlled trial. JAMA, 286: 1331-1339.
doi:10.1001/jama.286.11.1331. PMID:11560538.

Wurtman, R.J., and Wurtman, J.J. 1984. Nutrients, neurotransmitter
synthesis, and the control of food intake. Res. Publ. Assoc. Res.
Nerv. Ment. Dis. 62: 77-86. PMID:6141631.

Yoshida, T., Sakane, N., Umekawa, T., Sakai, M., Takahashi, T.,
and Kondo, M. 1995. Mutation of beta 3-adrenergic-receptor
gene and response to treatment of obesity. Lancet, 346: 1433—
1434. doi:10.1016/S0140-6736(95)92452-3. PMID:7475854.

Zacharova, J., Chiasson, J.L., and Laakso, M. 2005. Leptin receptor
gene variation predicts weight change in subjects with impaired
glucose tolerance. Obes. Res. 13: 501-506. PM1D:15833934.

Zill, P., Baghai, T.C., Zwanzger, P., Schule, C., Minov, C., Rieddl,
M., et a. 2000. Evidence for an association between a G-protein
beta3-gene variant with depression and response to antidepres-
sant treatment. Neuroreport, 11: 1893-1897. PM1D:10884039.

Appendix A. Definitions.

SNP: single nucleotide polymorphisms. These are DNA
sequence variations that occur when a single nucleotide (A,
T, C, or G) in the genome sequence is atered. These varia-
tions account for about 90% of polymorphisms and repre-
sent a natural genetic variability at high density in the
human genome.

5UTR: 5 untrandlated region. It is the region at the 5
end (upstream) of a mature gene transcript (preceding the
initiation codon) that is not translated into a protein. This re-
gion is known to contain regulator regions that control or
guide gene transcription.

3UTR: 3 untrandated region. It is the region at the 3
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end (downstream) of a mature gene transcript that is not
translated into a protein. The 3 UTR may contain sequences
that regulate translation efficiency, mRNA stability, and pol-
yadenylation signals.

Epigenetic: something that affects a cell, organ, or indi-
vidual without directly affecting its DNA. An epigenetic
change may indirectly influence the expression of the ge-
nome without a change in the sequence of the DNA through
DNA methylation or chromatinremodeling, for example.

Epistasis. interaction between nonallelic genes, such that
one gene masks or interferes with the effect of the other
gene.

Exon: coding region of a gene

Haplotype: A set of closely linked genetic markers
present on a single chromosome that tend to be inherited to-
gether (not easily separable by recombination). Some haplo-
types may be in linkage disequilibrium.

Intron: noncoding region of a gene

Linkage disequilibrium (LD): linkage disequilibrium is
the condition in which the haplotype frequencies in a popu-
lation deviate from the values they would have if the aleles
at each locus were combined at random.

Molecular heterosis. when individuals heterozygous for
a specific genetic polymorphism show a significantly greater
effect (positive heterosis) or lesser effect (negative heterosis)
for a quantitative or dichotomous trait than subjects homo-
zygous for either alele.

Recursive partitioning: the division of sets into groups
of higher and lower response as a function of their descrip-
tors.

QTL: quantitative trait loci. Thisis a region of DNA that
is associated with a particular phenotypic trait like skin col-
our, weight, lipid level, etc.
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